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Abstract

This work represents the development of natural kaolinite mineral (Kao)-gold nanoparticles (GNPs)
modified screen-printed carbon electrode (SPCE) based on biocompatible electrode material for the
electrochemical quantification of Propyphenazone (PROP) and the investigation of the interaction
between PROP and ds-DNA. The surface characteristics of the Kao-GNPs/SPCE were examined by Cyclic
Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS), and Field-Emission Scanning Electron
Microscopy (FE-SEM) with Energy Dispersive X-ray Spectroscopy (EDS) methods. The effect of Kao and
gold compositions, pH, and interferences studied the analytical performance of this sensor. PROP has an
irreversible oxidation signal on Kao-GNPs/SPCE sensor surface. Based on this oxidation signal,
calibration works were carried out using differential pulse voltammetry (DPV), and linear working range,
LOD, and LOQ were determined. The real sample analysis of PROP was implemented in human serum
samples with a recovery value of 99.43%. Binding constant (K) and Gibbs free energy change (AG®)
relating to the interaction between PROP and ds-DNA were calculated to be 2.14 (+ 0.42) x 10* M~ " and -
24.70 kJ mol™ 7, respectively.

1 Introduction

Propyphenazone (PROP), 1,2-dihydro-1,5-dimethyl-4-(1-methyl ethyl)-2-phenyl-3H-pyrazol-3-one, has
analgesic, anti-inflammatory, and antipyretic properties. It was initially patented in 1931 and derived from
the phenazone group. PROP is used in a number of analgesic combinations in many countries. It is
marketed as a combination formulation with paracetamol and caffeine to treat some pains such as
headache, muscular aches, neuralgia, backache, joint pain, rheumatic pain, migraine, general pain,
toothache, and menstrual pain [1, 2]. It has adverse effects when consumed to overdose, such as
tiredness, nausea, headache, dizziness, etc. [3]. Fetotoxicity was 21.0 mg/kg per day for PROP [2].
Monitoring serum levels of PROP is necessary for human health. To this end, several analytical methods
have been developed for analyzing related drugs, including chromatography [4, 5] and spectroscopy [6].
Though there is only one electrochemical simultaneous analysis procedure of PROP with paracetamol
and caffeine, there is no detailed individual electrochemical analysis procedure of PROP in the literature
reports. For this purpose, the individual electroanalytical determination method and the interaction of
PROP with ds-DNA have been suggested with current work by using the differential pulse voltammetric
technique (DPV). Compared to conventional analytical methods, voltammetric techniques have some
advantages, like being an affordable, simple, fast response, easy to use, selective, and sensitive [7]. The
sensitivity and selectivity of a voltammetric method are highly based on the working electrode system.
Several types of carbon-based-working electrodes have been used in voltammetric techniques, such as
carbon paste, glassy carbon, pencil graphite, boron-doped diamond, and screen-printed electrodes [8, 9].
Among them, screen-printed carbon electrodes (SPCEs) have a single use, portability, fast, selectivity, and
sensitivity compared to the others [10]. The modification of SPCEs is suitable for specific catalytic
reactions, sensitivity, and selectivity. In this modification, carbon nanotubes, conducting polymers, noble
metal nanoparticles, and clay minerals have been used [11-14]. Among them, clay minerals such as
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kaolinite, smectite, illite, chlorite, attapulgite, and sepiolite are the hydroxylated and hydrated aluminum,
iron and/or magnesium silicates. Clay minerals have similar chemical compositions but different crystal
structures [15]. Kaolinite mineral with the chemical formula, Al,Si,05(0H), is a dioctahedral formed by
the 1:1 stacking of tetrahedral and octahedral layers [16]. Kaolinite modified on the electrode surface
possesses tremendous adsorption capacity, large surface area, increasing analyte sensitivity, and
chemical stability [17].

Clay minerals and gold nanoparticles (GNPs) are hybridized to produce remarkable composite materials
with strong electrochemical conductivity, an excessive surface-to-volume ratio, high chemical reactivity,
and the capability to chemisorb various types of molecules. The combination of clay minerals and gold
nanoparticles provides extraordinary composite materials with strong electrochemical conductivity, large
surface-to-volume ratio, high chemical reactivity, large working concentration ranges, and the ability to
absorb various molecules chemically [18]. The current work offers the first use of GNPs and Kao mineral
composite to modify the surface of the SPCE for sensitive voltammetric analysis of PROP.

Investigating DNA-drug interactions plays an important role in new drug design, controlling gene activity,
and some cellular processes [19]. For this purpose, the binding mode and the binding constant (K) of the
PROP-(ds-DNA) complex formation were also calculated for the first time.

2 Experimental
2.1 Chemicals and solutions

The standard powder of Propyphenazone was supplied from Atabay Drug Company, Istanbul, Turkiye.
HAuCl,, H,S0,, chitosan, acetic acid, sodium hydroxide, KCI, HCI, K;Fe(CN)¢, K3Fe(CN)g, and sodium salt
of ds-DNA were purchased from Sigma-Aldrich Company. Kaolinite mineral (KH Kaolen) was supplied by
ESAN Eczacibasi (Istanbul, Turkey). The chemical compositon is as follow: SiO,: 62.70%; Al,05: 25.34%;
Fe,05: 0.621%; TiO,: 0.81%; Ca0: 0.10%; MgO: 0.10%; Na,0: 0.08%; K,0: 0.18%.

The 10.0 mM stock solution of PROP was prepared by dissolving a known amount of standard
propyphenazone powder in a water-ethanol mixture (1:1). The 1000 ppm stock ds-DNA solution was
prepared by dissolving 5.0 mg sodium salt of ds-DNA in 5.0 mL distilled water and based on the literature,
the molar concentration of ds-DNA was determined using UV-Visible spectroscopy method [20,21]. 1.0 M
acetate buffer solution (ABS) was prepared by mixing concentrated acetic acid and 1.0 M NaOH. The pH
of the buffer (pH 4.0-6.0) was adjusted with 1.0 M NaOH solution. The 1% (w/v) chitosan solution was
prepared by dispersing a known amount of chitosan powder in 2% (v/v) acetic acid solution by stirring on
a magnetic plate for 1 hour.

2.2 Apparatus

All electrochemical measurements (CV, DPV, and EIS) were recorded by Palmsens4
potentiostat/galvanostat system (from Holland). The screen-printed carbon electrode (DRP-110),
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consisting three-electrode system, was used with a Palmsens electrode connector. All pH measurements
were carried out using a HANNA/HI2211 pH/ORPmeter (LABOR, Istanbul, Turkey), and double-distilled
water was supplied from the Mpminipure water distillation system (MES Turkey). UV-Visible
measurements were done by Shimadzu1700 UV-Vis spectrophotometer (Shimadzu, Tokyo, Japan) with
1x1 cm quartz cells. FE-SEM images were recorded by Quanta FEG 250 Scanning Electron Microscope
(Holland) with 20 KeV electron acceleration voltage.

2.3 Preparation of Kao—GNPs/SPCE

The preparation of the Kao—GNPs/SPCE sensor has two steps:

The SPCE surface was deposited with gold nanoparticles via the electrodeposition method in the first
step. To this end, successive 15-cycle CV voltammograms of 0.05 mM HAuCI, with a scan rate of 50
mVs~'in 0.05 M H,S0, (pH 2.0) were recorded in the (- 0.2) — (+ 1.3) V potential range (Supplementary
File, Fig. S1). This figure shows an oxidation signal at about 0.8 V and a reduction signal at about 0.3 V. It
was attributed to oxidation/reduction signals of gold [22]. Moreover, the increase in the oxidation and
reduction current signals confirms the formation of GNPs on the surface [23]. In the second step, the Kao
mixture (1.0% w/v) was prepared by dispersing Kao clay in a chitosan solution by stirring on a magnetic
plate for 1 hour. Then, 9.0 yL of the mixture was dropped onto the GNPs/SPCE surface to form Kao-
GNPs/SPCE sensor and dried at room temperature for about 1 hour.

2.4 Real sample preparation

A serum sample (H4522, from human male AB plasma, USA origin, sterile-filtered) was obtained from
Sigma Aldrich. Serum samples were stored at - 20°C and used without any pre-treatment. For the
preparation of samples, the frozen serum sample was defrosted at room temperature. The 10.0 pL
sample was spiked into the solution containing 30.0 uM PROP in acetate buffer, pH 4.5. The differential
pulse voltammograms were recorded. The obtained results were used for calibration and recovery
studies.

3 Results and Discussion
3.1 Characterization of Kao—GNPs/SPCE

The surface morphological characterization of the sensors was investigated by FE-SEM and EDS
methods. FE-SEM images of bare SPCE, GNPs/SPCE, Kao/SPCE, and Kao—GNPs/SPCE are given in

Fig. 1. Bare SPCE has a relatively smooth structure (Fig. 1a) compared to the others. In the case of
modifying with gold nanoparticles, the nano-sized gold nanoparticles are visible on the surface of SPCE
(Fig. 1b). After modification with Kao, the sensor surfaces gain a rough and 3D structure (Fig. 1c and d).
Figure 1e represents the EDS spectra of Kao—GNPs/SPCE, and the existence of Au, Al, Si, Na, C, O,and N
signals in the spectrum confirm the formation of gold nanoparticles and coating of Kao clay on the SPCE
surface.

Page 4/17



The electrochemical characterization of the sensors was investigated with CV and EIS methods using a
5.0 mM Fe(CN)43"/4" redox probe in 0.1 M KClI solution. CV voltammograms are given in Fig. 2a. The
highest anodic and cathodic peak currents of 5.0 mM Fe(CN)¢3~/4 were recorded on Kao—GNPs/SPCE

sensor surface (red line) compared to bare SPCE (blue line), GNPs/SPCE (yellow line), and Kao/SPCE
(green line). It was attributed to the combination of the large adsorption capacity of Kao and the superior
conductivity of gold nanoparticles.

Nyquist diagrams of bare SPCE (blue line), GNPs/SPCE (yellow line), Kao/SPCE (green line), and Kao—
GNPs/SPCE (red line) are demonstrated in Fig. 2b. The R; values of these sensors were estimated by an
equivalent circuit (Z Circuit Fitting software in Palmsen4) and calculated as 366 Q, 257 Q, 32.58 ), and
3.64 Q, respectively. These obtained R values indicate the higher electron transfer rate on Kao-
GNPs/SPCE. The active surface areas of SPCE, GNPs/SPCE, Kao/SPCE, and Kao—GNPs/SPCE were
calculated using the Randles-Sevcik equation [24]. It was found to be 0.159 (+ 0.0060) cm? for SPCE,
0.183 (+ 0.0003) cm? for GNPs/SPCE, 0.374 (+ 0.0010) cm? for Kao/SPCE and 0.444 (+ 0.0035) cm? for
Kao—GNPs/SPCE. Compared to the bare SPCE, Kao—GNPs/SPCE has a nearly 2.8-fold higher surface
area.

The electrochemical oxidation response of 30.0 uM PROP was recorded by the DPV method in acetate
buffer solution, pH 4.5 on the surface of the modified electrodes (Fig. 3). One anodic oxidation peak
appeared at about 0.65 V on the surface of the SPC electrode. After the modification GNPs and Kao
materials, the oxidation peak current increased 3-fold compared to the SPCE, and the peak shape
enhanced. Therefore, the Kao—GNPs/SPCE sensor was used for the electroanalytical determination of
PROP.

3.2 Optimization of the sensor

HAuCI, concentration, number of cycles, and amount of Kao were optimized by CV to the highest
oxidation peak currents and peak shape of PROP. HAuCI, concentration was changed in the
concentration range of 0.01-0.3 mM (Fig. S2a). The peak current intensities obtained with different
concentrations were compared to selected 0.1 mM HAuCl, as the optimum concentration. The number of
cycles was changed from 5 to 20 (Fig. S2b). The optimum number of cycles was selected as 15 cycles.
The amount of Kao mineral clay was optimized (Fig. S2c) in the range between 0.5% and 2.0%. The
amount of optimum was selected as 1.0%.

Electrochemical behavior of PROP on Kao — GNPs/SPCE

The electrochemical behavior of PROP was investigated by the CV method 1.0 M acetate buffer pH 4.5.
Figure 4 represents the CVs of 100.0 uM PROP at the scan rates between 25 and 400 mV/s. As shown in
Fig. 4, there is an oxidation peak at about 0.78 V; in the reverse scan, there is no corresponding reduction
peak. This situation confirms that the electro-oxidation of PROP exhibits irreversible oxidation behavior
[25]. The logi, — log graph was plotted in different scan rates. The slope of the logj, — log graph is
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about 0.77, indicating the dominant adsorption-controlled electrochemical process [26, 27]. The electro-
oxidation of PROP is likely to occur with the loss of one electron, which means the oxidation of tertiary
nitrogen in the aromatic ring to a radical cation [25].

3.3 Electrochemical method development and validation

The DPV voltammograms were recorded in the range between 0.01 and 500 pM under the optimum
conditions (Fig. 5). As seen from the calibration curves, two different linear working ranges for PROP were
observed (0.012-1.0; 1.0-500.0 uM).

The limit of detection (LOD), the limit of quantification (LOQ), and linear working ranges were calculated
using a calibration curve [28]. The detection limit was 0.0036 pM, and the LOQ value was 0.012 pM. All
validation and regression parameters are represented in Table 1. There is no data relating to individual
quantification of PROP in the literature. These results demonstrated that the sensor exhibited good
repeatability and reproducibility values.

The obtained LOD and LOQ values offer better detection limits than the literature data [25].

The proposed sensor's repeatability, reproducibility, and stability were also investigated based on the DPV
signal of the 30.0 uM PROP. The intra-day peak potential and current repeatability of the sensor were
examined with five different measurements, and the related RSD% values indicating the perfect
repeatability were obtained 1.09 and 2.28, respectively.

The reproducibility of the Kao—GNPs/SPCE was carried out using five different sensors that were
prepared similarly. The DPV current responses were recorded to calculate the RSD% values based on the
peak potential and current of PROP. The corresponding RSD% values are given in Table 1, demonstrating
the excellent reproducibility of the sensor.
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Table 1
Regression data of the calibration lines of PROP on Kao—GNPs/SPCE sensor

Regression parameters PROP

Linear working range, pM 0.012-1.0;1.0-500.0
Limit of detection (LOD), uM 0.0036

Limit of quantification (LOQ), uM 0.012

Regression coefficient (R?) 0.99;0.99
Reproducibility of peak potential, RSD%? 1.37

Reproducibility of peak current, RSD %2 1.62

Repeatability of peak potential, RSD%? (intra-day)  1-09

Repeatability of peak current, RSD%? (intra-day) 2.28

4RSD is the relative standard deviation of 5 replications.

The stability of the Kao—GNPs/SPCE sensor was examined using the redox probe Fe(CN)¢3/4" by

recording ten successive CV cycles (Fig. S3). The RSD% values obtained are given in Table S1, confirming
the respectable stability of the Kao—GNPs/SPCE sensor.

3.4 Interference study

The probable interference effect of different interfering compounds, namely, Dopamine, Uric acid, L-
glycine, Ascorbic acid, Glucose, Na;P0O,, KCI, Mg (Il), and Ca (ll) was studied by DPV measurements. The
concentration of interfering species with respect to PROP was 1:1. The interferences induced by each
species were below 3.1% (Fig. S4).

3.5 Real sample analysis

The commercial human serum sample was used to test the applicability of the proposed sensor in
biological samples for PROP analysis. As the sampling procedure is given in Section 2.4, the serum
sample was spiked into the solution containing 30.0 uM PROP in acetate buffer, pH 4.5. Then the DPV
responses were recorded and evaluated with the linear regression equation of the calibration graph to
calculate the recovery results. Table 2 represents the recovery results of three repetitive experiments of
30.0 uM PROP. According to Table 2, the average recovery value was found as 99.43% with a very low
RSD% indicating the perfect applicability of the proposed Kao—GNPs/SPCE sensor for PROP analysis in
the biological medium.
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Table 2
Recovery results in the human serum sample

Real Sample Method Sample Added Found Average RSD?

amount, pM amount, pM recovery, % 9%
Human serum DPV PROP 30.0 29.83+0.437 99.43+1.457 1.465
sample

aEach value is the mean of three experiments (95% Confidence Level).

3.6 (dsDNA)-PROP interaction studies

The ds-DNA interaction of PROP with calf thymus ds-DNA in acetate buffer pH 4.5 was investigated by
the DPV method on Kao—GNPs/SPCE sensor surface. The increasing concentration of ds-DNA (1.0 to
10.0 ppm) was added to the solution containing 200.0 uM PROP. The peak current and potential changes
of PROP were evaluated (Fig. 6). With increasing concentration of ds-DNA, the peak current of PROP
decreased. This situation confirms the ds-DNA-PROP interaction [29, 30]. This interaction in solution may
occur as a complex formation reaction given below:

mMPROP + DNA <> PROP-DNA

The binding constant of this equilibrium can be calculated using voltammetric data based on the
literature equations given:

1 ) _
log——— = logK + mlog- LPROP-DNA

[DN A] tPROP — LPROP-DNA

1

In Eq. (1), K symbolizes the PROP-DNA binding constant,z prop and iprop-pna denotes the current values

of free PROP and the PROP-(ds-DNA) complex, respectively. [DNA] means ds-DNA concentration, and m
1
[DNA]

- (given in the inset of Fig. 6), the antilogarithm of the intercept displays the PROP-

indicates the binding ratio [31-33]. Because Eq. (1) shows a linear regression between log and

Z'PROPfDNA
log-

1PROP—LPROP-DN
DNA binding constant (K), and the slope represents the binding ratio. Eq. (1) shows that the intercept and
slope were found as 4.33 and 0.98 (inset of Fig. 6). The binding constant of the PROP-(ds-DNA) complex
was calculated as 2.14 (+ 0.42) x 10* M~ . The binding ratio was approximately 1.0, indicating the 1:1
complex formation of PROP and ds-DNA [31, 32]. The K value is comparable with the literature data for

some similar ds-DNA-drug complexes (between 10% and 10 M~ 1) [34, 35]. The relative order of the K
value indicates that the PROP-(ds-DNA) complex formation may be intercalative [36, 37].

For calculating the Gibbs free energy (AG°) of PROP-(ds-DNA) complex formation, Eq. (2) is used:

AG® = -RTInK (2)
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R, T, and K are used in their usual denotations here.

We found AG® = - 24.70 kJ/mol by substituting K for the experimental value given above and taking T as
298 K. As a result, the complex-formation reaction occurs spontaneously [30, 34].

4 Conclusion

Natural kaolinite mineral-gold nanoparticles/screen printed carbon electrode were prepared with a
simple, cost-effective surface modification by two steps for the electrochemical analysis of PROP. The
real sample application of the sensor was performed successfully in a commercial human serum sample
without any interference effect of Ca (Il), Mg (Il), Dopamine, Uric acid, Na;P0O,, KCI, L-Glycine, Ascorbic

acid, and Glucose. The interactions between PROP and ds-DNA were studied using the voltammetric
signal of PROP for the first time. A 1:1 complex of intercalative nature was formed between ds-DNA and
PROP. The thermodynamic parameters Gibbs free energy (G) and binding constant (K) of the interaction

were also calculated as - 24.70 kJ/mol, 2.14 (+ 0.42) x 10* M7, respectively.
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) EDAX ZAF Quantification (Standardless)
o Si1 Element Normalized
SEC Table : Default
Element We % At % K-Ratio Z A F
CK 41.33 53.58 0.0929 1.0270 0.2188 1.0003
N K 4.50 5.01 0.0059 1.0180 0.1288 1.0007
0O K 31.24 30.41 0.0626 1.0098 0.1984 1.0002
NaK 0.12 0.08 0.0005 0.9453 0.4335 l1.0022
AlK €.71 3.88 0.0470 0.9407 0.7412 1.0047
SiK 2.13 5.06 0.0684 0.9683 0.7728 1.0012
AuM 2.98 0.24 0.0234 0.6787 1.1579 1.0002
ClK 3.99 1.75 0.0322 0.9093 0.8880 1.0000
0.00 0.00

0.70 1.40 2.10 2.80 3.50 4.20 4.90 5.60 6.30 7.00 keV

Figure 1

FE-SEM images of (a) SPCE, (b) GNPs/SPCE, (c) Kao/SPCE, (d) Kao—GNPs/SPCE, and e EDS spectrum
of Kao—GNPs/SPCE
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Figure 2

(a) Cyclic voltammograms, (b) Nyquist diagrams of 5.0 mM of [Fe(CN)¢]>~/#in 0.1 M KCl solution on
SPCE, GNPs/SPCE, Kao/PGE, and Kao—GNPs/SPCE at a scan rate of 0.05 Vs (R.: The charge transfer
resistance, W: Warburg element, Rg: The cell resistance, Cy: the capacitance of the double layer)
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Figure 3

DPV voltammograms of the different modified SPCE sensors for 30.0 uM PROP in pH 4.5 ABS buffer
solution
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Figure 4

CV voltammograms of 100.0 uM PROP at different scan rates (0.025 — 0.4 Vs™) in ABS buffer solution,
pH 4.5 Insets: log/, - log graphs of PROP
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Figure 5

DPVs of PROP determination using Kao—GNPs/SPCE sensor in pH 4.5 ABS buffer solution Insets: Plots
of peak current vs. concentrations of PROP
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DPV voltammograms of 200.0 uM PROP with increasing concentration of ds-DNA in acetate
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Figure 6
See image above for figure legend
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