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Development of an electrochemical sensor based
on Ni-Bio-MOF and a molecular imprinted polymer

for determination of diclofenac: electrochemical
and DFT investigationsf

Samaneh Ebadi,? Khadijeh Ghanbari © ** and Mansoureh Zahedi-Tabrizi & °

In this work, a metal—organic nickel framework (Ni-MOF) modified with a biological ligand (asparagine) (Ni-

Bio-MOF) was synthesized by a hydrothermal method. Asparagine is believed to create defects on the

surface of the MOF, thereby increasing its electrocatalytic activity. Then, a Diclofenac (DCF) polymer

imprinted with L-methionine (PL-Met) was electrodeposited on a carbon paste electrode (CPE)/Ni-Bio-

MOF and used as a new electrochemical sensor for highly selective and sensitive detection of DCF in

biological and pharmaceutical samples. The Ni-Bio-MOF/MIP-PL-Met nanocomposite was characterized
using the following techniques: FT-IR, FE-SEM, TEM, HR-TEM, XRD, XPS, and EDX. The electrochemical
properties and performance of the sensor for the electrooxidation of DCF were assessed using CV, DPV,
and EIS techniques. The electrochemical behavior of CPE/Ni-Bio-MOF/MIP-PL-Met and non-imprinted
polymer (NIP) with an imprinting factor of 6.64 was investigated, and the influencing parameters in DCF

measurement were optimized by cyclic voltammetry (CV). This modified sensor showed three dynamic
ranges at 1.0-500.0 pM, 1.0-1000.0 nM, and 1.0-1000.0 uM of DCF with a limited detection (LOD) of
0.17 pM, sensitivity of 2015.5 pA uM~* cm™2, relative standard deviation (RSD) of 3.3%, and reproducibility
of 96.2%. Real samples of healthy human blood serum and DCF tablets were used to evaluate the
practical application of the CPE/Ni-Bio-MOF/MIP-PL-Met electrochemical sensor. This method is simple,
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low-cost, with good limited detection, high sensitivity, and selectivity. The interactions of PL-Met with

DCF were studied at the B3LYP/6-311++G(d,p) level of theory in both gaseous and aqueous phases.
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1 Introduction

Diclofenac, 2(2-((2,6-dichlophenyle) amino) phenyl) acetic acid,
is a nonsteroidal anti-inflammatory medication (NSAID) with
analgesic and antipyretic effects.'™ It is often used to treat
glaucoma, non-articular rheumatism, osteoarthritis, rheuma-
toid arthritis, and diseases involving muscular discomfort in
sports injuries.*® In all patients, including those who take MD
medications for blood pressure,* DCF is often acknowledged as
the most widely prescribed painkiller globally." The use of
a normal therapeutic dose (50-150 mg) of DCF does not cause
toxicity to humans,” but the wide medicinal use of DCF as the
first choice in the treatment leads to the incidence of hepatic
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Additionally, the computational methodology investigated the thermodynamic stability of the proposed
configurations and the role of hydrogen bonds in this system.

injury and then causes toxicity.> Prolonged and excessive usage
of DCF may lead to myocardial infarction,® aplastic anemia,
gastrointestinal problems, agranulocytosis, and impaired renal
function.” In addition to the mentioned cases, it creates nega-
tive effects on the ecosystem's health and sustainability.” As
a result, it is crucial to determine DCF in medicines® and bio-
logical samples.® Therefore, it is crucial to develop a procedure
that is uncomplicated, fast, specific, cost-effective, and
dependable.*®

Several analytical methods, including gas chromatography-
mass spectrometry (GC-MS),® gas chromatography coupled
with tandem mass spectrometry (GC-QqQ-MS/MS),°> high-
performance liquid chromatography (HPLC)," high-
performance liquid chromatography coupled with tandem
mass spectrometry (HPLC-MS/MS),"* alkaline-induced salting-
out homogeneous liquid-liquid extraction (AI-SHLLE),'* mass
spectrometry,”  automatic  flow," calorimetry,” and
electrochemical,' ¢ have been utilized for the determination of
DCF. Although the mentioned methods have a high detection
limit, electrochemical methods are notable for their unique
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features, including attractive analytical features, portability,
simplicity," inexpensive,"*® and the possibility of reducing the
size.'

The selection of an appropriate working electrode is signif-
icantly important to increase selectivity and optimal sensitivity
in electrochemical methods.” One of the types of working
electrodes used in electrochemical biosensors is CPE, which is
prepared by mixing graphite powder and oil in an optimal
weight ratio.'® These electrodes possess characteristics such as
excellent conductivity, minimal background current within
a broad potential range, ease of surface reproducibility, the
ability to incorporate different modifiers, low potential,*®
chemical stability, consistent analytical response, low resis-
tance to electrical flow, and easy preparation.'® Despite these
advantages, a lack of sufficient selectivity is their main weak-
ness, which prevents their practical applications.'® Therefore,
modifying the electrode surface can compensate for this
weakness. Modifying the electrode surface may reduce over-
voltage, increase the analyte's surface affinity, increase the
analyte's effective preconcentration rate by mass transfer, and/
or reduce interference.'® To enhance sensing performance in
CPE, the most common modifiers include metal oxides,”*°
metal nanoparticles,*® polymeric materials,”** Metal-organic
framework (MOF),>* biomolecules,** and carbon-based mate-
rials* in recent studies.

Among the mentioned modifiers, molecular imprinting
polymers (MIPs) are a suitable choice for pharmaceutical
sensing, drug analysis,>?*® and drug delivery.”” MIPs are
a special class of polymeric materials that incorporate pre-
engineered molecular recognition properties.*® In other words,
those are formed by monomers and cross-linkers of organic
polymeric materials, together with template molecules, to
create a copolymer. The template molecules are extracted from
the polymer using a solvent appropriate for elution. Conse-
quently, the MIP retained distinct and easily identifiable three-
dimensional (3D) cavity structures, known as binding sites, that
were well-matched in size, shape, and functional groups.*?**
MIPs are stable synthetic polymers with particular sites* that
provide greater access to the sensing target molecules, even
a macromolecule.”* MIPs, which are known as plastic anti-
bodies and/or plastic enzymes, have emerged as efficient
substances for creating biomimetic electrochemical sensors.**
In the past two decades, many research groups with different
interests have been attracted to the application of MIPs** and
outstanding selective properties.®® The advantages of MIPs
include cost-effective, low energy consumption and environ-
mental effects,* high selectivity, as signal converters,* high
affinity for the target molecule,* more reusability and stability
compared to biological receptors,* easy preparation,* high
physical robustness,*® and long shelf life.**

The limitation of sensitivity, non-specific binding and indi-
rect signal generation, synthesis and integration challenges,
cost, and scalability barriers, and stability of MIPs in electro-
chemical biosensors is a challenge caused by the biological
analytes' denaturation and dissociative affinity. In addition to
these limitations, MIPs suffer from the following disadvantages:
poor capacity, poor performance regarding site accessibility,
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removal of incomplete templates, and reorganization. As
aresult, it reduces the performance of the sensors/biosensors.*®
Electrochemical biosensors can compete with other materials
such as metal-organic frameworks (MOFs). Researchers have
suggested using MOFs to produce materials with high sensi-
tivity and selectivity for detection and binding.** MOFs have
a lot of imprinted sites that are spread out evenly, which can
help MIPs work better because they have a lot of specific surface
area.*® It would be good to use MOFs to help make MIPs that can
hold monomers and templates in place.’” The addition of
a MOF in the MIP structure is a novel and rapidly growing area
of study. This advancement has yielded encouraging outcomes
and has paved the way for the creation of a new breed of
sensors.**** MOFs can play a role as a core in MIP patterns or be
involved in molecular patterns.”” In recent years, there have
been several investigations undertaken in the area of MOF-MIP
sensors/biosensors.?”*

MOFs are coordination compounds that can be used for
many different things. They are made by the combination of
metal ions with organic linkers.” MOFs are being used in
chemical sensing applications because of their distinctive
characteristics, including extremely large specific surface area,
organized porosity, the ability to control the arrangement of
active sites, and highly adjustable structures. Additionally,
MOFs exhibit excellent thermal and chemical stability, as well
as exposed active sites.*” Due to the mentioned properties,
MOFs have become competitors for conventional porous
materials, like activated carbons and zeolites.** Despite all these
significant advances, practical efforts are still required, partic-
ularly in developing MOF materials for electrochemical tech-
nologies. MOF materials alone have poor conductivity®® and low
mechanical strength,*” not enough for electrochemical appli-
cations.?” The use of MOFs as electrochemical sensors is now in
its early stages and poses a challenge in the domains of bio-
logical and chemical detection.*® The great performance of MOF
precursors, including their large surface area, well-defined
configuration, and adjustable pore size, is retained by the
produced MOF derivatives. However, they also contribute other
qualities, such as high electrical conductivity and stability.*
Hence, MOFs can be combined with specific materials such as
metal oxides, quantum dots, carbon materials, polymers, poly-
oxometalates, biomolecules, and enzymes, and new MOFs are
prepared with functional diversity in electrochemical sensors.

Since the first discovery of MOFs over two decades ago, more
than 20000 have been identified. Biological metal-organic
frameworks (Bio-MOFs) are a recently discovered subgroup of
MOFs that integrates the fields of MOF chemistry and biosci-
ence. The definition of Bio-MOFs is currently ambiguous. For
Bio-MOFs, which are MOFs utilized in biological or medical
applications and have high porosity, it is necessary to have at
least one biomolecule acting as an organic ligand. Using Bio-
MOFs for biological applications must comprehensively char-
acterize toxicity, stability, efficiency, particle size, and
morphology. Bio-MOFs have many characteristics that distin-
guish them from traditional MOF materials. These include
chirality, molecular recognition, low toxicity, biomolecular
catalytic performance, and strong biocompatibility, in addition

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to their structural variety and intrinsic porosity. Despite being
a relatively new area of study, Bio-MOFs have garnered signifi-
cant interest due to their elegant structure, diverse supramo-
lecular chemistry, and distinctive biomimetic features.*

This work included the preparation of Ni-Bio-MOF by
a hydrothermal method, utilizing BDC as a linker and Aspara-
gine (Asn) as a modifier. Asn was selected for its ability to act as
a modulator, stabilizer, or capping agent that can modify the
surface of Ni-MOF.* Furthermore, Asn may partly substitute
ligands via its interaction with nickel ions, resulting in surface
defects characterized by unsaturated metal centers. These
defects significantly enhance the electrocatalytic activity of the
materials. For example, Li et al. documented the modification of
MIL-88A(Fe) with citric acid, leading to the formation of
uniform particles and an improvement in the catalytic activity
of MIL-88A(Fe).*” Dheyab et al. also demonstrated an increase in
the catalytic activity of Fe304 after citric acid treatment.*®

In this work, for the first time, the amino acid asparagine
was used as a modifier in the synthesis of Ni-Bio-MOFs, and its
effect on the chemical composition and crystal structure of the
synthesized MOF, as well as its electrocatalytic activity, was
investigated using XRD patterns and electrochemical methods.
Then, the CPE was modified with a nanocomposite of Ni-Bio-
MOF and MIP-PL-Met and used to detect DCF at very low
concentrations in biological samples. The fabricated modified
electrode was identified by FE-SEM, HR-TEM, XRD, XPS, FT-IR,
electrochemical impedance spectroscopy (EIS), and CV. The
CPE/Ni-Bio-MOF/MIP-PL-Met sensor has excellent sensitivity
and specificity in detecting DCF and has been successfully
employed for detecting DCF in biological samples, including
blood serum and tablets. The steps for preparing the Ni-Bio-
MOF/MIP-PL-Met and its electrochemical response to DCF are
summarized in Scheme 1.

2 Experimental

2.1 The supporting information provides the names of the
materials and equipment used

2.1.1 Preparation of Ni-MOF. For the synthesis of MOF,
BDC was used as an organic ligand, and Ni(NO;),-6H,0 as
a metal ionic. Firstly, BDC (210 mg) and Ni (NO3),-6H,0 (360

Blood Serum
Pharmaceutical

4
,.

s

130°C, 241 st

Methionine + Diclofenac

Dry 60°C

Scheme 1 Schematic illustration of the preparation of CPE/Ni-Bio-
MOF/MIP-PL-Met for selective determination of DCF.
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mg) were dissolved in 20 ml DMF and 10 ml H,O in a 50 ml glass
vial. The mixed solution was dispersed by ultrasonication for
30 min. Subsequently, the mixed solution was introduced in
a 50 ml Teflon-lined sealed autoclave and stayed at 130 °C for
24 h in the oven. Subsequently, the resulting product was
washed twice with two solvents, DMF and ethanol, and then
dried at 70 °C. Finally, the light green product was introduced as
Ni-MOF.*

2.2 Preparation of Ni-Bio-MOF

The synthesis of Ni-Bio-MOF is similar to MOF, except that in
addition to BDC, the linker Asparagine (Asn) (with different Asn
amounts 1.0, 3.0, 5.0, 6.0, 7.0 mg) has been used as a biomole-
cule modifier in the fabrication of MOF.

2.3 Preparation of the CPE/Ni-Bio-MOF/MIP-PL-Met and
CPE/Ni-Bio-MOF/NIP-PL-Met

The CPE unmodified was manufactured by mixing the fine
graphite powder and paraffin oil (70:30% w/w) to form
a homogeneous paste. The paste was poured and packed in
a polyethylene syringe (diameter 3.5 mm) with a copper wire.
The surface of the electrode becomes smooth by dragging it on
clean paper.*® The CPE modified with Ni-Bio-MOF was prepared
like the unmodified CPE method. The difference is that in
addition to the fine graphite powder and paraffin oil, solid
green Ni-Bio-MOF powder (3.0 mg) is also added.

For fabrication of the CPE/Ni-Bio-MOF/NIP-PL-Met sensor,
firstly CPE/Ni-Bio-MOF electrode was cleaned by polishing on
a piece of clean paper. Then, the electropolymerization of L-Met
(0.25 mM) in 0.1 M PBS (pH 7.0) was performed by using the
cyclic voltammetry (CV) method in the potential range of —0.6
to 2.0 V on CPE/Ni-Bio-MOF with 10 successive cycles. To form
imprinted PL-Met film on CPE/Ni-Bio-MOF, the electro-
polymerization of L-Met was performed in the presence of
0.25 mM of L-Met and 0.083 mM DCF in 0.1 M PBS (pH 7).* The
CPE/Ni-Bio-MOF/MIP-PL-Met was placed on ethanol/
acetonitrile/NaOH 0.2 M (1:1:1 V/V) solution for 5 min with
a stirrer speed to DCF entrapped molecules were removed.

Nitrogen (3.04) in the t-methionine structure is more elec-
tronegative than sulfur (2.58). So, this suggests that nitrogen is
more reactive. During the electropolymerization of L-Met within
the voltage range of —0.6 to 2.0 V, the free radical of L-Met is
first formed by removing a hydrogen radical. Then this formed
free radical was attached to the surface of the Ni-Bio-MOF/CPE.
After that, the resultant product combines with another L-Met
molecule, and by the elimination of a water molecule,
a conductive polymer layer is generated on the electrode
surface.” During the electropolymerization process, the current
intensity increased with an increasing number of cycles of CV.
Consequently, this led to the development of a durable and
compact polymer film on the surface of the electrode (Fig. S1at).
The electropolymerization mechanism of L-Met is shown in
Scheme S17.>?

To form imprinted PL-Met film on Ni-Bio-MOF/CPE by the
electropolymerization of L-Met in the presence of DCF
(Fig. S1b¥), one anodic irreversible peak appeared around 0.7 V.
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As the number of cycles increases, the current intensity of this
peak rises, indicating the production of DCF-imprinted PL-Met
layers.**** During electropolymerization, DCF template mole-
cules migrated toward the surface of Ni-Bio-MOF/CPE and were
embedded in the polymer matrix as a consequence of non-
covalent interactions such as hydrogen bonding and electro-
static interactions. Furthermore, because of the electrostatic
interactions between the negatively charged DCF molecules and
the positively charged PL-Met backbone, these molecules could
become trapped in the PL-Met film.*® Next, DFT calculations
show that hydrogen bonding plays an important role in the
interactions between DCF molecules and PL-Met. Removal of
template molecules results in the formation of many imprinting
sites that specifically recognize DCF.

2.4 Real sample preparation

Tablet: DCF tablets (100 mg), Alborz Pharmaceutical Company,
were purchased from a pharmacy. One tablet, with a weight of
284 mg, has been pounded and rubbed in a mortar. The amount
of the powder dissolved in PBS of 0.1 M (pH 7.0) was sonicated
for 5 min and filtered with a no. 41 Whatman filter paper. In the
end, this solution reached 100 ml volume in the volumetric
flask.

Human serum: The healthy human blood serum sample was
obtained from Bahar Medical Diagnostic Laboratory in Tehran
(the pathology laboratory Bahar in Tehran) and kept in the
refrigerator before use. 100 pl of sample in the volumetric flask
of 10 ml was diluted with PBS of 0.1 M (pH 7.0).

Detection of DCF in complex matrices of tablet and human
blood serum samples was made possible by using DPV and UV-
Vis methods in conjunction with the conventional addition
method for quantitative analysis under ideal conditions.

2.4.1 Computational details. Considering the importance
of using the diffuse and polarization functions in density
functional theory (DFT) studies of ionic liquids®® and hydrogen
bonds (HBs),”” all calculations were performed at the B3LYP/6-
311++G** computational level employing the Gaussian 03
software.*® Optimization processes were conducted without any
symmetry limitations, and positive frequencies were achieved to
verify the local minima and evaluate the thermodynamic
parameters. Natural charge analysis was performed by the
natural bond orbital (NBO) module,* which was implemented
in the Gaussian package.

The nature of hydrogen bonds was studied by the quantum
theory of atoms in molecules (QTAIM) and the AIM2000
program.® The hydrogen bond energy has been estimated by the
Eyp = 0.5V(r) formula,* which V(r) represents the interatomic
interaction potential. The self-consistent reaction field (SCRF)
and polarizable continuum model (PCM)** were employed for the
calculations in water with ¢ = 78.39. The Mercury® and Avoga-
dro* programs were used to draw the molecular graphics and
molecular electrostatic potential (MESP) plots. The interaction
energies (Ein)® were evaluated by eqn (1).

Eint = Ecomplex - (EL-Met + EDCF) (1)
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where Ecomplex 1 the total electronic energy of the optimized
geometry of the complex. Ey e and Epcr are the total electronic
energies of the optimized structures of under-studied L-Met
configurations and DCF, respectively. The standard thermody-
namic quantities, including the standard Gibbs free energy
change (AG°), the standard enthalpy change (AH°), and the
standard entropy change (AS°) of binding were obtained by
substituting the total electronic energies with the calculated
Gibbs free energy, enthalpy, and entropy of constituents at
298.15 K temperature and 1.0 atm pressure in eqn (1). The
solvation energies (SE) were determined by computing the
difference in Gibbs free energies of compounds between the
gaseous and aqueous phases.®

3 Results and discussion
3.1 Characterization

FT-IR spectra illustrate the bonding of organic ligands (BDC
and Asn) and metal ions, as shown in Fig. 1a. A single band at
1678 cm™ " showed adsorption of the C=0 bond of COOH in
BDC. In Asn, vibrations of symmetric stretching and asym-
metric stretching occur between 3500-3300 cm ' and 3420-
3340 cm !, respectively. In two groups of NH,, symmetric and
asymmetric stretching vibration of -NH, is 3420-3340 cm ™' and
3500-3420 cm ™, respectively. The scissoring mode lies in NH,
is between 1650-1529 cm™ %" In the current study, stretching
vibration is in 3269 cm™', and scissoring mode lies in
1550 cm ' The vibration analysis of C=0 in carboxylic acids is
expected in the region 1740-1660 cm ™ .*’ In our study, C=0
stretching vibrations are assigned at 1643 cm™'. During the
formation of Ni-MOF, the BDC will dissolve, so the COOH
converts to COO™ for forming Ni-O. A double band of asym-
metric (1573 cm ') and symmetric (1379 ecm ) stretching peaks
of -COO™ is shown. The intensity of the bands has increased
due to conjugation with nickel metal or creating a hydrogenated
bond in Ni-MOF and Ni-Bio-MOF. The peak of the Ni-O band
was observed at 661 cm ', Fig. 1b illustrates NIP and MIP
composed of L-Met (monomer) and DCF (analyte). The spec-
trum of L-Met shows a broad peak at 2900-3300 cm ™ due to C-
H, NH, and OH stretching vibration and C-S stretching vibra-
tion at 553 cm ™~ '. These peaks are dedicated to the characteristic
absorption of L-Met. During the polymerization process of L-
Met, the peaks in the fingerprint area exhibited increased
width, whereas the peaks associated with N-H bonds showed
decreased intensity. As a result, the peak at 2096 cm ™" dis-
appeared completely, which confirms the production of PL-
Met.*” After the template molecules were taken out, the FT-IR
spectra of NIP-PL-Met and MIP-PL-Met were the same. Stretch-
ing bands of the C-N, C-O, and C=O were seen at wave-
numbers of 1251 cm™?, 1380 cm™*, and 1741 cm™* for NIP-PL-
Met and MIP-PL-Met.®® The MIP-PL-Met spectrum does not
provide clear information about the binding sites of DCF and L-
Met. Therefore, hydrogen bonds can be proposed as the main
interactions in this MIP pattern.

The field emission scanning electron microscope (FE-SEM)
images illustrate the morphology of Ni-MOF and Ni-Bio-MOF
in two magnifications. According to Fig. 2a and b, the Ni-MOF

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 FT-IR of (a) Asn, BDC, Ni-MOF, Ni-Bio-MOF (b) L-Met, DCF, Ni-
Bio-MOF/NIP-PL-Met, Ni-Bio-MOF/MIP-PL-Met (before and after
removal of DCF).

indicates a layer-cuboid structure with 16-21 nm in width and
4.12 to 4.99 pm in length. On the contrary, for Ni-Bio-MOF,
Fig. 2c and d show a regular lamellar structure after the use
of Asn, with a significant increase in thickness and length in the
range of 94-61 nm and 9.35-9.73 um, respectively. In the
following, the FE-SEM images in Fig. 2e-h investigated the
morphology of the PL-Met in the absence of template (NIP-PL-
Met) (Fig. 2e), presence of DCF template (MIP-PL-Met before)
(Fig. 2f), and leaving of DCF template (MIP-PL-Met after) (Fig. 2g
and h). By adding the DCF template along L-Met, the surface of
MIP gets wider and it shows NIP-PL-Met to MIP-PL-Met surface
changes. After leaving the template, holes have been created in
the polymer.
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Fig. 2 FE-SEM images with different magnifications of (a and b) Ni-
MOF, (c and d) Ni-Bio-MOF, (e) Ni-Bio-MOF/NIP-PL-Met, (f) Ni-Bio-
MOF/MIP-PL-Met (before removal of DCF), (g and h) Ni-Bio-MOF/
MIP-PL-Met (after removal of DCF).

Fig. 3a and b represent the TEM images of Ni-Bio-MOF with
different magnifications. According to this, the lamellar struc-
ture can be observed and confirms several thin sheets, and this
is in good agreement with the FE-SEM images. The HR-TEM of
Ni-Bio-MOF (Fig. 3c) demonstrated the presence of lattice
fringes, indicating a crystalline structure. Also, this was
confirmed by the corresponding selected area electron diffrac-
tion (SAED) pattern, which shows the expected structure and the
absence of additional phases and impurities (Fig. 3d).

Fig. 4a shows the XRD pattern of Ni-MOF and Ni-Bio-MOF.
The pattern of major diffraction peaks of Ni-MOF was
compared with synthesized Ni-MOF in the study of S. Gao,
et al.* and confirmed. The main diffraction peaks of the Ni-
MOF XRD pattern were according to that Ni-Bio-MOF with
a slight shift in position (due to lattice parameter variations and
residual strain), intensity (due to the atomic arrangement,
preferred orientation, and phase composition), and width (due
to crystallite size, microstrain, defects, and disorder).*** The
diffractogram peaks of Ni-MOF were appeared at 26 = 11.75°,
12.19°, 15.50°, 18.39°, 23.74°, 28.09°, 29.09° and diffractogram
peaks of Ni-Bio-MOF were observed at 20 = 11.69°, 12.04°,

RSC Adv, 2025, 15, 16983-16998 | 16987
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Fig.3 (aand b) TEM images with different magnifications of Ni-Bio-MOF,
(c) HR-TEM image of Ni-Bio-MOF, and (d) SAED pattern of Ni-Bio-MOF.

15.50°, 18.29°, 23.74°, 28.07°, 29.08°. According to Bragg's law,*
a little decrease in the angle of the Ni-Bio-MOF compared to the
Ni-MOF suggests that the interlayer distance has increased. The
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adsorption—desorption isotherm and corresponding pore size distri-
bution (inset) of the Ni-MOF and Ni-Bio-MOF.
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microstrain values, calculated using the Williamson-Hall (W-
H) method (Fig. S27), for Ni-MOF and Ni-Bio-MOF were 0.002
and 0.004, respectively. The 2.0-fold increase in microstrain for
Ni-Bio-MOF compared to Ni-MOF indicates a more defective
structure in Ni-Bio-MOF. This can be attributed to the structural
defects induced by the addition of Asn into the Ni-MOF.

Nitrogen adsorption-desorption isotherms and Barrett-Joy-
ner-Halenda (BJH) pore diameter distribution were utilized to
evaluate the surface area and the porosity of Ni-MOF and Ni-Bio-
MOF (Fig. 4b). The isotherms of Ni-MOF and Ni-Bio-MOF
exhibit the characteristics typically associated with meso-
porous materials as they display a type IV curve with H3-type
hysteresis loops according to the IUPAC classification. The
Brunauer-Emmett-Teller (BET) surface area of Ni-MOF and Ni-
Bio-MOF were 8.603 and 16.487 m®> g ', respectively. The
calculated pore volume of Ni-MOF and Ni-Bio-MOF was 0.0247
and 0.0302 cm® g !, whereas the pore diameter was 11.493 and
7.322 nm, respectively. The BJH pore size distribution plots
(insets of Fig. 4b) also confirm large amounts of mesopores with
sizes smaller than 10 nm for the Ni-MOF and Ni-Bio-MOF. The
properties of large specific surface area and high porosity of Ni-
Bio-MOF increase the effective mass transfer and maximize the
exposure of active sites.”

XPS was conducted to determine the elemental composition
and oxidation states of the Ni-Bio-MOF nanocomposite. As
shown in Fig. 5a, characteristic peaks for Ni, C, O, and N
elements were found in the survey spectrum. HR-XPS of Ni 2p
spectra both show 2p;, and 2ps/, components due to spin-orbit
coupling. In the high-resolution XPS spectrum of Ni 2p (Fig. 5b),
peaks at 856.54 eV and 873.8 eV can be assigned to the Ni** 2p;/,
and Ni*" 2p,,, respectively. The corresponding satellite peak is
located at 862.62 eV. The presence of Ni*" is derived from the
connection between Ni** and BDC ligands.” Furthermore, the
presence of Ni-OH is indicated by the peaks seen at 859.86 eV
(corresponding to Ni** 2p;/,) and 875.66 eV (corresponding to
Ni** 2py.,), as well as a satellite peak at 880.15 eV.”> Fig. 5c
depicts the high-resolution XPS (HR-XPS) spectrum of C 1s of
Ni-Bio-MOF, which can be fitted into four characteristic peaks at
284.59 eV, 285.38 eV, 286.39 eV, and 286.83 eV, belonging to the
C=C/C-C bonds, C-N/C-0O bond, C=N/C=0, and the carboxyl
(O-C=0) groups in BDC ligands, respectively.®®”* The high-
resolution XPS (HR-XPS) spectrum of O 1s (Fig. 5d) is decon-
voluted into three peaks at binding energies 531.27 eV,
532.42 eV, and 533.65 eV, which can be attributed to the Ni-O
bond, C-O, and the carboxylate moiety of the organic ligand,
respectively. Furthermore, the HR-XPS of the N 1s spectrum
shows two peaks at 400.23 eV and 402.64 eV, which can be
assigned to the C-H/N-H and N-(C=0), respectively (Fig. 5¢).”*

3.2 Electrochemical characterization of different modified
electrodes

By comparing the electrochemical behavior of modified elec-
trodes with these materials using CV and EIS methods in
a 0.1 M KCI solution containing 5.0 mM [Fe(CN)e]*~/*~, the
produced materials' performance was assessed. The CV curves
of CPE, CPE/Ni-MOF, CPE/Ni-Bio-MOF, CPE/Ni-Bio-MOF/NIP-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) XPS survey spectrum of the Ni-Bio-MOF, (b—e) high-reso-
lution spectra of Ni 2p, C 1s, O 1s, and N 1s, respectively.

PL-Met, and CPE/Ni-Bio-MOF/MIP-PL-Met (before and after
removal of the template) are shown in Fig. 6a. The CV curve of
bare CPE shows a pair of redox peaks. The peak current has
increased significantly when the Ni-MOF and Ni-Bio-MOF are
used as a modifier. These compositions with crystallite struc-
tures are specific patterns of organic ligands and metal, and
pore compounds.

The two-dimensional structure of Ni-MOF and Ni-Bio-MOF
has promoted diffusion speed and accumulation of ions
across the electrode, shortening the diffusion distance of ions
during electrochemical reactions.” Besides that, the porosity of
these compositions can facilitate the transfer of ions and elec-
trons at the electrode/electrolyte interface.”” As previously
explained, Asn can interact with nickel ions, partially
substituting the ligand by Asn.*” This partial substitution
creates defects on the MOF surface, which increases the metal
center terminals and subsequently enhances its electrocatalytic
activity. Furthermore, Asn can function as a capping agent that
optimizes the crystallite structure of Ni-MOF, thereby
enhancing the specific surface area and porosity, or, in other
words, the availability of active sites.*®

As seen in Fig. 6a, the modified electrode with Ni-Bio-MOF
shows a higher peak current compared to CPE/Ni-MOF. When
L-Met is electropolymerized on CPE/Ni-Bio-MOF (CPE/Ni-Bio-
MOF/NIP-PL-Met), the peak current increased due to the high
electrical conductivity and large surface area of the PL-Met. The
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(pH 7.0) on bare CPE, CPE/Ni-MOF, CPE/Ni-Bio-MOF, CPE/Ni-Bio-
MOF/NIP-PL-Met, CPE/Ni-Bio-MOF/MIP-PL-Met (before and after

removal of DCF).

oxidation of Fe (CN)s>*~'*~ on the CPE/Ni-Bio-MOF/NIP-PL-Met
electrode occurred at a lower potential (0.24 V) than that
observed with the CPE/Ni-Bio-MOF electrode (0.26 V). After the
inclusion of DCF at CPE/Ni-Bio-MOF/MIP-PL-Met, hindered
electron conduction” caused the peak current has decrease
significantly. After removing the DCF from CPE/Ni-Bio-MOF/
MIP-PL-Met, the peak current increases clearly, which is due
to the selective recognition and capture of the DCF in the
imprinted cavities of the DCF pattern in the MIP-PL-Met film.
Furthermore, the peak potential difference (AE},) of bare CPE
and MIP-PL-Met electrodes is shown as 0.154 V and 0.120 V,
respectively. Such results were obtained due to the high
conductivity, the larger specific surface area, and the catalytic
effect of PL-Met and Ni-Bio-MOF.*

Nyquist diagrams of different modified electrodes are shown
in Fig. 6b. The frequency of EIS analysis was set from 10 kHz to
0.1 Hz, with an amplitude of 0.2 V. The Nyquist diagram typi-
cally has a semicircular segment at high frequencies and
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a linear segment at low frequencies, corresponding to the
electron transfer-limited process and the diffusion-controlled
process, respectively. The obtained experimental EIS curves
were fitted with the standard Randle's equivalent circuit, as
shown in Fig. S3.7 The equivalent circuit consists of solution
resistance, charge transfer resistance, Warburg constant, and
double-layer capacitance are expressed with R, R, Zy, and C,
respectively.” R in interaction electrolyte and electrode surface
was calculated for CPE, CPE/Ni-MOF, CPE/Ni-Bio-MOF, CPE/Ni-
Bio-MOF/NIP-PL-Met, CPE/Ni-Bio-MOF/MIP-PL-Met before
remove of DCF, and CPE/Ni-Bio-MOF/MIP-PL-Met after remove
of DCF, that were 8960, 6560, 4980, 4070, 8220, 861 Q, respec-
tively (Fig. S3(a-f)t). The R, value of CPE/Ni-Bio-MOF/MIP-PL-
Met was lower than that of CPE, CPE/Ni-MOF, CPE/Ni-Bio-
MOF, and CPE/Ni-Bio-MOF/NIP, which suggested CPE/Ni-Bio-
MOF/MIP-PL-Met has high electrocatalytic activity and fast
charge transport kinetics. The results of EIS correspond with
the CV results. Therefore, this modified electrode was applied as
an electrochemical sensor for the determination of DCF.

The issue was examined by calculating the active surface area
of the CP and MIP electrodes using the Randles-Sevcik
equation.”

I, = 2.69 x 10’0 AD"*v'*C (2)

whereas n, Ae, D, v and C represent the number of electron
transfer of [Fe (CN)s]*~/*~ redox process (n = 1), active surface
areas of the electrode (cm?), diffusion coefficient of [Fe
(CN)JP"*~ (7.6 x 10~® em? s "), scan rate, and concentration of
[Fe (CN)s]>’*~ in the bulk solution (5 x 10~° mol cm?),
respectively.”®

To assess the active surface area of the modified electrode,
the cyclic voltammograms at different scan rates (10-100 mV
s~ ") were recorded in 0.1 M KC 1 solution containing 1.0 mM [Fe
(CN)6]* /[Fe (CN)6J>~, (Fig. S4(a-€)T). The active surface area of
the electrodes was determined by plotting the change of “I,” as
a function of “v"?” (insets in Fig. S41). The electrochemically
active surface areas of CPE, CPE/Ni-MOF, CPE/Ni-Bio-MOF,
CPE/Ni-Bio-MOF/NIP, and Ni-Bio-MOF/MIP-PL-Met after
removal of DCF were found to be 0.0264, 0.0325, 0.0476, 0.0491,
and 0.0511 cm >, respectively. The active surface of the final
modified electrode (Ni-Bio-MOF/MIP-PL-Met after) has
increased by 1.94 times compared to the unmodified electrode
(CPE). The findings revealed that the MIP has a function in
increasing the active surface area and the Ip values, and it can
also have a catalytic impact that may reduce the values of AE},.”

3.3 Electrochemical behavior of DCF at modified electrodes

DCF is an electrochemically active substance, and the electro-
chemical behavior of DCF (1.0 mM in 0.1 PBS at pH 7.0) was
investigated on different modified electrodes in the —0.1 to
1.0 V potential window by CV in Fig. 6c. DCF is irreversibly
oxidized at the CPE/Ni-Bio-MOF/MIP-PL-Met electrode and
shows an anodic peak current at a potential of 0.6 V. A proposed
mechanism for forming the irreversible anodic peak of DCF is
shown in Scheme S2. According to the study of Goyal,® this
peak is related to the electrochemical hydroxylation of DCF. In
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the first stage, the electron is released, and DCF becomes
a nitrogen radical cation. In the second step, this cation is
rearranged and loses a proton, leading to a carbon radical in the
axis of the amine group. Then this radical loses an electron and
is transformed into a carbocation that reacts with water in the
last step and forms a DCF hydroxide.”

The peak current of DCF on the bare CPE was lower than that
of CPE/Ni-MOF. Following surface modification of Ni-Bio-MOF
on CPE, the peak current further rises. This result may be
explained by the electrocatalytic activity of the Ni-Bio-MOF for
the electrochemical oxidation of DCF. Additionally, Ni-Bio-MOF
has several attachment places because of the porous Ni-Bio-
MOF structure. The oxidation peak current was significantly
increased after modification of CPE with Ni-Bio-MOF/NIP-PL-
Met, due to the higher electrical conductivity of the polymeric
layer. The CPE/Ni-Bio-MOF/MIP-PL-MET exhibited a small
signal, which may be attributed to physical and chemical
obstruction caused by template molecules occupying the
recognition sites and limiting the diffusion of DCF molecules
and electron transfer. After removing template molecules,
specific binding cavities are exposed, diffusion pathways are
cleared, charge transfer resistance decreases, and functional
groups become accessible for interactions. These changes
collectively enhance electron transfer efficiency and increase
peak current (CPE/Ni-Bio-MOF/MIP-PL-Met after).

3.4 Effect of scan rate

An investigation was conducted to examine the adsorption or
diffusion of the electrode process using the cyclic voltammetry
method. The study focused on the range of 10 to 100 mV s~ ' and
used CPE/Ni-Bio-MOF/MIP-PL-Met in a solution of 0.1 mM PBS
(pH 7.0) containing 1.0 mM DCF. According to Fig. 7a, with
increasing scan rate, I, of the DCF increases, and Ep, shifts
towards more positive values. The relationship between the
oxidation peak currents (anodic peak current, I,,,) and the scan
rate (v), square root of scan rate (v*/?), and log scanning rate (log
v) were investigated in Fig. 7. The plots of I,,, versus v (Fig. 7b)
and v'/? (Fig. 7c) is provided a prediction of the mechanism of
redox reaction in the electrode. The linear relationships were
obtained as follows:

Lo = 0.59v + 11.75 (R* = 0.9873) (3)
Lo = 8.050"% — 12.85 (R* = 0.9981) (4)
log I, = 0.69 log v + 0.46 (R* = 0.9995) (5)

Eqn (2) and (3) show a linear dependence of the anodic peak
current with scan rate (v) and the square root of scan rate (v'/?),
which considers control of redox reaction processes at the
electrode surface by an adsorption and/or diffusion-controlled
process, respectively.”” The values of R* have suggested a diffu-
sion-controlled process for the sensor. To confirm this
proposal, the plot of log I,,. versus logv has been investigated.
The slope theoretical value of this plot is 0.5 for the pure
diffusion-controlled process.” This plot (Fig. 7d) was associated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 (a) CVs of 1 mM solutions of the DCF at CPE/Ni-Bio-MOF/MIP-

Met surface in 0.1 M PBS solution (pH 7.0) at various scan rates. Insets:
(b) plot of I, vs. v, (c) plot of I, vs. v*, and (d) plot of log/ vs. log v
obtained from the cyclic voltammograms; (e) cyclic voltammograms
of 1 mM solutions of the DCF at the surface in 0.1 M PBS solution at
different pH values (6.0 to 8.5) at a scan rate of 50 mV st (Inset:
dependence of peak potential and peak current on pH). Error bars
indicate the standard deviations of three repeated measurements.

with a slope of 0.68 for the obtained data, indicating a mixed
diffusion/adsorption process.” It seems that the role of diffu-
sion is more prominent than that of absorption.

3.5 Effect of pH

The proton is always involved in the electrochemical reaction,
so the relationship between the pH of the electrolyte solution
and the redox peak current was investigated. Fig. 7e illustrates
the solution pH dependency of the DCF oxidation in the pH
range of 6.0-8.5 at the CPE/Ni-Bio-MOF/MIP-PL-Met sensor by
the voltammograms of CV. The anodic peak current increases to
PH 7 and then decreases. No clear trend was observed between
increasing pH and current.

Scheme S2t shows the ionic position of DCF at acidic and
basic pH in pK, 4.35. With a decrease in pH, the nitrogen atom
is proteinization and the molecule is faced with a decrease in
electrons, so the oxidation will be more difficult. The DCF is
deprotonated at high pH, and the molecule is faced with
a negative charge, which creates an electrostatic repulsion in
the system.*” The highest peak current was determined by
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adjusting the solution to a pH of 7.0 in 0.1 M PBS at a voltage of
0.6 V. Fig. 7e shows the peak potential of DCF as a function of
pH. The anodic peak potential moved towards a more negative
potential, so the proton participation is affirmed in the CPE/Ni-
Bio-MOF/MIP-PL-Met sensor.®* The linear regression equation
for the peak potential vs. pH value is E, (V) = — 0.0583 pH +
1.0126 (R*> = 0.9909). This slope is close to the theoretical value
of 0.59 V pH ™" given by the Nernst equation, an equal number
of protons and electrons in a half-reaction, Ox + ne” + mH" —
Red.” The equation |Ej, - Ep,| = 0.477 V/an has been used to
determine the number of electrons involved in DCF oxidation
for irreversible systems.*” Where Epj, «, and n are half-wave
peak potential, transfer coefficient, and number of electrons,
respectively. The value of Ej, was obtained by voltammogram
for DCF oxidation in 0.1 M PBS (pH 7.0), which means the E,, -
Ep), value was 0.495 V.

The value of an is 0.97, and for an « value of 0.5, the number
of electrons was found to be 2.02 (~2). By replacing the linear
regression slope (0.583 V) in the equation of Dy/Dpy = (0.591 V/
1)Nup, the number of protons in the system is also calculated,®
where n and Ny, are the number of electrons and the number of
protons in DCF oxidation. The number of protons (Nyp) was
obtained by calculating the number of 1.97 (~2). So, the elec-
trochemical oxidation of DCF is suggested according to a two-
electron/two-proton reaction.

3.6 DFT calculations

Fig. 8a shows the fully optimized structures of r-Methionine
(PubChem CID: 6137), L-Met(I),* and L-Met(II) (CCDC: 276
855)* at the B3LYP computational level with 6-311++G (d,p)
basis set in the gas phase. The optimization process of L-Met(II)
was initiated from the X-ray crystallographic data, in which the
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Fig. 8 (a) The optimized structures of L-Met(l) and L-Met(ll) at B3LYP/
6-311++G(d,p) in the gas phase, the natural charges (e) over the atoms,
and MESP maps; (b) the optimized structures of L-Met(l) and L-Met(ll)
at B3LYP/6-311++G(d,p) along with some bond lengths (in A) in the gas
and agueous phases. AEec, the total electronic energy difference, AG
°, the standard Gibbs free energy change, and SE, the solvation energy,
all in kcal mol™; (c) the optimized structures of DCF at B3LYP/6-
311++G(d,p) in two phases, selected bond lengths in A, and its MESP
map. AE¢ec. the total electronic energy difference, and SE, the solva-
tion energy, both in kcal mol ™.

RSC Adv, 2025, 15, 16983-16998 | 16991


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00194c

Open Access Article. Published on 20 May 2025. Downloaded on 3/10/2026 8:06:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

proton (H;) has been transferred from the -COOH group to the
NH, group, leading to the formation of Met zwitterion. The
formation of an acid-base group affects the molecule's inter-
action behavior in aqueous environments. The natural charge
of the Hs atom was evaluated at about +0.5e by NBO results.
Comparing the natural charges on the N, atoms in L-Met(I) and
L-Met(II) shows an increase in the negative charge on the N,
atom in L-Met(II). MESP maps in Fig. 8a display a 3D viewpoint
of electron density in molecules. The red regions show high
electron density with an abundance of electrons. These regions
could be appropriate sites for electrophilic attacks of adjacent
molecules. Subsequently, the blue regions with low electron
densities show suitable sites for nucleophilic attacks. Consid-
ering the experimental section of this research, we have studied
all the calculations in the aqueous phase at a pH = 7. Con-
cerning the calculated net charge of amino acids based on the
PK values in a nearly neutral solution, we have considered the
net charge of Met to be about zero.*

The stability of L-Met(I) and L-Met(II) in both phases was
compared in Fig. 8b. Comparing the total electronic energy
differences (AEge.) and the standard Gibbs free energy change
(AG°) of L-Met(I) to L-Met(II) exchange indicates a higher
stability of L-Met(II), especially in an aqueous environment.
Additionally, the SE of L-Met(Il) was obtained about
2.73 keal mol ' more than the SE of Met(I), which can be due to
the formation of a zwitterion.

The optimized structure of DCF (CCDC: 128771)* in both
phases, along with its MESP map, is shown in Fig. 8c. The SE of
DCF (—7.13 kecal mol ™) validates its stability in an aqueous
phase. The MESP map shows that the carboxyl group of the DCF
could be a suitable site for intermolecular interactions. Also,
based on the bond distances in Fig. 8c, a weak intramolecular
hydrogen bond between the carbonyl and NH groups is
expected.

In the next section of theoretical studies, we have considered
the interactions between Met and DCF molecules in both pha-
ses. The possible configurations of L-Met(I) and L-Met(II) with
DCF have been proposed by scanning the distance between two
molecules in different directions, considering the MESP maps
and natural charge distribution (Fig. 8) in both molecules. The
most stable configurations of L-Met(I)- DCF and L-Met(II)-DCF
in water are shown in Fig. 9a.

The interaction energies (Ej,¢), and the binding thermody-
namic parameters of L-Met(I)- DCF and L-Met(II)-DCF are
collected in Table 1. Comparing these parameters shows that L-
Met(I)-DCF complex formation is thermodynamically more
favorable than L-Met(II)-DCF complex in both phases. To study
the effect of H,O molecules in the interaction energies, we have
considered L-Met(II)-DCF(2H,0) complex (see Fig. 9a).
Although the E;, was increased in this complex, AG® was shif-
ted to the positive values, which can be due to the significant
negative value of AS° about 0.10 keal mol " K" in both phases.
The formation of this complex is exothermic and non-
spontaneous in both phases, because of the decreasing entropy
due to the accumulation of four separate molecules.

To study the interactions between L-Met polymer (PL-Met)
and DCF, we have modeled a dimer molecule of L-Met based
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Fig. 9 (a) The optimized structures of under-studied complexes in an

aqueous phase; (b) the molecular graph of PL-Met-DCF at B3LYP/6-
311++G(d,p) in the gas phase. The small red and yellow spheres show
BCPs and RCPs, respectively. The numbers demonstrate the relative
HB strength.

on the crystallographic data and the proposed electro-
polymerization mechanism of L-Met.***” The optimized struc-
ture of the PL-Met-DCF complex in water (Fig. 9a) confirms the
important role of intermolecular hydrogen bonds in the
stability of this configuration. The calculated thermodynamic
parameters in Table 1 indicate that PL-Met-DCF's formation is
spontaneous and exothermic in the gas phase. Additionally, the
same parameters in the aqueous phase predict near-
equilibrium conditions for PL-Met-DCF formation. It is worth
mentioning that although the choice of computational level can

Table 1 The interaction energies (Ein), thermodynamic functions of
binding at 298.15 K and 1.0 atm, and solvation energies (SE) of under-
studied configurations. All parameters in kcal mol™% AS° in cal mol™*
K1

Gaseous phase Eine AG° AH° AS° SE
L-Met(I)-DCF —-16.18 —-2.96 —14.84 —39.85 —10.25
L-Met(II)-DCF —-9.65 2.06 —8.12 —34.14 —14.81
L-Met(II)-DCF(2H,0) —26.26 8.83 —21.71 —-102.41 —-16.20
PL-Met-DCF —-16.23 —3.53 —14.85 —37.97 —17.68
Aqueous phase

L-Met(I)-DCF —-11.17 2.55 —-9.92 —41.80 —
L-Met(II)-DCF —4.46 6.10 —-3.19 —-31.15 —
L-Met(I)-DCF(2H,0) —14.05 20.50 —9.79 —101.58 —
PL-Met-DCF —-11.14 1.46 —9.85 -37.93 —

© 2025 The Author(s). Published by the Royal Society of Chemistry
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influence the exact values of thermodynamic parameters, the
overall trend in their variation remains almost identical.*”** The
SE values in Table 1 demonstrate that the stability of all
complexes has increased in water, with PL-Met-DCF exhibiting
the highest SE value.

In the last section of calculations, we compared the strengths
of four HB bridges in the PL-Met-DCF complex by QTAIM
analysis. According to this theory, by forming a bond, a bond
critical point (BCP) forms between two neighboring atoms,
which identifies the high electron density, and a ring critical
point (RCP) shows delocalization of electrons across the ring.
BCPs and RCPs can better describe the HB nature and the
resonance-assisted hydrogen bonds (RAHB) the
molecules.

Fig. 9b shows the BCPs, RCPs, and the relative HB strength of
inter/intramolecular HBs of PL-Met-DCF in the gas phase.
According to these values, the intramolecular HB in PM is
negligible. The intramolecular HB in the DCF is very weak, and
intermolecular HBs play a significant role in PL-Met-DCF
interactions. Fig. 9b shows that resonance effects can assist
the RCP's creation, suggesting the formation of RAHB in the E;
and E, intermolecular HBs. It is worth mentioning that the
interactions in ionic liquids are very complicated. Our theoret-
ical studies have been focused on hydrogen bond interactions
(in the most stable L.-Met-DCF configuration) with a polarizable
continuum solvent model.

within

3.7 Optimization of the experimental conditions

In this step, the effects of key factors for preparing the fabri-
cated sensor of CPE/Ni-Bio-MOF/MIP-PL-Met been investigated
that contain (1) the amount of Asn in Ni-Bio-MOF, (2) the
amount of Ni-Bio-MOF in bare CPE, (3) the typical of template
extraction solvent, (4) the concentration of NaOH, (5) the cycle
number of MIP polymerization, (6) the template to monomer
ratio (T: M), and (7) elution time.

3.7.1 The amount of Asn in Ni-Bio-MOF synthesis and Ni-
Bio-MOF in CPE as modifier. As previously described, the
synthesis of MOFs in the presence of Asn can lead to the partial
replacement of the BDC ligand by Asn. This partial replacement
creates defects in the structure of the MOF, thereby increasing
its electrocatalytic activity. Therefore, determining the amount
of Asn that leads to the synthesis of a Ni-Bio-MOF with the
highest catalytic activity will result in the high sensing perfor-
mance of the synthesized nanostructure in the measurement of
the desired analyte. Therefore, the influence of Asn on the
synthesis of Ni-Bio-MOF on the response of the electrochemical
sensor of CPE/Ni-Bio-MOF/MIP-PL-Met was investigated under
the conditions best by different Asn amounts (1.0, 3.0, 5.0, 6.0,
7.0 mg). In comparison, the Ni (NO3), and BDC mass were kept
at 360 mg and 210 mg, respectively. As shown in Fig. S5a,t the
highest peak of the anodic current corresponds to the amount
of 3.0 mg of Asn. Furthermore, the addition of Asn does not
affect the crystallinity of Ni-Bio-MOF, because all samples have
relatively high crystallinity (as shown in XRD patterns in
Fig. S5bt). Also, as shown in Fig. S5c, the effect of Asn content
on the formation of Ni-Bio-MOF was investigated by FT-IR

© 2025 The Author(s). Published by the Royal Society of Chemistry
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analysis. All samples had a similar pattern,
a similar chemical structure.

Fig. S6at displays the cyclic voltammograms of DCF in the
sensor with the amount of Ni-Bio-MOF. For this purpose,
carbon paste electrodes were prepared with different composi-
tions, including 70 mg of graphite powder, 30 mg of paraffin,
and various amounts of Ni-Bio-MOF in the range of 1.0-7.0 mg.
The examined sensors have seen a current decrease with Ni-Bio-
MOF value above 1.0 mg. The optimal modified mass is chosen
in such a way that it has the highest current compared to the
background current,** so the value of 1.0 mg was chosen.

3.7.2 Template extraction solvent and elution time. The
use of MIP as a developing composite in electrochemical
modification electrodes requires the use of organic solvents to
remove the template and then create imprinted cavities.*
Different extraction solvents, including water, ethanol, meth-
anol, acetonitrile, and sodium hydroxide solution, were used in
this study. Initially, solvents of ethanol: water, methanol: water,
and acetonitrile: water have been used with a volume ratio of 1:
1, which has partially helped the removal of the template. In the
second step, 0.2 M sodium hydroxide solution was used instead
of water, which was removed better than in the previous stage.
In the third step, a mixture of organic solvents was used
together with a sodium hydroxide solution of 0.2 M, as shown in
Fig. S6b and c.} So, the template extraction solvent of Ethanol/
Acetonitrile/NaOH was chosen with a ratio (1:1:1). Also, the
concentration of NaOH was optimized in the range of 0.01 M to
0.5 M in Fig. S6d.T The presence of the optimal amount of
NaOH in the mixture of acetonitrile and ethanol solvents leads
to the reduction of the hydrogen bond of nitrogen groups® in
DCF and PL-Met film, and the removal of DCF is facilitated from
the cavities. The elution time was also examined, and 5 min was
chosen as optimal Fig. Sée.}

3.7.3 Ratio of template to monomer and cycle number of
MIP polymerization. In the following, the ratio of template:
monomer was investigated in the range of 1: 5 to 3 : 1. As shown
in Fig. S7a,7 the anodic peak current of DCF decreased by
increasing the amount of template. And with the increase of the
amount of monomer up to the ratio of 1:3, the anodic peak
current increased, and with the continuation of this increase to
the ratio of 1:5, it decreased. So, the template-to-monomer
ratio was chosen to be 1: 3.

The cycle number expresses the thickness of the MIP on the
surface of the modified electrode, and then it affects the
sensitivity of the designed sensor.”® As shown in Fig. S7b,} the
anodic current gradually increased with the increase of cycle
numbers from 2 to 5 and then decreased with a further increase
in the number of cycles to 15 and remained constant from 15 to
25. By increasing the imprinted polymer membranes exces-
sively, the MIP film thickens and prevents easy access of the
template to the printed sites. So, the cycle number of MIP
polymerization is chosen as the number of cycles 5.

indicating

3.8 Analytical performance

The electrochemical response of the CPE/Ni-Bio-MOF/MIP-PL-
Met sensor and the CPE/Ni-Bio-MOF/NIP sensor to DCF in
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Fig. 10 (a) DPVs by the increasing concentration of DCF from 1.0 pM
to 500 pM, 1 nM to 1000 nM, and 1.0 uM to 1000 uM in 0.1 M PBS
solution (pH 7.0) at scan rate 50 mV s~* on the CPE/Ni-Bio-MOF/MIP-
PL-Met, and (b-d) the calibration curves. Error bars indicate the
standard deviations of three repeated measurements.

various concentrations was determined under the optimum
experimental conditions by DPV. Fig. 10a demonstrates that the
peak current in the modified electrode of CPE/Ni-Bio-MOF/MIP-
PL-Met increases proportionally with the concentration of DCF.
Linear relationships of the independent for CPE/Ni-Bio-MOF/
MIP-PL-Met and CPE/Ni-Bio-MOF/NIP have been investigated
in the concentration range of 1-500 pM, 1-1000 nM, and 1-1000
uM (Fig. 10b-d). Three concentration ranges are displayed for
CPE/Ni-Bio-MOF/MIP-PL-Met and CPE/Ni-Bio-MOF/NIP. The
linear regression equations for CPE/Ni-Bio-MOF/MIP-PL-Met
are I (uA) = 0.016C (uM) + 8.9944 (R* = 0.9985), I (uA) =
5.9581C (uM) + 2.94 (R* = 0.9954) and I (nA) = 2015.5C (uM) +

View Article Online

Paper
9.7
96 { (a) "
9.5 I
9.4
2
o3 I I
I
9.2
9.1
9 r
¢ & R DL & & &
FTFTTE LTSS FEFT TS
Y W e TSI
S @ N PN SRR P SR S,
b\" > S < && @% )
& NS ]
13 T
124 (b) 5
11 <6
10 1 =4
w==Electrode 1
9 1 ——Electrode 2 2
w==Flectrode 3
«8 0
= w===Electrode 4 »
=71 =—Eletrode 5 & &
6 &
5
4
3
2+
0.25 0.35 0.: 0.75 0.85 0.95

45 0.55 0.65
E/Vvs. Ag/AgCl

Fig. 11 (a) Effect of various interferences on DCF sensing response of
CPE/Ni-Bio-MOF/MIP-PL-Met; (b) CVs of CPE/Ni-Bio-MOF/MIP-PL-
Met in 1.0 uM DCF and 0.1 M PBS solution (pH = 7.0) to investigate
reproducibility; inset: corresponding bar diagram of current vs.
number of the electrode. Error bars indicate the standard deviations of
three repeated measurements.

0.5943 (R* = 0.9999) and for CPE/Ni-Bio-MOF/NIP are as
follows: I (1A) = 0.002C (uM) + 1.0189 (R> = 0.997), and I (nA) =
0.897C (uM) + 0.089 (R* = 0.9986).The limit of detection was
calculated to be 0.17 pM by 3a/s (where ¢ is the standard devi-
ation of the blank (noise) and S is the slope of the calibration

Table 2 Comparison of CPE-Ni-Bio-MOF/MIP-PL-Met and other sensors for the determination of DCF

Modified electrode Technique Detection limit (nM) Linear range (uM) Ref.
V,05/SPE “ DPV 3.1 20-200 1
GO-COOH/GCE? LSV 90.0 1.2-400.0 2
Cu NPs/rGO/GCE* Amperometry 8.0 20-400 3
TCPE? DPV 3280 10.0-140.0 4
EPPG* SWV 6.2 0.01-1.0 5
Au-PtNPs/f-MWCNTs/AuE DPV 300.0 0.5-1000 6
MWCNT-IL/CCE? DPV 18.0 0.05-50.0 7
PEDOT/PS/GCE " DPV 77.5 0.1-0.5 55
Zr-MOF/MIP/GCE' DPV 100.0 6.5-1.5 x 10° 90
CPE/Ni-Bio-MOF/MIP-PL-Met DPV 1.7 x107* 1.0 x 107°-1.0 x 10° This work

% vanadium pentoxide nanosheet/screen-printed electrode. ” Carboxyl-functionalized graphene oxide/glassy carbon electrode. © Copper
nanoparticles/reduced graphene oxide/glassy carbon electrode. ¢ Tyrosine-modified carbon paste electrode. ¢ Edge plane pyrolytic graphite
sensor. / Gold-platinum bimetallic nanoparticles/functionalized multi-walled carbon nanotubes/gold electrode. ¢ Multiwalled carbon nanotube-
ionic liquid/carbon ceramic electrode. " Poly(3,4-ethylene dioxythiophene)/polystyrene/glassy carbon electrode. ‘ Zirconium-metal organic

framework/molecularly imprinted polymer/glassy carbon electrode.
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Table 3 Results for DCF determination in real samples using CPE-Ni-Bio-MOF/MIP-PL-Met (n = 3)¢

DPV UV-vis
Sample Added (uM) Found (uM) (%RSD) Recovery (%) Found (uM) (%RSD) Recovery (%)
Human serum 0 ND — ND —
0.5 0.51 (2.43) 102.00 0.51 (1.55) 102.00
0.7 0.70 (2.41) 100.00 0.71 (2.78) 101.43
45 42.84 (0.34) 95.20 44.10 (0.99) 98.00
80 83.19 (1.00) 103.99 78.48 (0.95) 98.10
DCF tablets 0 5.62 (1.24) — 5.87 (0.60) —
40 42.66 (1.35) 106.65 40.89 (0.34) 102.22
70 73.00 (1.48) 104.29 75.79 (0.56) 108.27

“ ND: Not Detected.

curve) (n = 3).”* where o represents the standard deviation of the
blank current and S represents the slope of the first calibration
plot.

In Table 2, the comparison of this method with other re-
ported methods is summarized for the analysis of DCF. The
CPE-Ni-Bio-MOF/MIP-PL-Met has a wide linear range and a very
low detection limit. The MIP sensor used in this study can
directly adsorb and identify DCF molecules, which is better
than previously reported work.

3.9 Selectivity, reproducibility, and stability of CPE/Ni-Bio-
MOF/MIP-PL-Met

The selectivity of the CPE/Ni-Bio-MOF/MIP-PL-Met sensor was
studied by DPV response of 1.0 uM DCF in the presence of
interfering species of glucose, glycine, uric acid, urea, ascorbic
acid, and ions of chlorine, magnesium, ammonium, sulfate,
sodium, nitrate, calcium, bromine, and potassium (Fig. 11a),
and the current measured showed an error of less than or more
than 5% (Fig. S81t). Table S17 exhibited that 1000-fold of glucose
and glycine, 10-fold of uric acid and urea, 1000-fold of ascorbic
acid, and 100-fold of chlorine, ammonium, magnesium, sulfate,
sodium, nitrate, calcium, bromine, and potassium can interfere
with 1 uM of DCF concentration.

The reproducibility of the CPE/Ni-Bio-MOF/MIP-PL-Met
sensor was assessed by studying 5 electrodes in a solution
containing 1.0 pM of DCF, using the identical experimental
conditions (Fig. 11b). The peak current observed from multiple
sensors had a relative standard deviation (RSD) of 3.3%, indi-
cating excellent reproducibility of the sensor. To investigate the
stability of the CPE/Ni-Bio-MOF/MIP-PL-Met sensor, the peak
current of the modified electrode was measured after it was kept
in the refrigerator for 10 days. The peak current showed 96.2%
of its initial value, indicating good stability.

3.10 Determination of DCF in biological fluids and
pharmaceutical samples

The CPE/Ni-Bio-MOF/MIP-PL-Met sensor was used to determine
DCF to evaluate operational applications. For this purpose,
a pharmaceutical sample of a DCF tablet and a medical sample
of blood serum of a healthy person were measured by the
standard addition method. The precision of the suggested

© 2025 The Author(s). Published by the Royal Society of Chemistry

approach was evaluated with the reference UV-vis spectropho-
tometric method. The relative standard deviation and recovery
values were computed and are shown in Table 3. As shown in
Table 3, the recovery percent in the tablet sample ranged from
104.29% to 106.65%, indicating that the modified sensor is
appropriate for the determination of DCF in complex
compounds as a low-cost, easy, and fast method (Fig. S9at).

A medical sample of blood serum was selected from
a healthy person and was measured using the standard addition
method. The achieved recoveries varied from 95.20% to
103.99%. Furthermore, the suggested approach exhibits an RSD
of less than 2.43%, indicating the satisfactory precision of the
voltammetric determination of DCF employing the CPE/Ni-Bio-
MOF/MIP-PL-Met (Fig. S9bt). Therefore, the proposed method
can be used to analyze real samples with different matrices.

In addition, we confirmed the precision of detecting Ni-Bio-
MOF/MIP-PL-Met  using  UV-Visible spectrophotometry
(Fig. S9ct). As shown in Fig. S9d,t standard solutions of DCF
were prepared, and a DCF standard curve was established using
UV-Visible spectroscopy, and it was obvious that a strong linear
correlation was observed between the DCF concentration and
the absorption peak. The linear regression equations were y =
0.1084 Cpcp + 0.0188 (R* = 0.9988) and y = 0.0106 Cpcp + 0.1723
(R* = 0.9883). To determine the DCF content in DCF tablet and
human serum samples, they were diluted with water, and their
absorption peaks at specific wavelengths were determined
using UV-Visible spectroscopy (Fig. S91 (e and f)). Finally, we
compared the electrochemical test results with the UV-Vis
spectroscopy results, and the results indicate that the values
obtained from the suggested modified electrode align well with
those derived from the spectrophotometric approach.

4 Conclusion

In this study, a selective electrochemical sensor was designed
and fabricated for the determination of DCF. The modification
of Ni-BDC-based MOF using Asn was successfully carried out.
We found that the amount of Asn influences the electrocatalytic
activity of Ni-Bio MOF, where 3.0 mg of Asn resulted in the
highest peak of the anodic current of DCF. The surface of the
CPE was modified using a Ni-Bio-MOF (Ni-BDC-Asn), and then
L-Met polymer was used for the solution of MIP. The calibration

RSC Adv, 2025, 15, 16983-16998 | 16995
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curve for determining the DCF was obtained using the designed
sensor in differential pulse voltammetry. The suggested sensor
has many benefits, including a broad linear range spanning
from 1.0 pM to 1.0 mM, a limit of detection (LOD) as low as 0.17
PM, rapid DCF analysis, cost-effectiveness, high selectivity and
accuracy, and low cost. This sensor can be successfully used in
the identification of pharmaceutical samples and biological
systems for the determination of DCF. The theoretical analysis
at the B3LYP/6-311++G** computational level has confirmed
the stability of L-Met-DCF complexes in both gaseous and
aqueous phases. The calculated thermodynamic parameters of
the binding show an exothermic process in the aqueous phase,
with the binding standard Gibbs free energy change of about
1.46 kcal mol™'. The computed solvation energies of all
complexes have confirmed their stability in water. The forma-
tion of intermolecular HBs between the carboxylic groups of PL-
Met and DCF was approved by QTAIM analysis, confirming the
significant role of HBs in this interaction.
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