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A zinc-based organic framework was synthesized using a fast, economical, and environmentally friendly
sonochemical method. It consisted of a zinc central metal ion coordinated to a 1,3-benzene
dicarboxylate linker (BDC). Several techniques have been employed to determine the exact chemical
structure of the synthesized metal—-organic framework. The X-ray diffraction pattern (XRD) matches the
theoretical pattern of the polymeric [Zn(BDC)(H,O)],, structure. The suggested structure of Zn-MOF was
supported by FTIR, *H NMR and *C NMR studies. The morphological structures of Zn-MOF particles and
the modified electrode GC/Zn-MOF before and after paracetamol (PA) oxidation were characterized
using SEM. Also, the modified electrode composition was analyzed using energy-dispersive X-ray
spectroscopy and mapping techniques. The modified GC/Zn-MOF electrode exhibited a detection
limit (LOD) of 0.104 puM with a linear detection range of 1-50 uM PA in a phosphate buffer solution
(PBS) using a differential pulse technique. Additionally, the modified Zn-MOF electrode exhibited anti-
interference capability in the presence of different species. The negative adsorption energy predicted
the spontaneity of the PA adsorption on the GC/Zn-MOF electrode surface. The modified GC/Zn-MOF
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1. Introduction

Paracetamol (PA) is a potent antipyretic and analgesic medica-
tion commonly used to relieve moderate pain, such as head-
ache caused by influenza or joint pain and migraine. While the
normal dose of paracetamol is harmless to the human body,
excessive or prolonged use can result in liver damage, kidney
failure, leukemia, or even central nervous system poisoning.
Therefore, there is a critical need to develop sensitive, simple,
and rapid detection methods for paracetamol.

Various analytical methods such as gas or liquid chroma-
tography-mass spectrometry (GC-MS or LC-MS),>* chemilumines-
cence, high-performance liquid chromatography (HPLC),*®
spectroftuorimetric,”® and electrochemical methods,” have been
employed to detect PA in biological systems.'*"?

Among these methods, electroanalytical techniques have
recently gained popularity due to their simplicity, rapid processing
time, affordability, and low detection limits."*™*®> Voltammetry, a
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electrode is simple, reliable, and practical, with promising potential for application as a PA sensor.

sensitive electrochemical technique, is commonly used for detect-
ing medicinal compounds in trace amounts. To assess the redox
activity of pharmaceutical substances, various voltammetry tech-
niques, such as cyclic voltammetry, linear sweep voltammetry, and
differential pulse voltammetry, can be utilized.'®"”

Modification of the electrode surface with electroactive
materials has been a significant area of research in electro-
chemistry for decades.’® Many electroanalytical studies have
introduced an improvement in the selectivity and sensitivity of
PA detection using various combinations of electrode surfaces,
techniques, modifiers and methods."*

Metal-organic frameworks (MOFs), porous materials with
vast surface areas and ordered lattices, have emerged as
promising platforms for electrochemical sensing.>*”>” MOFs
offer several advantages, such as universal catalytic capabilities,
pre-concentration of analytes, and size selectivity effects, mak-
ing them suitable for electrochemical sensing applications.?®™*
Redox-active MOFs have been employed as a sensor platform in
the electrochemical sensing of various small-molecule organic
chemicals, large biomolecules, and inorganic ions, including
H,0,, glucose, dopamine, and heavy metals.*>™’ Furthermore,
Zn-MOF has been recognized as an efficient electrochemical
sensor for diverse compounds such as bisphenol,*® uric acid,*”
catechol,*® and metal ions.*"**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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MOFs can be synthesized through a variety of methods, such
as electrochemical, sonochemical, mechanochemical, micro-
wave, hydrothermal, and solvothermal methods.***’ The sono-
chemical method is a powerful technique for synthesizing
MOFs by inducing cavitation and small bubbles in a solution
containing organic precursors and metal ions under the influ-
ence of high-frequency ultrasonic waves.*®*® As these bubbles
collapse, they generate high temperatures and pressures, leading
to the formation of MOF crystals. Compared to conventional
methods, sonochemical synthesis can rapidly produce MOFs.
The nucleation and growth processes of MOFs can be accelerated
by the action of ultrasonic waves, resulting in MOFs with narrow
size criteria, thus enhancing their effectiveness in various applica-
tions. Also, it produces high-purity MOFs by generating high-
energy conditions that facilitate the formation of well-defined
MOF structures with minimal impurities. Therefore, sonochem-
ical synthesis is a promising technique for the rapid, efficient, and
high-quality synthesis of MOFs, making it a valuable tool for the
development of new MOFs and their applications.>*">?

To the best of our knowledge, this is the first instance
of applying Zn-MOF as an electrocatalyst for PA oxidation,
suggesting its potential application as a PA sensor. In this
study, a water-stable Zn-MOF was prepared using a rapid
ultrasonication technique for the electrochemical detection of
PA. The prepared Zn-MOF was characterized using various
analytical techniques, including SEM, TEM, XRD, EDX, IR,
NMR, TGA, and UV-Vis spectroscopy. The activity of GC/Zn-
MOF toward PA detection was examined in a phosphate buffer
solution and real blood samples. Additionally, the dmol® the-
oretical method was employed to investigate the interaction
between PA and the Zn-MOF surface. One of the main objec-
tives of the present investigation is to estimate PA in the
presence of different interfering species at physiological pH
using a Zn-MOF-modified electrode.

2. Experimental

2.1. Materials and physical measurements

Zinc acetate dihydrate, 1,3-benzene dicarboxylic acid, parace-
tamol (PA), and ethanol were obtained from Sigma-Aldrich
Company. The investigation used the following instruments:
a Shimadzu FTIR spectrometer, an Automated UV/Vis-NIR 3101
PC Shimadzu spectrophotometer, and a TGA-50H-Shimadzu
thermal analyzer operated under a nitrogen atmosphere.
NMR spectra were obtained using a Varian Oxford mercury
spectrometer at 300 MHz. A scanning electron microscope
(SEM) (model Quanta FEG 250, USA) was used to examine the
morphological structure and elemental mapping. Additionally,
energy dispersive X-ray analysis (EDX) was performed at an
accelerating voltage of 30 kV to conduct elemental analysis. The
particle size was investigated using a transmission electron
microscope (TEM) (model JEOL JEM 1400, Japan), operating at
80 kV. The phase structure was examined using X-ray diffrac-
tion (XRD) with Cu-Ka radiation (wavelength = 1.5406 A). In
addition, surface area analysis employing nitrogen adsorption/

© 2024 The Author(s). Published by the Royal Society of Chemistry
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desorption at a temperature of 77 K was conducted using a gas
sorption analyzer (Quantachrome, NOVA, version 2.1).

2.2. [Zn(BDC)(H,0)], synthesis

Zinc acetate dihydrate (1.5 mmol) was mixed with (1.0 mmol)
of 1,3-benzene dicarboxylic acid. Zinc acetate dihydrate
was dissolved in water, while 1,3-benzene dicarboxylic acid
was dissolved in ethanol. The reaction was carried out under
ultrasonic irradiation at atmospheric pressure and ambient
temperature for 120 minutes. Subsequently, the resulting white
crystalline precipitate was washed with a 50% ethanol/water
mixture and dried in an oven overnight at 60 °C.

2.3. Electrode fabrication and electrochemical cells

A glassy carbon electrode (GCE), 0.3 cm thick with a surface
area of 0.071 cm? was employed as the working electrode.
Initially, the GCE was polished with emery paper and rinsed
with double-distilled water and ethanol. The electrocatalyst was
prepared by dispersing 15 mg of the Zn-MOF powder in a
mixture containing 1 mL of isopropyl alcohol, 5 wt % Nafion
solution, and double-distilled water. The prepared mixture was
agitated by ultrasonication for 20 min until the ink was formed.
Subsequently, 50 pL of the ink was applied on the surface of the
GC and allowed to dry overnight in a desiccator. The resulting
data from the different electrochemical techniques were
obtained using an Autolab PGSTAT128N instrument. For impe-
dance analysis, NOVA (Version 2.1) software was used. A three-
electrode cell was constructed using the Zn-MOF electrocatalyst
as the working electrode. Ag/AgCl/KCl (saturated) and Pt wires
were used as the reference and auxiliary electrodes, respec-
tively. An AC amplitude of 10 mV in a frequency range of 1 x
10*-0.1 Hz was used for electrochemical impedance spectro-
scopy (EIS) measurements. The collected data was matched to a
selected electric circuit model utilizing a sophisticated complex
non-linear least-squares (CNLS) circuit fitting program. All
electrochemical investigations were conducted in oxygen-free
solutions at ambient temperature.

3. Result and discussion

3.1. Structure characterization

The white crystals obtained from the ultrasonic irradiation of
the Zn-acetate and 1,3-benzene dicarboxylic acid mixture at a
1.5:1.0 molar ratio were characterized by using different tech-
niques, including FTIR, "H NMR, *C NMR, UV-Vis, XRD, and
TGA, SEM, TEM, and adsorption-desorption techniques (BET)
to analyze the surface and porosity of the crystals.

X-ray diffraction (XRD) was used to determine the crystal-
linity of the produced zinc compounds. Fig. 1 displays sharp
peaks consistent with the XRD pattern of the single crystal of
polymeric [Zn(CgH,0,)(H,0)],, which was synthesized by
Wheeler et al.>® The theoretically calculated XRD was compared
to the experimental data to confirm the prepared structure
(inset Fig. 1). The main peaks were observed at similar posi-
tions; slight variations in both peak positions and intensities

Mater. Adv,, 2024, 5, 5870-5884 | 5871
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Fig. 1 XRD results of as-synthesized [Zn(BDC)(H,0)] compared with the
simulated results.

may occur potentially due to changes in the morphology during
synthesis. The experimental peak positions were at 26: 10.46,
14.64, 17.96, 18.74, 21.02, 21.87, 23.87, 26.56, 31.77, 42.77, and
45.42° relative to {002}, {010}, {012}, {111}, {200}, {201}, {104},
{211}, {006}, {008}, and {217} crystal planes, respectively. Addi-
tionally, good agreement was observed between the reported
Zn-0 binding values from JCPDS card no. 00-036-1451 for ZnO
and our recorded peak positions,>* particularly with compar-
able peaks at 20 = 31.749 and 47.257.

Visual observation is a crucial step in characterizing the
materials under investigation. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) are com-
monly used to assess the morphology (size and shape) of
particles. SEM and TEM micrographs revealed an aggregated
polygonal plate-like morphology of Zn-MOF particles with
varying dimensions (Fig. 2a and b). Additionally, the surface
morphology of the GC/Zn-MOF-modified electrode, both before
and after the electrochemical oxidation of PA, was examined by
SEM. Notably, the SEM micrographs show a hexagonal plate-
like morphology, some with truncated edges (Fig. 2c and d).
This observation indicates the success of the modified electrode
preparation method in increasing the surface area, which is
evident from the separation of aggregated particles (compare
Fig. 2a with c). Despite the apparent deterioration and agglom-
eration of the Zn-MOF particles after numerous cycles of PA
oxidation, the porous structure remained intact (Fig. 2d).

Understanding the size distribution of particles is impor-
tant, particularly for small particles. The particle size distribu-
tion was determined by measuring the diameter of the Zn-MOF
particles using SEM images processed with Image] software
(Fig. 2e). The resulting values were plotted in a histogram and
fitted with a Gaussian function, which revealed a mean particle
size of 5 um.

To assess the purity and elemental distribution of the GC/
Zn-MOF electrode, energy-dispersive X-ray spectrometry (EDS)
elemental mapping was performed. The EDS spectra and
elemental mapping of the SEM images of the GC/Zn-MOF
electrode confirmed the presence and distribution of elements
(C, Zn, and O) corresponding to Zn-MOF on the electrode surface
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(Fig. 2f and g). The uniform distribution of these elements is
crucial for enhancing electrooxidation performance.

The N, adsorption-desorption isotherm (Fig. 3) was used to
study the surface area and porosity of the synthesized material.
The specific surface area, porosity volume, pore size, and particle
radius were determined to be 20.67 m> g ', 42.77 m® g},
4.14 nm and 65.97 nm, respectively. It is noteworthy that the
prepared Zn-MOF using the sonochemical method exhibited
a higher surface area compared to the solvothermal method
(18.57 m*> g~ ").>®

The FTIR technique was employed to identify the different
types of functional groups with a band-shifting appearance after
coordination, along with the observation of new bands due to zinc
binding to the BDC and water molecules, as shown in Fig. 4a.
First, the broadband region around 3000 cm ' in the BDC
represents the hydrogen bond formation of the carboxylic acid
groups. The broad band decreased and appeared at 3411 cm ™'
after MOF formation due to the OH stretching mode of
the coordinated water molecule.®®®” The bands reported at
1690 cm ™' and 1280 cm ' were associated with the uncoordi-
nated ((C=O0) and {C-0)) in the BDC, respectively.>®*®> After
coordination, these absorption bands were replaced by the
(COO") of carboxylates, and their absorption bands were shifted
to 1,5(CO07) at ca. 1598 and 1533 cm ™, and 14(COO7) at ca.
1462 and 1410 cm ™. The difference between the two frequencies
{4 = 1,(COO0™) — 1(COO™)} revealed the information about the
carboxylate binding type to zinc ion; the experimental values of
Avey, were 188 and 71 em ™', which corresponded to monodentate
and bridging (or chelating) binding modes, respectively.®® There-
fore, we can conclude that Zn was coordinated to two bridging
oxygens, one monodentate from the carboxylate linker, and one
additional coordinated water molecule. Lastly, the bands at 472
and 469 cm™ " were assigned to Zn-0.°%%

The electronic transitions (UV-vis) of the 1,3-benzene dicar-
boxylate linker and its Zn-MOF are shown in Fig. 4b. In both
compounds, the basic transitions were related to the organic
moieties, which corresponded to m-n* transitions due to the
aromatic component and n-m* transitions arising from the
carbonyl groups. Upon coordination of Zn to BDC, the pre-
viously mentioned transitions were shifted from 279.0 to
283.0 nm and from 288.0 to 339.0 nm, respectively.

The ("H and "*C NMR) nuclear magnetic resonance spectra of
the synthesized Zn-MOF signals confirmed the suggested struc-
ture [Zn(BDC)(H,0)], as shown in Fig. S1 and S2 (ESIt). Different
non-equivalent protons appeared in the resonated spectra at
different values of the applied field. The water protons (Ha) were
observed at 3.37 ppm as a singlet signal, while the protons related
to the aromatic nuclei were observed at 7.42-7.48 ppm (Hb,
triplet), 8.04-8.06 ppm (2Hc, doublet) and 8.56 ppm (Hd, singlet).
The di-anionic behavior of 1,3-benzene dicarboxylic acid was
explored from the absence of the carboxylic group proton in the
Zn-MOF spectrum, which was reported before at 13.0 ppm.®*®®
The "*C-NMR spectrum showed a signal at 171.21 ppm, which can
be assigned to the carbonyl carbon of the carboxylate group. The
carbons related to the benzene ring were observed from 127.75 to
134.37 ppm, as shown in Fig. S2 (ESI}).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) SEM images of Zn-MOF, (b) TEM image of Zn-MOF, (c) SEM image of the GC/Zn-MOF electrode, (d) SEM image of the GC/Zn-MOF electrode

after oxidation of paracetamol, (e) particle size distribution of Zn-MOF, (f) EDX of Zn-MOF and (g) surface mapping of the GC/Zn-MOF modified

electrode.

The synthesized Zn-MOF underwent thermal decomposition
in two steps, as shown in Fig. 5, resulting in the formation of a
ZnO precipitate as the final residual product, with an observed
residual weight percentage of 31.90% and a calculated percen-
tage of 32.88%. Initially, Zn-MOF decomposed with the loss of
coordinated water molecules at 172 °C, with an observed weight

© 2024 The Author(s). Published by the Royal Society of Chemistry

loss of 7.90% and a calculated loss of 7.27%. Subsequently, the
1,3-benzene dicarboxylate linker decomposed at 465.0 °C,
resulting in a decrease in the thermogram, with an observed
weight loss of 60.10% and a calculated loss of 59.84%. The
stability of the formed Zn-MOF was estimated from its thermal
decomposition. Fig. 5 and Table 1 present the Coats-Redfern
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Fig. 3 The BET isotherm of the Zn-MOF sample.

(CR) method, which is used to evaluate the kinetic and thermo-
dynamic parameters. The obtained activation energy values
reveal the stability of the synthesized Zn-MOF. Based on the
results obtained using various characterization techniques,
including thermal analysis, the structure was confirmed to be
[Zn(BDC)(H,0)].

3.2. Electrocatalytic behavior of Zn-MOF

Before investigating the estimation of PA in the presence of
various interfering species at physiological pH using the Zn-
MOF-modified electrode, we studied the oxidation of PA using
cyclic voltammetry (CV). CV of the GC/Zn-MOF electrode was
performed to investigate the electrochemical behavior of 50 M
PA. The potential was scanned from 0.0 to 0.8 V at a scan rate of
50 mV s~ '. Fig. 6a shows the CV responses of the pristine GC
and modified GC/Zn-MOF electrodes in PBS at pH 7.4. Remark-
ably, the current observed for the modified electrode exceeded
that of the bare GCE, accompanied by the observation of a peak
at 0.6 V related to the oxidation of PA to n-acetylp-
benzoquinoneimine (Fig. S3, ESIf). No cathodic peak was
observed in the reverse scan, suggesting that either the oxidized
species (n-acetyl-p-benzoquinoneimine or p-benzoquinone)

(2)

—— [Zn(BDC)(H,0)]
- BDC

Intensity (a.u.)
>
>
T T T T T

-40 N T T T T T T T T T N O N

4000 3000 2000 1000 0
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Fig. 4
[Zn(BDC)(H,O)]l.
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were present in insignificant concentrations near the electrode
surface during the reverse sweep or they were not reducible
within the investigated potential range. Furthermore, we inves-
tigated the stability of the modified electrode during PA oxida-
tion by continuously recording CVs. Fig. 6b shows the CVs
obtained over 50 consecutive potential scans for the oxidation
of PA. Examination of these curves reveals a slight decrease in
the oxidation potential of PA after 50 continuous
potential scans.

3.3. Effect of scan rate

To attain a comprehensive understanding of PA sensing, we
assessed the kinetic parameters for the oxidation process of PA
over the modified electrode. Fig. 7a depicts the CVs of the GC/
Zn-MOF-modified electrode in 0.05 M PBS containing 25 pM
PA. The scan rate used in the experiments was 5-200 mV s .
The Randles-Sevcik equation was employed to estimate the

diffusion coefficient (D):*°
I, = 2.99 x 10°nAC,[(1 — o)n,Dv]"®

where I, is the oxidation current of PA, n is the number of
electrons involved in the oxidation process (specifically, n = 2),
A is the surface area of the electrode, D is the diffusion
coefficient of the analyte, C, is the concentration of the analyte,
and v is the scan rate. A linear relationship is observed between
the oxidation current of PA at the GC/Zn-MOF-modified elec-
trode and the square root of the scan rate (Fig. 7b), suggesting
that the oxidation process of PA at the modified electrode is
diffusion-controlled. The diffusion coefficient for the GC/Zn-

MOF electrode was found to be 3.15 x 10™° cm? s~ .

3.4. Calibration curve and the effect of concentration

PA is one of the most widely used and effective antipyretic
medications. The permissible concentration range of PA in
serum should be less than 30 mg L™" (200 pmol L") to prevent
PA poisoning.”® Consequently, a calibration curve of PA was
constructed using the DPV approach, and the impact of altering
the PA concentration was examined (Fig. 8a). The sensitivity of
the electrode was assessed in 0.05 M PBS at pH 7.4, using a

(b)

—— [Zn(BDC)H,O]
— BDC

Absorbance

0.0 T T T
300 400 500 600

Wavelength, nm

(@) FTIR of 1,3-benzene dicarboxylic acid (BDC) and [Zn(BDC)(H,O)l. (b) UV-vis spectra of 1,3-benzene dicarboxylic acid (BDC) and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TG curve of Zn-MOF using the decomposition Coats—Redfern method plots.

Table1 Activation parameters* for the decomposition of [Zn(BDC)(H,0)]
using the Coats—Redfern method

Compound Step R E*¢ AH*®  AS*P AG*®
[Zn(BDC)(H,0)] 1st —0.999 128.57 125.47 0.0433 109.35
2nd —0.996 468.11 465.02 0.3956 317.86

¢ kJ mol~%. ? k] mol* K.

calibration curve at a concentration range of 1 x 107°-80 x
107° M. The electrode exhibited two linear ranges of PA con-
centrations, namely 1-5 and 5-80 uM. The sensor exhibited two
linear responses, represented by the following equations
(Fig. 8b):

10
a
(@)
6L ——GC
—— GC/Zn-MOF

< 47
El
- 2f

0 L

2F

4t : , : : :

0.2 0.0 0.2 0.4 0.6 0.8 1.0

E/V

I, (HA) = 0.72Cpp (UM) + 1.25

I, (HA) = 0.25Cp, (UM) + 3.012

The resulting slope of the calibration curve was used to
estimate the detection limit (LOD) and the quantification limit
(LOQ). LOD is the smallest amount of analyte in a sample that
can be detected, and LOQ is the lowest quantitatively identified
concentration of a drug with a certain level of accuracy and
precision. The following equations were used to determine the
LOD and LOQ of PA:

LOD =23 and LOQ =12
m m

where m is the slope and S is the standard deviation. The LOD

10

(b)

i/pA
=

L

0.8 1.2

2 s s

0.4
E/V

Fig. 6 (a) CVs of GC and GC/Zn-MOF electrodes in 0.1 M PBS (pH = 7.4) in the presence of 50 uM PA at a scan rate of 50 mV s~*. (b) Repeated 50 CV

curves of the modified electrode Zn-MOF.
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and LOQ values determined were 0.104 and 0.347 pM, respec-
tively, for the GC/Zn-MOF modified electrode at low concentra-
tions. On the other hand, at high concentrations, the observed
values of LOD and LOQ were 0.301 and 1.01 pM, respectively.
The results obtained for the measurement of PA were compared
with previously reported values, as shown in Table 2.

The GC/Zn-MOF-modified electrode was utilized to quantify
PA in tablet form, allowing for the practical validation of the
suggested technique. Tablets of Panadol® home brand contain-
ing 500 mg of PA were ground into a powder, dissolved in PBS,
and then filtered to remove any solids. The standard addition
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method was used to determine the recovery rate. As shown in
Table 3, the detection results revealed a high degree of agree-
ment with the values provided by the manufacturer. The
obtained recovery values ranged from 97% to 99.1% of the
original value.

3.5. Chronoamperometry study

The stability of the modified electrode during constant
potential oxidation was evaluated using the chronoamperome-
try technique at its oxidation peak potential. The chronoamper-
ogram shown in Fig. 9a indicates a decrease in current by

Table 2 Analytical performance of GC/Zn-MOF and other materials for PA detection

Electrode Linear range (UM) Limit of detection (uM) Electrochemical technique Ref.
GC/Zn-MOF 1-5 0.104 DPV This work
5-80 0.301

GC/Chit/CB/RGO 2.8-190 0.053 SWV 71
GC/PTHR/GO/CNT 5-200 0.16 DPV 72
GC/Co(OH); 50-550 1.83 Amperometry 73
GC/Pd-Schiff base 1-50 0.067 Cyclic voltammetry 12
CPE/Ce0,-Cu,0/Pt 0.4-32 0.05 Cyclic voltammetry 74
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Table 3 Determination of PA in Panadol tablet using the GC/Zn-MOF-
modified electrode

Added Found
Sample  concentration (uM)  concentration (LM)  Recovery (%)
1 25 24 96
2 35 33 94
3 40 39 98
4 50 48 96
5 70 68 97

11.7% after 20 minutes of continuous oxidation. This decline in
the oxidation current can be attributed to the depletion of PA
near the electrode surface and/or the mechanical degradation
of the electrode surface.

The diffusion coefficient (D) related to the modified elec-
trode surface during the PA oxidation process was determined
using the chronoamperometry technique. A chronoampero-
gram of 50 UM PA in PBS was recorded, and the i, versus t '/
curve was plotted, as shown in Fig. 9b.

The diffusion coefficient D (cm® s™') was estimated using
Cottrell’s equation by plotting I,, against ¢ */*, where C, n and A
represent the PA concentration in the solution (mol cm™?), the
number of electrons involved in the reaction, and the electrode
surface area (cm?), respectively:

i nFACyVD
-

The diffusion coefficient provided by Cottrell’s relation was
found to be 1.7 x 107> em® s '. The diffusion coefficient
calculated using the chronoamperometry technique closely
matched the value estimated using cyclic voltammetry, indicat-
ing that the mechanism of PA oxidation is diffusion-controlled.

3.6. EIS study

EIS measurements were performed over the frequency range of
0.01 Hz to 100 kHz. The electrode was immersed in 0.05 M PBS
containing different concentrations of PA, ranging from 10 to
100 uM. The electrode was held at a potential of 0.5 V relative to
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the Ag/AgCl reference electrode. The Nyquist plots shown in
Fig. 10a were analyzed using the NOVA version 2.16 fitting
program in AUTOLAB128N. The inset in Fig. 10a displays the
Randles equivalent circuit, where the parameters Rg, Re, Cqi,
and W correspond to the solution resistance, charge transfer
resistance, double-layer capacitance, and Warburg impedance,
respectively. The diameter of the semicircular section repre-
sents the charge transfer resistance, whereas the linear portion
at lower frequencies represents the diffusion impedance. The
resulting electrical circuit characteristics are listed in Table 4.
Fig. 10b illustrates the linear relationship between R. and PA
concentration, indicating the potential utility of a non-
destructive technique like EIS for estimating PA concentrations.

3.7. Effect of pH

This experiment aimed to investigate the impact of pH on the
electrochemical determination of PA, with a focus on identify-
ing the optimal measurement conditions. It is worth noting
that the blood pH value is approximately 7.4, while urine
typically ranges from 4.5 to 8.”>7® Fig. 11 illustrates the differ-
ential pulse voltammetry (DPV) conducted on a modified glassy
carbon electrode with Zn-MOF at pH values ranging from 4 to
10. The experiment was performed in 0.05 M PBS containing
25 uM PA using the DPV technique. The measured oxidation
peak current displayed fluctuations in response to changes in
the solution pH, reaching a maximum value at pH 6.0. More-
over, the current in acidic media was found to exceed that in
the basic media, possibly because of the improved durability of
Zn-MOF in the acidic environment, as shown in Fig. 12a.

A positive correlation was observed between the oxidation
peak potential (E;,) and the pH of the solution. The change in E,
towards more negative values with an increase in pH is
described by the following equation:

E,=0.68 — 0.031pH, R®=0.994

Fig. 12b shows the linear correlation between Ej, and pH. Since
the variation in the slope is equivalent to 2.303 mRT/nF (where
m is the number of protons and 7 is the number of electrons),

20
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Fig. 9 (a) Chronoamperogram for the modified electrode in 50 pM PA at 0.5 V in PBS (pH 7.4). (b) Linear relationship between t~°° vs. oxidation current

of PA.
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transfer resistance, R, and PA concentration.

Table 4 EIS parameters of the GC/Zn-MOF-modified electrode at differ-
ent PA concentrations

Q w
PA concentration Ry R Yo Y,
(M) (Qem?) (Qem?) (Q 'em®s ™) n Q'em?’s ™
10 10.82 8435 0.000013716 0.735 0.0000189
20 6.82 8391 0.000016823 0.681 0.0000248
40 10.06 6868 0.000018171 0.751 0.0000265
60 10.21 6810 0.000021138 0.525 0.0000252
80 9.54 6210 0.000026418 0.681 0.0000275
100 6.22 5410 0.000029214 0.693 0.0000314

the calculation of the protons and electrons involved in the
reaction is possible.”” Our results, along with findings in the
literature,”®®' propose a process involving the transfer of two
electrons and one proton for the oxidation of PA on the surface
of the modified electrode. The oxidation mechanism of PA can
be explained by various pathways, as shown in Fig. S3 (ESI}). A
previous study determined the pK, value of PA to be 9.4.”° This
investigation explored the relationship between the oxidation
peak i, and the pH of the solution, demonstrating how the pH of
the medium affects the effectiveness of the GC/Zn-MOF sensor.

25

20

15

10

i/nA

L I I I R

e I Y I O T T Y

-0.2 0.0 0.2 0.4 0.6 0.8 1.0

E/V
Fig. 11 DPV of the Zn-MOF electrode at different pH values.
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3.8. Interference

The electrode’s selectivity towards PA was assessed in the
presence of various interfering species using chronoampero-
metry at 0.5 V. As shown in Fig. 13, the electrode exhibited
noticeable activity after sequential exposure to different types of
interfering species. To investigate the interference, PA was
added to PBS, followed by the addition of three groups of
interfering species.

The first group comprised carbohydrates, with glucose-
fructose added at a concentration of 100 pM. This addition
resulted in a slight decrease in the current (~ 5% of the initial
value). The second step involved the addition of organic com-
pounds (Group B), such as ascorbic acid, citric acid, B-alanine,
and cysteine, each at a concentration of 50 pM. The resulting
current remained stable over time. Finally, the anti-interference
performance of the tested electrode was evaluated against the
added metal ions and anions, including Mg**, Ca®>", Fe**, Na",
K", SO, and CI~ at a concentration of 100 M.

The noticeable decrease in the current observed when metal
ions and anions were added can be attributed to their adsorp-
tion at the surface, which influences the diffusion of PA toward
the electrode surface. In general, all studied interfering species
showed less than a 5% decrease in the measured current. These
results indicate that the added species did not significantly
affect the determination of PA, demonstrating the excellent
sensitivity of the modified electrode towards PA.

3.9. Real sample

The effectiveness of the modified Zn-MOF electrode as a viable
electrode for PA estimation in real samples, such as spiked
human blood serum, was investigated. The following procedure
was used for the analysis of actual samples to determine the
amount of PA: human blood serum samples were collected and
stored in sterile vials at 4 °C. To reduce matrix complexity,
sample dilution was performed 200 times using 0.1 mol L "
PBS at pH 7.4. A stock solution of PA at a concentration of
1 mmol L' was prepared by dissolving PA in blood serum
without any pretreatment. This stock solution in 10 mL of
0.1 mol L' PBS (pH = 7.4) served as the starting point for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Representation of the anti-interference performance of the mod-
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standard additions. All observations were conducted at an
ambient temperature (20 °C).

The ability of the modified electrode to detect PA was
investigated using low- and high-concentration ranges. Fig. 14a
shows the DPV of the modified GC/Zn-MOF at a concentration
range of 50-100 puM, with a detection limit of 0.11 pM. Similarly,
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(a) The correlation between the magnitude of the oxidation peak current of PA and the pH of the solution, and (b) the correlation between the

Fig. 14b depicts the DPV results for higher PA concentrations up
to 300 uM, showing a detection limit of 0.122 pM.

3.10. Theoretical study of paracetamol adsorption on the Zn-
MOF surface

The Dmol® numerical-based DFT modules were employed to
examine the optimal shapes of both Zn-MOF and paracetamol
structures employing density functional theory (DFT)
calculations.®” This computational research employed the
spin-unrestricted generalized gradient approximation (GGA)
method within the PW91 framework,**** paired with the DNP
basis set that shares similarities with the Gaussian 6-31G**
basis set.®> Chemisorption of the paracetamol molecule on the
top site of the Zn-MOF atoms following the cleavage of Zn-MOF
{200}, {002}, and {006} surfaces was explored in this study.

The convergence criteria employed for geometry optimiza-
tion included a maximum force limit of 4 x 10> eV A" and an
energy threshold of 2 x 107> eV per atom. The following
equation was employed to calculate the binding energies (E)
of PA adsorbed on various surfaces:*®

Eags = E(surface+adsorbate) — Esurface — Eadsorbate

The adsorption locator module was utilized to calculate the
binding energy between PA and Zn-MOF {200}, {002}, and {006}
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Fig. 14 DPV of the GC/Zn-MOF-modified electrode at a concentration range of (a) 50—-100 pM PA and (b) 100-300 uM PA.
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Fig. 15 Different adsorption possibilities, denoted from (a) to (j), for the {200} surface of Zn-MOF.
Table 5 Comparison between different binding energies (Hartree) for different Zn-MOF surfaces and adsorption possibilities

Form no.
Plane 1 2 3 4 5 6 7 8 9 10
Zn—MOF{ZOO} —0.065 —0.068 —0.087 —0.067 —0.088 —0.054 —0.071 —0.121 —0.088 —0.091
Zn-MOF{OOZ} —0.062 —0.062 —0.065 —0.049 —0.059 —0.050 —0.064 —0.059 —0.058 —0.066
Zn-MOF{OOG} —0.141 —0.094 —0.108 —0.129 —0.087 —0.115 —0.103 —0.092 —0.103 —0.099

surfaces. A compass force field was employed for all adsorption
locator calculations, with the surface region determined by the
atom set and consistently using 10 configurations. Calculations
were performed on the energies associated with each crystal
face to determine the interaction between the PA and Zn-MOF
crystal facets as they interacted with each other.

The intermolecular potential energies of PA-Zn-MOF and the
other intermediates were calculated using the COMPASS force
field. Molecular dynamics simulations were preceded by energy
minimization of all systems using the minimizer tool in Mate-
rial Studio. This process aimed to optimize the shape of the
system. During the calculation of the minima, a maximum
iteration of 10 000 was performed, and an ultrafine convergence
level was utilized to ensure precise optimization. Fig. 15 shows
different forms of PA adsorption on Zn-MOF {200}, with form
no. 8 exhibiting the highest binding energy attributed to the
interaction between zinc atoms and carbon in the paracetamol
skeleton. It is important to note that a more negative value for
adsorption energy indicates higher favorability of the form for
paracetamol adsorption.

Similarly, Fig. S4 (ESIt) shows different forms of paraceta-
mol adsorption on Zn-MOF {002}, with the highest binding
energy observed for form no. 10 (—0.049 to —0.066 Hartree),
attributed to the interaction between the zinc atoms and
electron-donating atoms in paracetamol. Additionally, the third
facet, Zn-MOF {006}, was studied, as shown in Fig. S5 (ESIY),
with binding energy for PA-Zn-MOF in the range of —0.087 to

5880 | Mater. Adv, 2024, 5, 5870-5884

—0.141 Hartree. A comparison of the different adsorption
possibilities suggests that hydrogen bonding between N in
paracetamol and oxygen in the Zn-MOF structure. By compar-
ing the different adsorption possibilities, we concluded that the
surface of Zn-MOF is suitable for paracetamol adsorption.
Table 5 lists the binding energies for the different MOF facets
and adsorption forms.

4. Conclusions

White crystals of the zinc-BDC framework were successfully
synthesized using a facile and fast US irradiation technique.
Using several analytical techniques, the Zn-MOF structure was
determined to be [Zn(BDC)(H,O)], comprising tetrahedral Zn
atoms bonded to three carboxylate groups and one water
molecule. The US method facilitated the formation of a crystal-
line structure with a large surface area and porous character.
The electrode demonstrated effective electrochemical detection
of paracetamol and exhibited high anti-interference ability
towards different species. Notably, it displayed remarkable
sensitivity for detecting paracetamol in blood in the concen-
tration range of 50 to 100 uM, with a detection limit of 0.11 uM.
Furthermore, the detection range surpassed that of similar
electrodes reported in the literature. Paracetamol was found
to preferentially adsorb onto the {006} facet of the Zn-MOF
surface. Overall, the Zn-MOF electrode exhibited exceptional

© 2024 The Author(s). Published by the Royal Society of Chemistry
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performance, with a high anti-interference ability against
various interfering species, including carbohydrates, metal
ions, and organic molecules. In conclusion, the proposed GC/
Zn-MOF electrode is simple, reliable, and practical, showing
promising potential for application as a PA sensor.
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