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Abstract- In this study, a new molecularly imprinted polymer with nanoporous material of
zirconium metal-organic frameworks (Zr-MOF/MIP) for diclofenac (DFC) measurement is
presented. The Zr-MOF/MIP was prepared by electropolymerization method, the Zr-MOFs
were used to increase electrode surface and the DFC and para- aminobenzoic acid (pABA)
were used as template and functional monomer, respectively. Zr--MOFs was characterized by
using X-ray powder diffraction (XRD), scanning electron microscope (SEM) and Fourier
transform infrared spectroscopy (FTIR). The electrochemical performance was investigated
using cyclic voltammetry (CV) and differential pulse voltammetry (DPV). Sensor response
was evaluated by comparing the electrochemical response of Zr-MOF/MIP, with that of non-
Imprinted polymer (NIP), in a 2.0 mM potassium ferrocyanide solution containing 0.2 mM
sodium sulfate as probe solution. Measurements were carried out in the potential range of -0.6
to +1.0 V with scan rate of 50 mV/s. The calibration curve of diclofenac was linear in the
concentration range of 6.5 uM to 1.5x10™ pM. Detection limit was obtained 0.1 pM and
relative standard deviation of several (n=7) replicate measurements for 1.0 mM DFC
concentration has obtained 1.8%. Furthermore, favorable sensitivity, selectivity, good
reproducibility and long-term stability, was obtained in the experiment and the proposed
electrode was applied for the determination of DFC in pharmaceutical commercial sample with
satisfactory results.

Keywords- Metal organic framework; Molecularly imprinted polymer; Electropolymerization;
Diclofenac
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1. INTRODUCTION

Non-steroidal anti-inflammatory drugs are one of the most widely used drugs in medical
science. Diclofenac (DFC) as one of the anti-inflammatory drugs that prescribed for its effects
such as pain relief, fever and treatment of diseases such as podagra, rheumatism, rheumatoid
arthritis, osteoarthritis, pains of articulation and after operative pain. The unique properties of
non-steroidal drugs are their non-opioid because they have anti-inflammatory properties, even
at high doses. However, digestive problems such as diarrhea, peptic ulcer, nausea and allergic
reactions such as dizziness, excretion of blood from the urine and headaches have been
observed partly. Therefore, the identification and quantification of these drugs have been
extensively studied in drug analytical laboratories [1,2]. Gas chromatography [3-6],
spectrophotometry [7-10], mass spectrometry [11], liquid chromatography [12-16], high
performance liquid chromatography [17,18], thin-layer chromatography [19-22], and flow
injection spectrophotometry [23,24] have been reported for the determination of DFC in
pharmaceutical formulations.

However, large instrument based approaches have some disadvantages such as: high
associated costs, long working time and environmentally unfriendly. In the meantime,
electrochemical methods have been validated due to their simplicity, low cost, short analysis
time and high selectivity for the analysis of pharmaceutical formulations, and electrochemical
sensors have been the focus of researchers due to their environmental compatibility [25-31].

Molecularly imprinted polymers (MIPs) serve as synthetic receptors for a wide variety of
molecules and are synthesized using molecular imprinting techniques. MIPs have been used
because of their specific properties in a variety of fields, including drug delivery [32], cell
culture [33], catalyst [34,35] and biosensors [36-40].

In recent years, nanoporous materials of metal-organic frameworks (MOFs) consisting of
inorganic metal clusters and organic molecules with coordination bonds have been used to
develop the electrochemical sensors [41]. They have attracted much attention due to their
structural properties, such as stable framework with high specific surface area, extremely high
porosity, wide range of thermal, chemical stability, none-toxic nature, low density and pore
volume.

In this paper, an electrochemical sensor was formed based on MIPs to determine the

selectivity and based on MOFs to enhance the sensitivity for DFC measurement in real sample.

2. EXPERIMENTAL
2.1. Reagents and materials

The used chemicals such as para-amino benzoic acid (pABA), sodium sulfate, potassium
ferrocyanide, sulfuric acid, ethanol, sodium hydroxide, zirconium sulfate, 2,6 pyridine

dicarboxylic ammonium, cetyl trimethylammonium bromide (CTAB), DFC, sodium
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dehydrogenase phosphate and thiourea were purchased from Merck (Darmstadt, Germany).
Alumina powder with dimension of 0.05 was purchased from Fluka (Buchs, Switzerland).
Alfen X tablet is prepared from Alborz Co., Iran. Also all solutions were prepared with
deionized water at room temperature. To remove dissolved oxygen, the cell solutions were

purged with high-purity nitrogen.

2.2. Apparatus

All electrochemical experiments were performed using a polarograph that is connected to
a PC via a USB port and NOVA 2.2 software (Metrohm, Model 797 VA computrance,
Switzerland), using the three-electrode system: a GCE working electrode (d=2 mm, Azar
Electrode Co.), a platinum auxiliary electrode, and an Ag/AgCl reference electrode. A pH
meter (Metrohm, Model 827, Switzerland) was used for pH determinations. A centrifuge
(HP190, Iran), Samsung microwave (Samsung, SAMI6, South Korea) and x-ray diffraction
(XRD) (Rigaku D-maxClII, Japan), with a Cu- Ka radiation source using Ni-filtered, was used.
Morphological studies of MOF surface were studied by the scanning electron microscope
(SEM) (JEOL JSM-6700F, Japan).

2.3. Preparation and synthesis of nanostructures of Zr-MOF

Synthesis of Zr-MOF was performed by micellation and microwave methods. Briefly, 0.6
g of zirconium sulfate and 0.5 g of 2,6- pyridine dicarboxylic acid ammonium were dissolved
in 10 ml distilled water. After 15 min, 5 ml of 0.4 g CTAB solution in 50 ml of distilled water
was added to the reaction. After 50 min, 0.8 g of sodium hydroxide was dissolved in 50 ml of
distilled water and then, after 30 min, 0.5 g of thiourea was added to 5 ml of this solution in
order to stabilize and create an electrostatic space. After 20 min, the mixture was put into the
microwave at 450 MW for 10 min. After centrifugation, the precipitate was dried at room
temperature. The Microwave conditions for synthesis of zirconium metal-organic framework

nanostructures are shown in Table 1.

Table 1. Microwave conditions for synthesis of Zr-MOFs nanostructures

Sample Power (watt) Time (Minutes) Size (nm)
A 450 5 230
B 450 10 350
C 600 5 210
D 600 10 300
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2.4. Preparation of Zr-MOF/MIP film modified sensor

Prior to modification, bare GCE was thoroughly polished on, the surface of GCE was
polished with aqueous slurry of alumina powder until a mirror like finish was obtained and
then thoroughly washed with distilled water. Then, 0.01 g of Zr-MOF was dissolved in
phosphate buffer solution, then the solution was deposited by electropolymerization on GCE
surface, by employing CV in the potential range of -1.0 to +1.5 V with 10 cycles and scan rate
of 50 mVs™!. For designing a selective Molecularly imprinted cavity, 1.0 mM template
molecule (DFC), 5 mM monomer (pABA) and 0.1 M phosphate buffer (pH=7, 0.1 M) as the
supporting electrolyte was electrodeposited on the surface of Zr-MOF/GCE, using potential
cycling between -1.0 and +1.5 V cycles for 15 cycles. Before polymerization, to remove
dissolved oxygen, the solution was purged with high purity nitrogen for 5 min. After MIP
synthesis using electropolymerization, template was removed from the polymers with 50%
(v/v) methanol/acetic acid solution, on a magnetic stirrer at 150 rpm for 10 min. A sample of
non-imprinted polymers (NIPs), were prepared under similar condition, but in the absence of
the template and used for comparison of specificity.

2.5. Electrochemical measurements

Due to the lack of electrochemical activity of DFC in the potential range of the assay, an
electroactive species of ferrocyanide was used as a probe. Electrochemical measurements were
performed in the presence of solution of ferrocyanide of 2.0 mM and sodium sulfate of 0.2 mM
in the potential range of -0.6 to 1.0 V, with a scan rate of 50 mVs ! by cyclic voltammetry
(CV). Differential pulse voltammetry methods (DPV) runs for each concentration of test
analyte were quantified over a potential range of -0.6 to 1.0 V at a scan rate of 20 mVs ' and

pulse amplitude of 50 mV.

3. RESULTS AND DISCUSSION
3.1. Morphology and characterization of Zr-MOF

To study of the synthesized zirconium metal-organic framework nanostructures, its
scanning electron microscope (SEM) image is shown. SEM is used to collect structural,
chemical, and morphological information from nano particles (NPs) at atomic or nanometer
scales. The sample surface of the nanostructures and, as can be seen in Fig. 1, the particle size
is about 30 nm.

The X-ray diffraction (XRD) pattern of the nanostructures is shown in Fig. 2. As can be
seen, the crystalline plates are well formed and the sample has high crystallinity. The size of
the nanoparticles is in good agreement with the microscopic images and is calculated by the

Debye-Scherrer equation and by calculating the width cycle at half maximum at about 50 nm.
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Fig. 1. Scanning electron microscopy image of Zr-MOFs nanostructures
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Fig. 2. XRD pattern of zirconium metal-organic framework nanostructures

3.2. Electrochemical behavior of DFC at the modified GCE surface

Cyclic voltammetry method was used to characterize the electrochemical behavior of the
imprinted sensor. The cyclic voltammogram of the bare GCE, MIP/GCE, NIP/GCE,
Zr-MOF/MIP/GCE and Zr-MOF/NIP/GCE in the 2.0 mM [K4[Fe(CN)s]] solution as a probe
and 0.2 M Na>SOg as redox probe are reported (Fig 3). (curve a) represents a pair of oxidation
and reduction peak of probe on the bare GCE. When the template removal process is performed
on MIP/GCE, NIP/GCE, Zr-MOF/MIP/GCE and Zr-MOF/NIP/GCE electrodes, no change in
NIP/GCE electrode behavior (curve b) and Zr-MOF/NIP (curve c), was observed. But in the
MIP/GCE electrode, redox peak related to probe, observed weakly (curve d). The Zr-MOF/MIP
synthesis on the surface of the electrode, the surface-to-volume ratio should be increased. This

is well illustrated this fact that the removal of the template from the polymer matrix with metal-
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organic framework creates a recognition sites or holes that so probe can pass and reach to the
electrode surface to perform the electrochemical process (curve €). When MIP/GCE, NIP/GCE,
Zr-MOF/MIP/GCE and Zr-MOF/NIP/GCE electrodes, are rebounded by template, there is no
change in the electrode behavior NIP/GCE (curve f) and Zr-MOF/NIP/GCE in the probe
(curve g), but in MIP/GCE (curve h) and Zr-MOF/MIP/GCE (curve i), peaks of the probe
disappear again. That means the MIP film has been made compact enough, and the probe

anions could not reach to the electrode surface.

0.5 -0.1 04 09
E (mv)

Fig. 3. The cyclic voltammograms of the different electrodes in the 2.0 mM Fe(CN)s solution
and 0.2 M NaySOs with scan rate of 50 mVs™'. (a) bare GCE, (b) NIP/GCE and (c)
Zr-MOF/NIP/GCE after removal, (d) MIP/GCE and (e) Zr-MOF/MIP/GCE after DFC
removal, (f) NIP/GCE and (g) Zr-MOF/NIP/GCE after DFC rebinding, (h) MIP/GCE and (1)
Zr-MOF/MIP/GCE after DFC rebinding

3.3. Optimization of the parameters influencing Zr-MOF/MIP/GCE

Optimization of analytical parameters in order to achieve the best efficiency, for the
designed sensor was divided into six sections including: optimization of the concentration of
monomer (pABA), template (DFC) concentration, solution pH, the number of scans in
polymerization step, study of template molecule remove, and the potential applied and time for
rebinding of template on Zr-MOF/MIP/GCE.

The monomer concentration during the electropolymerization affects the thickness of the
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deposit and the amount of imprinted molecule in the polymer matrix, which in turn further
affects the electrochemical behavior of the sensor. To evaluate the effect of the pABA
concentration on the response of MIP/MOF/GCE sensor to DFC, the MIPs were
electropolymerized in solutions of a constant DFC concentration (0.5 mM) and of varying
pABA concentrations in the range of 0.5-7.0 mM by cycling the potential between -0.6 to 1.0
V was studied in our investigation. The results are shown in Fig. 4A. As a result, the response
of the Zr-MOF/MIP/GCE to DFC increases with increasing the concentration of pABA up to
5.0 mM, then it decreased when the pABA concentration increased further, which was probably
because the imprinted polymer membranes are too thick due to high concentration of pABA
(above 5.0 mM), template molecules situated at the central area of the polymer membranes
cannot be completely removed from polymer matrix. Thus, the optimum concentration 5.0 mM
pABA was selected for further work.

The quality and quantity of diagnostic sites of MIPs are directly dependent on the
mechanisms and extent of interaction between the template molecule and the monomer present
in the pre-polymerization solution. According to the results in Fig. 4B. The highest changes of
current response were observed in concentration 1.0 mM of DFC. Low concentrations of the
DFC molecule decrease the sensitivity of the sensor, the number of recognition sites, the
current changes and more value of template molecules also damage to the formation of polymer
film. Therefore, a concentration of 1.0 mM, was selected as the optimum concentration for
synthesis of the Zr-MOF/MIP/GCE polymer film.

The effect of solution pH was investigated because that is one of the important reasons for
the recognition of imprinted molecules in electrostatic interactions. To find the optimum
solution pH, the influence of pH (between 3.5 and 10.0, using phosphate buffers) on peak
current was studied (Fig. 4C). The maximum peak current was obtained in pH 7 and thus this
pH was selected for subsequent uses.

The number of CV cycles could influence the thickness of the imprinted polymers, which
would influence the sensitivity and stability of the sensor Fig 4D. It was carried out in 6 to 20
cycles to study this experiment parameter. The current response reached maximum with 15
cycles, and then decreased with further increasing of cycle number. Generally, if the imprinted
polymer membranes are too thick, MIP film may hinder the accessibility of templates
molecules to the imprinted sites and a fine MIP film could be broken conveniently. Similarly,
the compactness of the MIP membranes affected by the scan rate of the electropolymerization
would influence the mass transfer of the template and further influence the sensitivity of the
MIP sensor.

After electrosynthesis, template must be removed in order to create imprinting cavities.
Different extraction solvents were used for this purpose. Initially, the imprinted polymer film
in phosphate buffer solution for 30 min was used to remove the template molecule and it was

found that this solution be ineffective for template removal. In addition, the use of 0.1 M HCl
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in template removal was also unsuccessful.

Then ethanol and methanol organic solvents were used to remove the template, that
methanol was able to partially remove the template. It was found that, by the electro-
polymerization method the Zr-MOF/MIP sensor was immersed in 50% (v/v) methanol/acetic
acid solution at room temperature for 10 min, to remove the imprinting molecule. This is due

to the good solubility of DFC in methanol/acetic acid solution.
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Fig. 4. Optimization of factors affecting the performance of the Zr-MOF/MIP/GCE ; effects
of: (A) pABA, and (B) diclofenac concentrations (C) pH, and (D) the number of CVs on
Zr-MOF/ MIP synthesis

3.4. Electrochemical response of the Zr-MOF/MIP sensor

The calibration curve was plotted to determine the DFC linear range and the limit of
detection. Differential pulse voltammograms at different concentrations of the template
molecule in the ferrocyanide probe were recorded to plot the calibration curve under
optimization conditions. The imprinted sites were occupied with increasing the concentration
of template molecule according to (Fig. 5A), and the probability of the ferrocyanide probe for
reaching to the electrode surface is reduced, therefore the current is reduced. The calibration
curve was plotted based on the current changes and the concentration of the template molecule,
according to the recorded voltammograms. The linear range of 6.5 uM to 1.5x10™ uM, with
the regression equation being AI=0.0058+0.9877 (R?>=0.9986) according to the results shown
(Fig. 5B). The limit of detection (LOD), which is determined according to 3Sy/m, where b is
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the standard deviation for 6 measurements, and m is the slope of calibration curve, was
determined to be as low as 0.043 uM. The repeatability of the method was determined by the
relative standard deviation (RSD). For this purpose, RSD by recording the responses of DPV,
at seven measurements of Zr-MIP/MOF/GCE modified electrodes at a specific concentration
of 1.0 mM DFC was calculated as 1.8%, which indicates the good repeatability of sensor. The
prepared Zr-MIP/MOF/GCE sensor was stored at room temperature, and was used every day
to evaluate the same DFC concentration. After one-month, were observed without obvious
decrease.

For possible analytical application of the method, the effects of some common
interferences on the determination of 0.5 mM DFC was examined. The tolerance limit was
defined as the maximum concentration of the substances that caused an error of less than 5%
in DFC determination. 100-fold concentration of mefenamic acid, glucose, ascorbic acid and
maleic acid, have no influence on the current response of DFC upon the experimental

conditions.
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Fig. 5. DPVs of the Zr-MOF/MIP/GCE in various concentrations of DFC solution, a to i: 0,
6.5, 350, 520, 670, 857, 1300 and 1500 uM, and the related calibration curve

3.5. Analysis of real samples

To verify applicability of the sensor in real sample detection, a DFC tablet containing 5 mg
DFC was dissolved in phosphate buffer with pH=7 and subsequently, the DFC content in the
drug sample was determined using a modified Zr-MIP/MOF/GCE by standard addition
method. The analytical results in Table 2 are shown good accuracy with recovery values
ranging from 101.3 to 102.2%. The obtained recoveries indicated that the modified electrode

could be successfully used for the determination of DFC in pharmaceutical sample.
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Table 2. Results for the determination of DFC in Alfen X tablet

Sample | Added (uM) | Detected (uM) | Recovery (%) | RSD (%)
1 - 4.5 x10! - 2.1
2 4.7 x10’! 9.0 x10! 102.2 2.1
3 6.2 x10! 1.5 101.3 4.1
4 7.8 x10! 2.2 102.2 3.0

411

4. CONCLUSION

A new sensor based on Zr-MOF/MIP/GCE was synthesized by electropolymerization
method for highly sensitive and selective detection of DFC. Initially, the thin layer coating of
zirconium metal-organic frameworks and molecularly imprinted polymer were deposited on
the surface of the glass carbon electrode and Zr-MOF/MIP sensor was prepared. The
advantages of this method are its high selectivity, long term stability, low cost, and the presence
of Zr-MOFs nanostructures due to its high active surface, which increases the sensitivity of
DFC. The analytical characteristics of the present sensor were compared with other works that
have been reported for determination of DFC and the results are presented in Table 3. As can
be seen, the proposed sensor has the linear range and relative standard deviation comparable
or better detection limit relative to other reported works. The proposed sensor was used
successfully for diclofenac determination in the real sample.

Table 3. Comparison of Zr-MIP/MOF/GCE sensor with other reported methods for the

determination of Diclofenac

Method Linear range | Detection limit | Recovery | RSD | Ref.
(M) (uM) (Y0) (o)

TCPE 10-140 3.28 98.8-99.3 3.50 | [42]

NHMN 196-2650 31.7 101 542 | [43]

f-MWCNTs-GO/ 0.4-1000 0.09 98.8-105 2.80 | [44]

AuNPs/AuE

GO-COOH-GCE 1.2-400 0.09 92.9-93.2 2.56 | [45]

Au-PtNPs/t- 1000 -0.5 0.30 98-102 1.70 | [46]

MWCNTs/AuE

MIP/GCE/Zr-MOF 6.5-1500 0.1 101.3-1022 | 1.8 | This
work
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