
 

   Published by https://currentsci.com                                                                  Page | 154  

                           

                         JESEC, 1(3), 154-176, 2025 

 https://doi.org/10.58985/jesec.2025.v01i03.15 

 ISSN (Print): 0000-0000 

 

 

This article is an open access article distributed under the terms and conditions 

of the Creative Commons Attribution 4.0 International License (CC BY-NC 4.0). 

 

 

1. Introduction 
Quinolones are an important class of antibiotics 

widely used to treat gastrointestinal and respiratory 

tract infections [1]. They have long been used in 

human and veterinary medicine, and are therefore  

 
 
 

ubiquitous in the environment [2]. The main problem 

associated with quinolone residues in water is the 

development of antibiotic resistance in intestinal 

bacterial populations [3, 4]. Many analytical methods 
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Article Information  A screening method for detecting quinolone antibiotics using an amperometric sensor 

was developed. The sensor was built by modifying a cylindrical graphite-epoxy 

composite (cGECE)-based electrode with Prussian Blue (PB). The PB-cGECE sensor was 

characterized by X-ray diffraction, optical microscopy, laser Raman microscopy, visible 

(VIS) and fourier transform infrared (FTIR) spectroscopies, and cyclic voltammetry. The 

sensor exhibited excellent electrocatalytic behavior in the oxidation of quinolones 

compared to the bare graphite electrode. The electrochemical parameters, including the 

electroactive surface coverage, transfer coefficient, and standard heterogeneous rate 

constant, were obtained from cyclic voltammograms. Calibration curves for the seven 

quinolones were obtained by amperometric detection on a PB-cGECE sensor with limits 

of detection of 3, 20, 30, 10, 45, 35, and 30 μg L-1 for ciprofloxacin, danofloxacin, 

enrofloxacin, marbofloxacin, norfloxacin, ofloxacin, and sarafloxacin, respectively. 

Ciprofloxacin was selected as a representative congener of the quinolone family in the 

screening evaluation of the water sample using a detection capability (CCβ) of 4.0 μg L-1 

to classify the samples as compliant or non-compliant. The method complies with 

commission implementing regulation (EU) 2021/808 for screening techniques and 

demonstrates good precision, selectivity, and applicability in aqueous environmental 

matrices with a total analysis time of 5 min. 
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have been developed for determining quinolone 

concentrations, including high-performance liquid 

chromatography (HPLC) with fluorescence detection 

[5], HPLC coupled with mass spectrometry [6], 

immunoassays [7], capillary electrophoresis [8], and 

electrochemical methods [9]. Among electrochemical 

techniques, amperometry is widely used because it is 

considered the best technique for developing portable 

and digital sensors with good sensitivity for the 

detection of organic molecules [10]. 
 

Prussian blue, an inorganic pigment, was first 

synthesized in the 18th century and has since been 

used in various applications. Within our scope of 

interest, it is used as an electrode modifier, since PB 

exhibits a high catalytic efficiency, which is 

comparable to that of biological catalysts [11]. The 

catalytic efficiency of PB is attributed to its zeolitic 

lattice nature with a large open metal-organic 

framework that functions as a three-dimensional 

catalyst [11, 12]. Moreover, this material allows a 

significant decrease in the applied electrode potential, 

reducing the probability of electrochemical 

interference due to the potential presence of 

electroactive substances in the sample matrix. PB thin 

films on the electrodes can be prepared by the 

electrodeposition or chemical deposition of Fe3+ and 

Fe (CN)63- [13]. PB films have been used to improve the 

electrochemical performance by modifying the 

electrodes of different natures such as glassy carbon 

electrodes modified with surfactants [14] or multi-

walled carbon nanotubes [15], graphite screen-printed 

electrodes [16], graphene electrodes [17], and glass 

and indium tin oxide electrodes modified with 

nanocomposite [18] for the detection of hydrogen 

peroxide, bisphenol B, uric acid, hydrogen peroxide, 

and ibuprofen, respectively. 
 

In this study, the thin film of PB was chemically 

deposited on c-GECE, and the ability of PB-cGECE 

sensors to catalyze quinolone oxidation was 

demonstrated. The PB particles synthesized from 

K3[Fe(CN)6]: FeCl3 (1:1) mixtures and the PB-cGECE 

sensor were characterized by X-ray diffraction (XRD), 

optical and laser Raman microscopies, VIS, fourier 

transform infrared (FTIR) spectroscopies, and cyclic 

voltammetry. Electrochemical parameters like 

electroactive surface coverage, transfer coefficient, 

and standard heterogeneous rate constant were 

determined. The optimization of experimental 

conditions is also presented and discussed, and 

calibration curves and internal validation assays of 

the screening method based on the amperometric 

quinolone detection in water samples are 

subsequently performed. Samples were collected 

from different provinces in Argentina (Santa Fe, Entre 

Ríos, and Buenos Aires), covering a large area of Las 

Pampas region. Additionally, various water sources 

have been used, including groundwater, rivers, 

streams, surface water, and lagoons. This is the first 

time that quinolones have been electrochemically 

detected on PB-modified electrodes. 

                                                        

2. Materials and methods 

2.1. Instrumentation 

Epsilon BAS Bioanalytical Systems Inc. voltammetric 

analyzer (West Lafayette, Indiana, USA) was used for 

the electrochemical determination. The 

electrochemical cell was comprised three independent 

electrodes: a platinum wire as an auxiliary electrode, 

a (Ag/AgCl3 mol L-1 NaCl) silver/silver chloride 

electrode in 3 mol L-1 NaCl solution as a reference 

electrode (RE) (Orion 92-02-00), and a graphite-epoxy 

cylindrical composite electrode (cGECE) as a working 

electrode.  
 

The effective area of the working electrode was 

determined by chronoamperometry using a 2 mmol  

L-1 potassium ferricyanide K3[Fe(CN)6] solution 

containing 1 mol L-1 KCl. The ferrocyanide diffusion 

coefficient is 6.2 x 10-6 cm2 s-1 [19]. The potential was 

stepped from 0.050 to 0.500 V for 30 s. The effective 

area calculated using the Cottrell equation [20] was 

found to be 0.24 ± 0.03 cm2 (CV = 12.5%, n = 16).  
 

The morphology and structure of the synthesized PB 

particles were analyzed through a series of 

characterizations. For this purpose, samples based on 

different concentrations of K3[Fe(CN)6]: FeCl3 (1:1) 

mixtures were analyzed. The washed and dried 

products of each sample were conditioned for each 

study technique. The structural characteristics 

(crystalline phases) of PB were studied by XRD using 

a Panalytical Empyrean instrument (40 kV and 45 mA, 
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using Cu Kα radiation, λ = 1.5406 Å). Measurements 

were taken in the range of 2θ = 10°- 70° at a scan rate 

of 1° min-1. The optical microscopy study was 

performed using a Leica S8APO optical microscope, 

and the micrographs were taken with a Leica LC3 

camera and processed using LAZ EZ software. On the 

other hand, the Raman spectra of powder-supported 

samples were recorded using a Horiba JOBIN YVON 

LabRAM HR spectrometer, equipped with a 532.13 

nm excitation laser operating at 30 mW power. The 

infrared spectroscopy was carried out using a 

Shimadzu IR Prestige-21 Spectrophotometer with a 

resolution of 4 cm⁻¹. The dried product of each 

mixture was homogenized with KBr and then dried at 

40°C under a 300 mbar vacuum for 48 h. Thus, the 

resulting mixture was then pressed into pellets and 

analyzed. VIS spectral images of the mixtures were 

obtained by a UV-Vis spectrophotometer from 600 to 

1000 nm (DLAB SP1000).  
 

An Agilent Technologies 1100 Series Liquid 

Chromatograph (HPLC) with a quaternary pump, 

degasser, seal washer, column thermostat, C18 

column, and UV-visible diode array detector (DAD) 

was used for the reference method. SCIENTECH USA 

SP 150 microprocessor-controlled digital analytical 

balance was used. The pH of buffer solutions was 

measured using a combined glass electrode connected 

to a digital pH meter (ORION, model 720A). 
 

2.2. Reagents and solutions 

Ciprofloxacin (CIP) was kindly donated by the 

Roemmers Lab. (Buenos Aires, Argentina) while 

amoxicillin, azithromycin, danofloxacin (DAN), 

doxycycline, enrofloxacin (ENR), marbofloxacin 

(MAR), norfloxacin (NOR), ofloxacin (OFL), 

rifampicin, sarafloxacin (SAR), sulfadimethoxine, and 

sulfamethoxazole were purchased from Sigma-

Aldrich (Buenos Aires, Argentina). Stock standard 

solutions of the antibiotics were prepared in 

methanol. Working standard solutions (10 000 μg L-1) 

were prepared by serial dilution of the stock standard 

solution with high-purity water. Ferric chloride 

hexahydrate (97%), potassium ferrocyanide (99%), 

potassium ferricyanide (99%), potassium chloride 

(99%), and hydrochloric acid (37%) were of American 

Chemical Society (ACS) reagent grade. The 

supporting electrolyte consisted of a 0.1 mol L-1 

working buffer solution of acetic acid (99.5%, 

Cicarelli) and sodium acetate (99% pro-analysis ACS, 

Cicarelli) in 0.1 mol L-1 KCl, pH 5.0. Welchrom SPE 

cartridges were purchased from D'Amico Sistemas. 

All other reagents (high-purity surfactants and 

solvents) and laboratory supplies were supplied by 

Cicarelli and Sigma Aldrich-Merck subsidiaries in 

Argentina. All aqueous solutions were prepared with 

Milli-Q water (Millipore Inc.,  = 18 M cm).  
 

2.3. Preparation of PB-cGECE sensor 

The cGECEs were developed in our laboratory and 

have been used previously [21]. Briefly, a copper tube 

closed at its ends with plates of the same material was 

inserted into a cylindrical acrylic sleeve body. A 

connecting wire was soldered to one end of the tube, 

and the other end of the tube was glued to the acrylic 

body by adding a few drops of chloroform at the 

bottom, leaving 2 mm free at the top of the tube. The 

mixture was dried for 5 min at room temperature 

(Scheme 1, step a). To prepare the composite, graphite 

powder and epoxy resin were hand-mixed in a 1:4 

(w/w) ratio [22, 23], and the composite was placed in 

a cavity of 2 mm at the top. The geometric area of the 

c-GECE was 0.12 cm2. The electrodes were cured at 

60 °C to obtain a rigid composite (Scheme 1, step b).  
 

Before use, the electrode surface was renewed by a 

simple polishing procedure. For the cGECE 

modification step with PB, chemical deposition was 

carried out, and a drop (50 μL of the total volume) of 

a precursor liquid mixture was deposited on the 

working electrode area. This precursor was prepared 

by mixing 25 L of 0.05 mol L⁻¹ of potassium 

ferricyanide (K3[Fe(CN)6] and 25 L of 0.05 mol L⁻¹ of 

ferric chloride (FeCl3), both in 0.01 mol L⁻¹ of HCl with 

0.10 mol L-1 of KCl. Subsequently, the electrodes were 

gently stirred on an orbital shaker for 10 min. After 

this step, the electrodes were rinsed twice with 50 L 

of 0.01 mol L⁻¹ of HCl and finally, to obtain a more 

stable and active PB layer, the PB-cGECE sensors were 

cured for 30 min in an oven at 60 °C (Scheme 1, step 

c). 
 

2.4. Electrochemical characterization of PB-cGECE sensor 

The electrochemical behavior of PB on cGECE and the 

voltametric investigation of PB-cGECE sensors were 
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Scheme 1. Steps involved in the preparation of the PB-cGECE sensor. 

 

carried out using a typical three-electrode cell in a 

buffer at pH = 5.0. The response was obtained by 

cyclic voltammetry (scan rate 0.1 V s−1) in the range 

from -1.0 to 1.2 V. 

The surface coverage (Γ) was estimated from the 

under PB/ Prussian White (PW) couple area, recorded 

during the cyclic voltammetry measurements at a 

scan rate of 0.05 to 1 V s-1 and considering the surface 

redox valence equal to unity [18] from equation 1: 
 

𝑄 = 𝑛 × 𝐹 × 𝐴 × Г                                                                 (1) 
 

where Q is the charge under the peak (C), n is the 

number of electrons, A is the effective area (0.24 cm2), 

and Γ is the surface coverage (mol cm-2). Also, the 

current intensities (CI, A) were plotted against the 

scan rates (v, V s-1) at different surfaces (Γ) according 

to equation 2: 
 

𝐼 = (
𝑛2 × 𝐹2

4 × 𝑅 × 𝑇
) × Г × 𝐴 × 𝑣                                             (2) 

 

The apparent standard heterogeneous rate constant 

(k°) was calculated from the Tafel diagrams according 

to the method described by Laviron [24]. The anodic 

(a) and cathodic (c) transfer coefficients and k° were 

calculated from the slopes and intercepts, of the Ep vs. 

log (v) plots at different surface coverages. The slopes 

of the linear segments have the same mathematical 

form but with opposite signs, as can be seen in 

equations 3 and 4 for the cathodic and anodic peaks, 

respectively. 

 

−
2.303 × 𝑅 × 𝑇

𝛼𝑐 × 𝑛 × 𝐹
                                                                     (3) 

 
2.303 × 𝑅 × 𝑇

𝛼𝑎 × 𝑛 × 𝐹
                                                                         (4) 

 

The value of k° was evaluated from equation 5, 

 

𝑘𝑜 =
𝛼𝑐 × 𝑛 × 𝐹 × 𝑣

𝑅 × 𝑇
                                                            (5) 

 

where v = 1 V s-1 [24]. 

 

2.5. Amperometric detection of quinolones in the samples 

Quinolones were electrochemically detected on PB-

cGECE sensors using amperometry (E applied = 0.95 V vs. 

RE). In the electrochemical cell, the three electrodes 

were immersed in 2 mL of the working buffer at pH = 

5.0. Under stirring, the base current was allowed to 

stabilize for approximately 1 min and then 50 or 100 

μL of the previously conditioned sample was added. 

The increase in current intensity was related to the 

quinolone concentration. 
 

2.6. Analytical performance 

2.6.1. Calibration curves for quinolones 

The curves of the current intensity (A) vs. quinolone 

concentrations in the range from 25 to 450 g L-1 were 

obtained by amperometry at E applied = 0.95 V vs. RE. In 

the electrochemical cell, the three electrodes were 

submerged in 2 mL of working buffer at pH = 5.0, and 

successive additions of 5 or 10 L of 10 000 g L-1 

quinolones were added while being stirred. The data 

were analyzed by ordinary least squares (OLS) 

calibration utilizing MATLAB version 7.6.0. (R2008a) 

[25, 26]. The limits of detection (LOD) and 
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quantification (LOQ) were calculated as 3.3 SD/m and 

10 SD/m, respectively, where SD is the standard 

deviation of the blank samples and m is the slope 

obtained from the calibration curves for each 

quinolone [27].  
 

2.6.2. Detection capability (CC) 

The validation of the methodology was performed 

according to the Commission Implementing 

Regulation (EU) 2021/808 for the screening method 

[28]. To calculate the detection capability (CCβ), the 

quinolones were considered to emerge unregulated in 

natural water matrices. For unauthorized or 

prohibited pharmacologically active substances in a 

medium, a maximum β (or false-conforming) error of 

5% must be guarantee. Therefore, 20 assays were 

performed with a previously defined minimum 

concentration, and CCβ was calculated according to 

equation 6:  
 

CCβ = ASC + 1.64 (SDASC)                                                 (6) 
 

where ASC is the average of the "analyte screening 

concentration" and the SDASC is the corresponding 

standard deviation. To predetermine the minimum 

concentration, replicates of low-concentration 

quinolone solutions were tested. The ASC was the 

concentration that differed from that of the blank 

samples and guaranteed a β error of < 5%. Finally, the 

CCβ value was used as a cut-off level for the screening 

method to classify the water samples as non-

compliant (> CCβ) and compliant (< CCβ). 
 

2.6.3. Selectivity 

To evaluate this characteristic of the method, two 

approaches were followed: 1) a congener study and 2) 

an interference study as described below.  
 

2.6.3.1 Congener study (CS) 

To evaluate the method's ability to distinguish 

between CIP and other quinolone antibiotics 

(danofloxacin, enrofloxacin, marbofloxacin, 

norfloxacin, ofloxacin, and sarafloxacin), CS% was 

calculated according to equation 7:  

 

𝐶𝑆% = (
𝑚𝑐𝑖𝑝𝑟𝑜𝑓𝑙𝑜𝑥𝑎𝑐𝑖𝑛

𝑚𝑞𝑢𝑖𝑛𝑜𝑙𝑜𝑛𝑒 𝑐𝑜𝑛𝑔𝑒𝑛𝑒𝑟

) × 100                                (7) 

 

Where m is the slope of the individual calibration  

curve. 

2.6.3.2. Interference study (IS) 

Potentially interfering compounds belonging to other 

families of veterinary antibiotics frequently present in 

water samples were studied by recovery assays at 

three CIP levels (50, 100, and 150 μg L-1). The 

antibiotics assayed as interferents at 150 μg L-1 were 

doxycycline (tetracycline family), amoxicillin (-

lactam family), azithromycin and rifampicin 

(macrolide family), and sulfadimethoxine and 

sulfamethoxazole (sulfonamide family).  
 

2.7. Water samples 

The water samples were collected according to 29012 

(-4, -5, -6, and -11) IRAM norms from Argentina [29-

32] and stored in plastic containers at 4 °C in the dark. 

The samples were collected from groundwater (1) and 

river water (2) from Santo Tome, Santa Fe, Argentina; 

stream water (3), (4), (5) and lagoon (6) from Sauce, 

Entre Ríos, Argentina; stream water (7) from Partido 

de la Costa, Buenos Aires, Argentina; superficial 

water (8) from Susana, Santa Fe, Argentina; 

superficial water (9) from Rafaela, Santa Fe, Argentina; 

and superficial water (10) from San Vicente, Santa Fe, 

Argentina. For electrochemical analysis, the samples 

were preconditioned by adding a volume of 

concentrated buffer solution (acetic acid/acetate) to 

adjust the pH and ionic strength to the values 

corresponding to the working buffer. In all cases, the 

added volume did not exceed 10% (v/v). For the 

analysis of the samples using the reference method, 

the procedure reported by da Silva and Oliveira [33] 

was followed, using CIP as the reference congener of 

the quinolone family. 
 

3. Results and discussion 
3.1. Characterization of PB-cGECE sensor 

3.1.1. Characterization of PB particles 

The morphology and structure of the synthesized PB 

particles were analyzed through a series of 

characterizations. For this purpose, three suspensions 

(S1, S2, and S3) were prepared by mixing the precursors 

K3[Fe(CN)6] and FeCl3 at 0.010 mol L-1 (in a 1:1 ratio), 

both dissolved in 0.100 mol L-1 KCl as a supporting 

electrolyte. The three resulting suspensions were: S1 

(0.010 mol L-1), S2 (0.020 mol L-1), and S3 (0.050 mol L-1). 

It is known that the formation of PB crystallizes in a 

face-centered cubic (FCC) structure with Fm-3m 
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symmetry [34-36]. Fig. 1 shows the X-ray 

diffractograms of the freshly deposited material on 

the support. Distinctive diffraction signals 

corresponding to the support were evident in all 

solutions. The most representative diffraction peaks 

of PB under Cu Kα radiation (λ = 1.5406 Å) are listed 

in Table 1.  

 

 
 

Figure 1. X-ray diffractograms of the fresh deposited 

material, Cu Kα radiation (λ = 1.5406 Å), 2θ = 10°- 70° at a 

scan rate of 1° min-1. 

 

Table 1. Miller indices and crystallites sizes.  
 

Concentration 

(mol L-1) 

Assigned 

Planes 
2θ Angle 

Crystallite 

size (nm) 

S1: 0.010 (200) 17.4 22.2 

S2: 0.025 (200) 17.4 24.6 

S3: 0.050 (200) 17.4 25.8 

 

These peaks were observed in the diffraction patterns 

of the deposited suspensions (colored curves) and 

were absent in the unmodified support (black curve), 

confirming the presence and growth of the PB phase 

with increasing precursor concentration. The black 

curve (bare electrode or support) shows a largely 

amorphous profile or signals from a different 

crystalline phase, lacking the characteristic reflections 

of the PB. In contrast, the suspensions deposited and 

generated from precursors with increasing 

concentrations (S1, S2, and S3) exhibited characteristic 

peaks of PB. At a higher precursor concentration (S3 

suspension), crystalline PB was obtained with a 

characteristic cubic morphology and distinct optical 

birefringence, observed by optical microscopy in the 

form of small crosses. The presence of these 

anisotropic patterns is attributed to the radial 

symmetry in the aggregated crystals, a phenomenon 

commonly reported in the literature as indicative of 

PB's specific growth habits under acidic or slightly 

acidic conditions. 
 

The crystallite size was estimated using the Debye–

Scherrer equation [37]: D = (0.9 λ)/ (β cos θ), where D 

is the crystallite size, 0.9 is the shape factor, λ is the X-

ray wavelength (1.5406 Å), θ is the Bragg angle at 

maximum intensity, and β is the full width at half 

maximum (FWHM) in radians (1 rad = 180/2π). The 

calculated values for each crystalline phase are listed 

in Table 1. Increasing the concentration resulted in 

larger crystallites, a higher crystalline fraction, and 

improved structural order within the PB phase [36], 

which are key parameters for enhancing the 

electrochemical performance of PB-supported 

graphite electrodes. 
 

 

Fig. 2 presents optical micrographs of PB crystals 

synthesized from different suspensions S1, S2, S3, and 

S4 (the latter had 0.100 mol L-1 of each precursor). The 

magnifications are shown in the inset to allow the 

visualization of the different particles present in each 

sample on the electrode surface (PB-cGECE). The 

morphological evolution of the material was clearly 

concentration-dependent and provided insights into 

the nucleation and growth mechanisms involved in 

PB crystallization. As shown in Fig. 2a, elongated 

needle-like structures were observed in the S1 

suspension (10 mM), exhibiting high anisotropy and 

directional growth. This morphology is typically 

associated with low supersaturation, which favors 

slow nucleation and allows directional crystal 

development. These findings are consistent with 

previous reports indicating that diluted precursor 

concentrations promote well-defined, linear crystal 

growth [38]. In Fig. 2b, the emergence of cross-like 

morphologies in the S2 suspension (25 mM) indicates 

a higher nucleation density and multidirectional 

crystal growth. These structures often arise from 

overlapping crystalline domains that grow 

orthogonally, which is a hallmark of increased 

supersaturation and more abundant active nucleation  
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Figure 2. Optical micrograph of PB at different concentrations of S1, S2, S3, and S4 suspensions. The images were 

acquired at 8x magnification. 
 

sites [39]. In Figs. 2c and 2d, the morphology shifts 

dramatically to irregular tetrahedral/star-shaped or 

cubic crystallites, which are distributed more densely 

at higher precursor concentrations (S3 and S4 

suspensions corresponding to 50 and 100 mM, 

respectively). This suggests a transition to rapid, 

simultaneous nucleation and limited anisotropic 

growth due to high supersaturation. Similar trends 

have been described for PB systems, where increasing 

the reagent concentration promotes the development 

of more complex and symmetric architectures, such as 

the hexapod structures described by Wang et al. [40]. 

As supported by other prior studies, such conditions 

favor aggregation and the development of more 

isotropic or polycrystalline morphologies. Therefore, 

ability to adapt the crystal shape through the 

concentration of precursors represents a valuable 

strategy to optimize the electrochemical 

characteristics of PB. 
 

Raman spectroscopy was used to confirm the 

presence of PB in the S1, S2, and S3 suspensions (Fig. 3). 

In all cases, the characteristic C≡N stretching vibration 

appeared clearly around 2155–2160 cm⁻¹, consistent 

with the Fe(II)–CN–Fe(III) linkage [41]. A weaker 

band near 2090 cm⁻¹ was also observed, along with a 

shoulder at approximately 2123 cm⁻¹, which is often 

attributed to cyanide-related modes. Additional 

bands between 450 and 620 cm⁻¹ correspond to Fe–C 

stretching, whereas low-frequency vibrations below 

350 cm⁻¹ are associated with Fe–CN–Fe bending 

modes. These spectral features are in good agreement 

with those reported by Moretti and Gervais [41] 

confirming the identity of the PB structure. All 

measurements were carried out under low laser 

power to avoid possible photoreduction or structural 

changes during acquisition [42]. 

 
Figure 3. Raman spectra of three samples of PB powder 

prepared with precursors S1, S2, and S3 suspensions. 

 
 

Fig. 4 shows the infrared spectra of the synthesized 

materials. The well-defined absorption bands were 

consistent with the structure of PB, confirming the 

identity of the compound. A strong and sharp signal 

around 2080 cm⁻¹ is attributed to the stretching 

vibration of the C≡N bond in the Fe(II)–CN–Fe(III) 

coordination environment, which is one of the most 

characteristic markers of PB [41]. In addition, broad 

bands centered near 3430 cm⁻¹ and 3212 cm⁻¹ 

correspond to O–H stretching vibrations, indicative of 

water molecules either coordinated to iron centers or 

retained in the crystal lattice, supporting the presence 

of a hydrated PB phase [43, 44]. Lower-frequency 

signals at approximately 596 cm⁻¹ and 500 cm⁻¹ are 

assigned to the Fe–C stretching and Fe–CN–Fe 

bending modes, respectively [44]. A smaller band near 

1108 cm⁻¹ may be related to residual coordinated 

species or counterions remaining from the synthesis 

medium. The absence of additional bands attributable 

to unreacted FeCl3 or K3[Fe(CN)6] suggests that the  
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Figure 4. FTIR spectrum of PB powder samples prepared 

with different concentrations of precursors S1, S2, and S3 

suspensions. 
 

reaction proceeded efficiently and selectively under 

the chosen conditions [34]. 
 

Notably a high reproducibility was observed across 

all preparations. Regardless of the precursor 

concentration, the FTIR spectra remained consistent 

in the terms of both peak position and intensity. This 

uniformity supports not only the structural integrity 

of the synthesized PB but also the robustness and 

repeatability of the synthetic method. Such 

reproducibility is essential for analytical applications 

and demonstrates the reliability of the protocol used 

in this study. The VIS spectra of the synthesized 

suspensions exhibited the characteristic intervalence 

charge-transfer (IVCT) band of PB, arising from 

Fe(II)–CN–Fe(III) transitions, with maxima located 

between 680 and 750 nm (Fig. 5).  
 

The absorbance intensity increased systematically 

from the S1 to S3 suspensions, consistent with the 

higher solid content and particle loading in the 

dispersions. Suspensions prepared at higher 

precursor concentrations displayed a slight red shift 

and broadening of the IVCT band, features typically 

associated with larger crystallite dimensions and/or 

greater particle aggregation [45]. This trend is in full 

agreement with the increase in crystallite size 

determined by X-ray diffraction and the 

morphological evolution observed by optical 

microscopy.  

Spectra collected at 0 and 10 min showed only minor 

 

 
 

Figure 5. Vis spectrum of PB suspensions prepared at 

different concentrations of precursors S1, S2, and S3 

suspensions scanned against the supporting electrolyte. 
 

variations in the absorbance (λmax), indicating the 

good short-term stability of the dispersions [46]. 
 

In summary, the combined structural, vibrational, 

morphological, and optical analyses provide 

conclusive evidence for the formation of PB at all 

tested precursor concentrations. The XRD patterns 

displayed the characteristic reflections of the face-

centered cubic structure, with Scherrer analysis 

revealing increased crystallinity and crystallite size at 

higher concentrations. Optical microscopy 

corroborated these findings, showing a 

morphological evolution from elongated needle-like 

structures at low concentrations to well-defined cross 

patterns and polycrystalline aggregates at higher 

precursor levels, indicative of nucleation and radial 

growth processes governed by supersaturation. 

Raman spectroscopy confirmed the expected ν(C≡N) 

stretching vibrations in the 2155–2160 cm⁻¹ range, 

together with Fe–C and Fe–CN–Fe bending modes 

consistent with PB’s coordination environment, while 

FTIR showed the C≡N stretching near 2080 cm⁻¹. The 

corresponding UV-VIS spectra further supported 

these results, exhibiting an intervalence charge-

transfer (IVCT) band at ~700 nm, of which the 

intensity and position correlated with crystallite 

growth and aggregation. However, the simultaneous 

observation of these signatures, together with the 

crystalline phases detected by XRD, confirmed the 
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successful and reproducible formation of PB under 

the employed synthesis conditions. Variations in the 

precursor concentration emerged as a key factor 

controlling the crystallinity, particle size, and crystal 

growth with the appearance and definition of crosses. 

Subsequently, the electrochemical study was used to 

select the suspension concentration (S1, S2, S3, and S4) 

with the most appropriate characteristics for the 

construction of PB-cGECE sensor for quinolones 

detection  
 

3.1.2. Electrochemical properties of PB-cGECE sensor 

For achieving the quinolone-sensitive sensors 

characterized by high stability and electrocatalytic 

efficiency, and considering a simple preparation 

scalable to mass production, the cGECE modification 

step with PB was carried out by chemical deposition 

based on the slightly modified protocols of 

Kjeldgaard et al. (in synthesis H) [13] and Ricci et al. 

[47], considering the importance of the presence of 

potassium ions in the preparation [48].  
 

The stoichiometry of the deposited product has been 

discussed for a long time. Based on powder 

diffraction patterns, Keggin and Miles [49] 

distinguished between two different forms of PB: one 

KFeIIIFeII(CN)6 called "soluble" and the other 

Fe4III[FeII(CN)6]3 called "insoluble". These names do 

not refer to the water solubility of these forms: both 

forms are highly insoluble (Kps ≈ 10-40) [49]-but rather 

indicate the ease with which potassium ions peptize 

them. Considering these two alternative forms to 

explain the possible redox processes on the electrodes, 

Ellis et al. [50] proposed redox reactions starting from 

the soluble form. The redox processes for “soluble” PB 

are represented by equations 8a and 8b: 
 

𝐾𝐹𝑒𝐼𝐼𝐼𝐹𝑒𝐼𝐼(𝐶𝑁)6 + 𝐾+ ⇌ 𝐾2𝐹𝑒𝐼𝐼𝐹𝑒𝐼𝐼(𝐶𝑁)6               (8𝑎) 
 

Soluble PB"  𝑃𝑟𝑢𝑠𝑠𝑖𝑎𝑛 𝑊ℎ𝑖𝑡𝑒 − 𝑃𝑊 (𝐸𝑣𝑒𝑟𝑖𝑡𝑡 𝑠𝑎𝑙𝑡) 
 

𝐾𝐹𝑒𝐼𝐼𝐼𝐹𝑒𝐼𝐼(𝐶𝑁)6

⇌
2

3
𝐾+ +

2

3
𝑒 + 𝐾1

3
[𝐹𝑒𝐼𝐼𝐼(𝐶𝑁)6]2

3
[𝐹𝑒𝐼𝐼(𝐶𝑁)6]1

3
          (8𝑏) 

"Soluble PB" 𝐵𝑒𝑟𝑙𝑖𝑛 𝐺𝑟𝑒𝑒𝑛 − 𝐵𝐺  
 

In contrast, Itaya et al. [51] proposed redox reactions 

from the insoluble form. Redox processes for 

“insoluble” PB [51, 52] are represented in the 

following equations: 9a and 9b: 
 

𝐹𝑒4
𝐼𝐼𝐼[𝐹𝑒𝐼𝐼(𝐶𝑁)6]3 + 4𝐾+ + 4𝑒

⇌ 𝐾4𝐹𝑒4
𝐼𝐼 [𝐹𝑒𝐼𝐼(𝐶𝑁)6]3                    (9𝑎) 

 

"Insoluble PB"  𝑃𝑟𝑢𝑠𝑠𝑖𝑎𝑛 𝑊ℎ𝑖𝑡𝑒 − 𝑃𝑊  
 

𝐹𝑒4
𝐼𝐼𝐼[𝐹𝑒𝐼𝐼(𝐶𝑁)6]3 + 3𝐴−     

⇌ 3𝑒 + 𝐹𝑒4
𝐼𝐼𝐼[𝐹𝑒𝐼𝐼𝐼(𝐶𝑁)6𝐴]3       (9𝑏) 

 

"Insoluble PB" 𝐵𝑒𝑟𝑙𝑖𝑛 𝐺𝑟𝑒𝑒𝑛 − 𝐵𝐺  
 

After studying the effect of K concentration on the 

electrochemical behavior of PB, Cretu et al. [53] 

assumed that the deposited film was a mixture of 

soluble and insoluble forms.    
 

Cyclic voltammetry was performed to evaluate the 

electrochemical behavior of the PB-cGECE sensor. Fig. 

6 shows voltammogram 1 (black curve) corres-

ponding to the bare electrode (cGECE) and 

voltammogram 2, (blue curve) corresponding to the 

modified electrode (PB-cGECE), both in the working 

buffer. The cyclic voltammogram of the PB-cGECE 

sensor presents two redox couplets with 

corresponding well-defined anodic and cathodic  
 
 

 
Figure 6. Cyclic voltammograms (CV) recorded on cGECE 

(1, black curve), PB-cGECE (2, blue curve), and PB-cGECE 

sensors in the presence of 2 000 μg L-1 ENR (3, red curve). Γ 

= 4 x 10-8 mol cm-2. Solutions in 0.1 mol L-1 acetic acid buffer 

with 0.1 mol L-1 KCl at pH 5.0. CV parameters: scan rate 0.1 

V s-1 and potential range from -1.0 to 1.2 V. 

 

peaks, consistent with the literature [12, 18]. The two 

quasi-reversible couples were represented by the 

high-spin iron system, characterized by an 

approximate formal potential, E0’ PB-PW of 0.167 ± 0.018 
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V (taken as the average of the anodic and cathodic 

peak potentials), and the low-spin iron system with an 

E0’PB-PG of 0.845 ± 0.022 V (n = 3). These formal 

potentials were similar to those reported by Lundgren 

et al. [48]. The observed differences were attributed to 

the electrodes used by the authors (platinum working 

and NaCl-saturated calomel reference electrodes). In 

addition, an increase in current can be observed at 

potentials less than -0.5 V, which is attributed to the 

extreme reduction of the deepest layers of the 

polycrystal and its components, initiating its 

decomposition. The electrochemical parameters were 

Epeak = 184 mV and ic/ia = 0.82 for the PB/PW couple 

and Epeak = 128 mV and ic/ia = 1.36 for the BG/PB 

couple. A slightly positive shift in the reduction and 

oxidation peaks of PB and BG was observed, as 

declared by Ricci et al. [54], which could be attributed 

to the different electrode materials or the different 

nature of the electrode material. 
 

An important electrochemical parameter is surface 

coverage, which is related to the kinetics of electron 

transfer between the absorbed compound and the 

underlying graphite structure, the stability of the 

sensor, and the type of limitations on the produced 

current (diffusion-limited or kinetic). This parameter 

was estimated by equation 8a from the PB/PW couple 

area in the CV. The surface coverage (Γ) values from 

1.9 to 6.2 x 10-8 mol cm-2 were obtained, which are 

consistent with values reported in the literature [12]. 

Fig. 7 shows the dependence of the current intensity 

(CI) on the scan rate (v) for the different surface 

coverages. For thinner PB films, i.e., with Γ values 

ranging from 1.9 to 4.0 x 10-8 mol cm-2 (olive and 

magenta curves, respectively), the current intensity 

increased linearly with the scan rate up to 1 V s-1, 

indicating adsorption-controlled processes. However, 

for thicker PB films, especially with Γ values from 5.2 

to 6.2 x 10-8 mol cm-2 (blue and black curves, 

respectively), linearity is limited to 0.2 V s-1, indicating 

the existence of diffusion-limited processes at these 

surface coverage levels. These results indicate that 

multilayer formation occurs at surface coverages 

greater than 4.0 x 10-8 mol cm-2, and beyond this point, 

the processes are diffusion-controlled.  
 

The relationship between the intensity of the cathodic  
 

Figure 7. Variation of anodic and cathodic current 

intensities (CI) with the scan rate (v) at different surface 

coverages. Γ: 6.2 (black line), 5.2 (blue line), 4.0 (magenta 

line), and 1.9 (olive line) x 10-8 mol cm-2. Solutions in 0.1 mol 

L-1 acetic acid and acetate buffer with 0.1 mol L-1 KCl, pH 

5.0. 
 

current and surface coverage at different scanning 

speeds is shown in Fig. 8. According to equation 2, the 

current is proportional to the surface coverage when 

a monolayer of redox species is formed (according to 

the Langmuir model). In our case, this behavior was 

only observed at low scan rates and with surface 

coverage up to 4.0 x 10⁻⁴ mol cm⁻⁴, which revealed the 

formation of multiple layers at higher coverage, and 

from this point on, the Langmuir model was no longer 

fulfilled. 
 

The potentials vs. logarithms of the scan rates at 

different surface coverages are illustrated in Fig. 9, 

which were used to determine a, c, and k°. The 

responses obtained were linearized throughout the 

study range. 
 

The evaluated values for the a and c coefficients and 

the k° calculated from the slope and intercept of Fig. 9 

using equations 3, 4, and 5, respectively, are detailed 

in Table 2. The coefficients are critical parameters in 

electrochemical studies because they affect the 

activation energy of electron transfer rate. The value 

of  (between zero and unity) reflects the symmetry 

of the free energy curve (concerning the reagents and 

products). The measured values of aqueous solutions 

ranged from 0.2 to 0.8, being 0.5 for symmetric curves,   
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Figure 8. Dependence of CIc on surface coverages at 0.01 

(black line), 0.05 (red line), 0.1 (blue line), 0.2 (orange line), 

0.5 (magenta line), and 1 V s-1 (olive line). Solutions in 0.1 

mol L-1 acetic acid and acetate buffer with 0.1 mol L-1 KCl, 

pH 5.0. 

 

 
Figure 9. Dependence of E on log (v) at different surface 

coverages. Surface coverage: 6.2 (black line), 5.2 (blue line), 

4.0 (magenta line), and 1.9 (olive line) x 10-8 mol cm-2. 

Solutions in 0.1 mol L-1 acetic acid and acetate buffer with 

0.1 mol L-1 KCl, pH 5.0. 

 

Table 2. Electrochemical characteristics and kinetic data of 

the PB-cGECE sensor. 
 

 

(x 10-8 mol cm-2) 

aEp 

(mV) 
aIa/Ic k° (s-1) a c 

1.9 333 0.92 14 0.31 0.35 

4.0 415 0.77 20 0.47 0.51 

5.2 558 0.75 13 0.35 0.34 

6.2 254 0.98 26 0.76 0.67 
a Scan rate = 0.05 V s-1 

indicating that the activated complex is exactly 

halfway between the reagents and products on the 

reaction coordinate [55, 56]. In our study, the sum of 

the transfer coefficients a and c was close to its 

normal value of 1, except in the case of high surface 

coverage, where the Langmuir model was not 

satisfied. 
 

On the other hand, k° is an integral parameter for 

understanding the kinetics of electron transfer 

processes at the electrode–electrolyte interface. 

Similar values of k° from 14 to 26 s-1 were obtained at 

different surface coverages, indicating fast electron 

kinetics and establishment of equilibrium. The 

reported k° values were 10.7 s-1 for hydrogen peroxide 

on PB-modified graphite electrodes ( 5 x 10-8 mol cm-

2) [18] and ten times lower than 177.9 s-1 for 

ciprofloxacin on a multi-walled nanotube composite 

film-glassy carbon electrode [19]. 
 

3.2. Electrochemical study of quinolones 

The electrochemical behaviors of CIP, ENR, DAN, 

MAR, NOR, OFL, and SAR at 9 000 μg L-1 were 

studied in bare cGECE by cyclic voltammetry (at a 

scan rate of 0.1 V s-1) in the range from -0.9 to 1.0 V. 

They demonstrated only small irreversible oxidation 

peaks at 0.893, 0.814, 0.887, 0.809, 0.880, 0.874, and 

0.947 V for CIP, DAN, ENR, MAR, NOR, OFL, and 

SAR, respectively (Fig. 10). This affirmation is 

according to the related literature [19, 57]. 
 

The electrochemical reaction processes for OFL and 

CIP oxidation at the surface cGECE can be 

summarized as shown in Schemes 2A and 2B, 

respectively [58, 59]. According to the molecular 

structures (Scheme 3), DAN, ENR, and MAR would 

have a reaction mechanism like OFL, whereas NOR 

and SAR would have a mechanism similar to that of 

CIP. (human use: CIP and NOR; veterinary use: ENR, 

MAR, DAN, SAR, and OFL). 
 

The working pH is an important parameter for 

optimizing the sensitivity of detection methods. In 

this case, the pH of the working buffer was selected 

considering both the stability of the deposited PB and 

the electrochemical oxidation of the 

analytes(quinolone antibiotics). The PB deposited on 

the electrode reached its highest stability at pH 3.0,  
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Figure 10. CV recorded on bare cGECE sensor in the absence (black curve) and the 

presence of 9 000 μg L-1 quinolone (colored curves). Solutions in 0.1 mol L-1 acetic acid 

buffer with 0.1 mol L-1 KCl at pH 5.0. CV parameters: scan rate 0.1 V s-1 and potential 

range from -0.9 to 1.0 V. 

 

whereas at pH > 7.0, its decomposition started with 

the formation of Fe(OH)3 [54]. On the other hand, it 

has been documented that the oxidation of quinolones 

is favored as the pH increases from 2.0 to 7.0 [19]. 

Therefore, a compromise pH of 5.0 was selected. 

Under these conditions, the decomposition of the 

exposed PB layers would be avoided and, at the same 

time, the oxidation of the quinolones would be 

guaranteed. 
 

Fig. 6 shows the cyclic voltammogram of 2 000 g L-1 

ENR at the PB-cGECE sensor (voltammogram 3, red 

curve). The electrocatalytic activity of the 

immobilized PB toward quinolones is attributed to its  
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Scheme 2. The electrochemical oxidation mechanisms of 

OFL (A) and CIP (B). 

 

 
 

Scheme 3. Chemical structure of the studied quinolones. 
 

zeolitic nature, which acts as a three-dimensional 

catalyst. Therefore, it can be assumed that this activity 

could occur both within the immobilized PB and in 

the surface layers. To understand this, the crystal 

structure of PB should be considered. Briefly, the 

crystalline structure of PB is characterized by a 10 Å 

cubic unit cell with face-centered irons and a 3 Å 

channel, which allows the diffusion of low molecular 

mass molecules into the network. The zeolitic lattice 

has alternating iron ions spaced 5 Å apart, a high-spin 

iron (with E0' PB-PW ≈ 0.1 - 0.2V) and a low-spin iron 

(with E0' PB-BG ≈ 0.8 - 0.95V). In the crystal lattice, 25% of 

the [FeII(CN)6]4− molecules present vacancies occupied 

by water molecules that are easily displaced by other 

ligands that can diffuse and react electrochemically. 

Therefore, these vacancies would contribute to the 

internal electrocatalytic capacity. On the other hand, 

the alternating iron ions centered on the faces of the 

cubic cells are also exposed to interact superficially 

with electroactive ligands in the external environment 

[60]. Although quinolones are small molecules 

(dimensions of 13.5 Å x 3 Å x 7.4 Å for CIP, for 

example) [61], they would have a low probability of 

diffusing within the crystal lattice, and their 

interaction is more likely on the PB surface. This 

hypothesis is reinforced by considering the chemical 

structures of quinolone congeners. Quinolones 

possess functional groups characteristic of this family 

of antibiotics: a carboxylic group at position 3, a basic 

piperazinyl (or other N-heterocyclic) ring at position 

7 in most congeners and a carbonyl oxygen atom at 

position 4 (Scheme 4) [62].  
 

The pKa1 values corresponding to the carboxyl group 

were between 5.33 and 6.53, whereas the pKa2 values 

corresponding to the piperazinic group were between 

7.57 and 9.33. In our case, at the working pH, the 

quinolones were mainly found in the zwitterionic 

form and behaved as high-affinity ligands, especially 

toward trivalent cations, such as FeIII. Scheme 4 shows 

the different modes between coordination of 

quinolones and metals. In liquid systems, quinolones 

most frequently coordinate with cations in a bidentate 

manner, via the deprotonated carboxyl group and the 

oxygen of the neighboring carbonyl group (I), and 

they coordinate as bidentate ligands to the carboxyl 

group (II) or both piperazine nitrogen atoms (III), or 

as a unidentate ligand via the terminal piperazine 

nitrogen less frequently. However, in the presence of 

a solid-liquid interface, as in our case, multiple 

coordination modes are possible simultaneously. 
 

Although quinolones can coordinate with the cations 

of the high-spin system, the potential is insufficient to 

trigger their oxidation and their presence as ligands, 

hinders the mobility of K+ ions in the crystal lattice 

(according to equations 8a and 9a) and electron 

transfer, resulting in a decrease in the electric current 

density. In voltammogram 3 of Fig. 6 (red curve), it 

can be observed that the PB-PW pair decreases in the 

presence of ENR, confirming this behavior, which has 

also been reported by other authors [18]. In contrast, 

in the same voltammogram, the PB-BG couplet 

increases increased in the presence of ENR, with 

reductions of 16 A (at 0.754 V) and 21 A (at 0.917 V) 

for the net current of reduction and oxidation, 

respectively. This suggests that the quinolones are 

coordinated with low-spin iron ions (corresponding  
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Scheme 4. The different modes of coordination of quinolones with metals. 

to the second redox couple in cyclic voltammetry) in 

the PB film, and that their oxidation is favored under 

these conditions. The presence of these ligands would 

favor the diffusion of the ions (K+ and A-) into the 

crystal lattice, resulting in greater catalytic activity. 

The other tested quinolones exhibited similar 

behavior. Similar electrocatalytic behavior was also 

described for hydrazine on a PB-modified glassy 

carbon electrode [63] and morphine on a PB-modified 

indium tin oxide electrode [64]. 
 

In summary, in the PB film, quinolone is oxidized 

against BG (oxidized state), which is reduced to the 

reduced form PB, and subsequently, the electrode 

reverts to BG, according to the following generic 

reactions: 
 

Quinolone (QN) oxidation reaction 

𝑄𝑁𝑅 + 𝐻2𝑂 ⇌  𝑄𝑁𝑂 + 2𝑒 + 2𝐻+                                  (10) 
 

PB oxidation at the cGECE sensor:  

𝑃𝐵 − X𝑒 ⇌ 𝐵𝐺                                                               (11) 
 

Where, X is the electrode number involved in the 

reaction, which may vary depending on the form of 

the PB (soluble or insoluble). 
 

Resulting reaction at the sensor: 

2𝐵𝐺 + 𝑋𝑄𝑁𝑅 +𝑋𝐻2𝑂 ⇌ 2𝑃𝐵 + 𝑋𝑄𝑁𝑂 + 2𝑋𝐻+           (12) 
 

Therefore, considering the second system (low spin 

E1/2 = 0.845 V vs. ER), it was assumed that the 

deposited PB film is a mixture of soluble and insoluble 

forms. In the presence of reduced QN, equations 8b 

and 9b generate equations 13 and 14, respectively.  
 

4𝐾+ + 6 [𝐾1

3

[𝐹𝑒𝐼𝐼𝐼(𝐶𝑁)6]2

3

[𝐹𝑒𝐼𝐼(𝐶𝑁)6]1

3

] + 2 𝑄𝑁𝑅 +

2𝐻2𝑂 ⇌ 6 𝐾[𝐹𝑒𝐼𝐼𝐼𝐹𝑒𝐼𝐼(𝐶𝑁)6] + 2 𝑄𝑁𝑂 + 4 𝐻+        (13)  
 

2 𝐹𝑒4
𝐼𝐼𝐼[𝐹𝑒𝐼𝐼𝐼(𝐶𝑁)6𝐴]3 + 3 𝑄𝑁𝑅 + 3 𝐻2𝑂 

 ⇌ 2 𝐹𝑒4
𝐼𝐼𝐼[𝐹𝑒𝐼𝐼(𝐶𝑁)6]3 + 6 𝐻+ + 6 𝐴− + 3 𝑄𝑁𝑂        (14) 

 

After understanding the electrochemical behavior of  

quinolones on the PB-cGECE sensor, two  

electrochemical techniques (amperometry and square 

wave voltammetry) were studied, and the 

concentration of the precursor liquid mixture for the 

preparation of PB was optimized. 
 

Previously, the optimum voltage applied in 

amperometry was ascertained by hydrodynamic 

voltammetry. This was performed by amperometry in 

stirred 100 μg L-1 ENR solutions by applying 

increasing potentials at the working electrode in steps 

of 0.1 V in the anodic branch. The quinolone 

concentration was approximately 100 times lower 

than that detected in the bare cGECE sensor (Fig. 10). 

Therefore, the detection sensitivity of quinolones on 

the bare cGECE sensor was 100 times lower than that 

of the PB-cGECE sensor. Fig. 11 shows the 

dependence of the current on the applied potential for 

ENR by hydrodynamic voltammetry. The current 

increased rapidly quickly increases with increasing 

positive applied potential from 0.8 to 1.0 mV when the 

maximum current was reached. Hence, 0.95 V vs. RE 

was selected as the applied potential for the following 

amperometric measurements.  
 

On the other hand, amperometric and voltammetric 

detections of 300 g L-1 ENR (central zone of the 

calibration curve, in Fig. 11) were performed at five 

different concentrations of the precursor mixture 

ranging from 0.001 to 0.1 mol L-1. The electrochemical 

techniques assayed were amperometry (E applied = 0.95 

V vs. RE) and square wave voltammetry (SWV, 

parameters: step height = 4 mV, amplitude = 25 mV, 

square-wave frequency = 15 Hz, and potential range = 

0.2 - 1.3 V). In Fig. 12, the K3[Fe(CN)6]: FeCl3 

concentrations (1:1) were related to the 

electrochemical techniques. 
 

The amperometric detection presented higher current 

intensities than voltammetric detection at precursor 
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Figure 11. Steady-state current intensity against the applied 

potential in amperometry for the 100 μg L-1 ENR oxidation 

on PB-cGECE sensor ( = 4 x 10-8 mol cm-2). The insert graph 

includes the calibration curve from 25 to 500 μg L-1 ENR at 

0.95 V vs. RE. Solutions in 0.1 mol L-1 acetic acid and acetate 

buffer with 0.1 mol L-1 KCl at pH 5.0. 

 

Figure 12. Current intensity vs. electrochemical detection 

technique (SWV or amperometry) for 300 μg L-1 ENR at 

different concentrations of the K3[Fe(CN)6]: FeCl3 (1: 1) 

mixture on PB-cGECE sensors ( = (1.9 – 6.2) x 10-8 mol cm-

2]. Solutions in 0.1 mol L-1 acetic acid and acetate buffer with 

0.1 mol L-1 KCl at pH 5.0. 
 

concentrations above 0.05 mol L-1. This concentration 

corresponds to the condition that favors the 

development of polycrystalline morphologies, as 

descripted for the S3 suspension in Section 3.1.1. 

Therefore, 0.05 mol L-1 of K3[Fe(CN)6] and FeCl3 were 

chosen as the optimum concentrations to form PB, 

and amperometry was the applied technique for 

quinolone quantification. At this concentration of the 

precursor mixture, a  of 5.2 x 10-8 mol cm-2 was 

generated, corresponding to the formation of a 

multilayer of PB over the surface electrode.   
 

The chemical deposition of PB generates an excess 

deposit that can act as a reservoir and provide stability 

to the sensor, as documented by other authors [12, 54]. 

In our case, after use, the sensor was stored protected 

from light at room temperature. Stability was 

evaluated by daily determination of 50 µg L-1 CIP 

solutions for 5 days. At the end of this period, the 

sensor lost 21 ± 4% of its original response. We 

attribute this relative stability to the slightly acidic 

working pH, which, allowing the oxidation of the 

quinolones, that did not cause their deposition and 

decreased the formation of Fe(OH)3. 
 

3.3. Analytical performance 

In-house validation assays of the screening method 

based on the amperometric detection of quinolones in 

water samples were performed according to the 

Commission Implementing Regulation (EU) 2021/808 

[28]. 
 

3.3.1. Calibration curve 

The calibration curves for the quantification of the 

seven quinolones were constructed by amperometric 

analysis (E applied = 0.95 V vs. RE) at seven equidistant 

levels in triplicate on PB-cGECE sensors. Fig. 13 shows  

 
  

 
Figure 13. The calibration plots of the oxidation current 

intensities vs. CIP concentrations by amperometry, recorded 

at E applied = 0.95 V vs. RE. The inset graph includes the 

amperograms recorded on the PB-cGECE sensors and with 

additions of CIP at 12, 10.25, and 5.2 μg L-1 in working buffer 

at pH = 5.0. 
 

the linear regression from the calibration curve of CIP 
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as an example, which was adjusted to the equation 15 

(R2 = 0.9998): 
 
 

𝐶𝐼 (µ𝐴) = −0.04003 (±0.00007)(µ𝐴−1) ×

 𝐶𝐶𝐼𝑃 (µ𝑔 𝐿−1) +  0.01 (±0.02) (µ𝐴)                            (15)  
 
 

Then, the curves were analyzed by OLS calibration 

because the data presented a homoscedastic 

distribution. Table 3 presents the analytical 

parameters for each quinolone.  
 

The highest analytical sensitivity was obtained for CIP 

detection, with the lowest LOD. The relative standard 

deviation (RSD %) of the slope was less than 6% in all 

cases. The performances in the quinolone detections 

were decreased from CIP > MAR > DAN > ENR = SAR 

= OFL > NOR. These limits are similar to those 

reported in the literature [65-67]. In the first study, 

ENR, sparfloxacin, and fleroxacin were studied by 

polarographic and voltammetric analyses in 

formulations and biological fluids [65]. In the second 

study, three tetracyclines and seven quinolones 

(NOR, CIP, ENR, flumequine, nalidixic acid, MAR, 

and DAN) were analyzed in milk by an 

electrochemical biosensor based on the carbon 

dioxide production rate and inhibition of sensitive 

bacteria growth (Escherichia coli) [66]. In the third 

study, CIP, NOR, OFL, and gatifloxacin were detected 

in serum and tablets using differential pulse 

voltammetry [67]. However, these limits were lower 

than those published in earlier studies [19, 68, 69] and 

slightly higher than those in which CIP was detected 

by differential pulse voltammetry on a glassy carbon 

electrode modified with sodium tetraresorcino-

latocuprate (II) [70].  
 

3.3.2. Precision 

For studying the variability of the methodology, intra-

assays and inter-assays were performed for the 

detection of CIP, DAN, ENR, MAR, NOR, OFL, and 

SAR at three levels of concentrations (50, 100, and 150 

gL-1) in the working buffer. The results are shown in 

Table 4.  
 

The intra-assay test was evaluated by multiple 

analyses (n = 5) in one assay, while the inter-assay was 

assessed by analysis in three separate analytical runs 

(n = 15).  The intra- and inter-assay precisions 

expressed as RSD (%) were lower than 20%, which 

was considered acceptable according to the Manual 

on Policies and Procedures of the Association of 

Official Analytical Chemists (AOAC) [71]. 
 

3.3.3. Recovery assays  

To evaluate the matrix effect of water samples with 

different degrees of turbidity, recovery tests were 

performed. For turbidity estimation from a water 

sample by dissolved organic matter (DOM) 

determination, the sample absorbances were read at 

254 nm (UV254 nm) as per method [72]. Of the ten water 

samples assayed, three were selected because they 

had low, medium, and high turbidity, which 

correspondence to samples 7, 9, and 6 with DOM 

values of 0.1831, 3.5512, and 6.000, respectively. First, 

the absence of quinolone in the three samples was 

corroborated by the method developed (< LODs for 

seven quinolones). Then, the three samples were 

spiked with three levels (50, 100, and 150 μg L-1) of 

seven quinolones. The recovery values (%) are shown 

in Table 5. 
 

Recoveries from 80% to 133% with RSD lower than 20% 

were obtained. These results are acceptable according 

to the Manual of AOAC [71] and confirm the absence 

of matrix effect for the seven quinolones tested in the 

water samples with different turbidity values. 
 

3.3.4. Selection of congener 

To validate the screening method of quinolone 

antibiotics, a congener of this class was selected. On 

the one hand, the calibration curve for CIP had the 

best analytical performance (higher analytical 

sensitivity and lowest LOD) and, on the other hand, it 

is also the most widely prescribed quinolone in our 

country (Argentina) [73] and the world [74] and, 

consequently, it is the most detected in Argentine 

environmental samples [75, 76]. Therefore, CIP was 

selected as the representative analyte of the quinolone 

family for screening. 
 

3.3.5. Detection capability (CC) 

First, the cut-off value (CC for the screening 

method must be defined. The CCβ is the smallest 

content of the analyte that can be detected or 

quantified in a sample with an error probability of β. 

For this, at least 20 assays were fortified at the ASC 

level with CIP. The CCcalculated from equation 6 

for CIP in water was 4.0 g L-1, and it was used for 
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Table 3. Analytical parameters of the quinolone regression curves. 
 

Quinolone 
aAnalytical sensibility 

(μg L-1) 

bRSD % 

(n = 3) 

Linearity range 

(μg L-1) 

LOQ 

(μg L-1) 

LOD 

(μg L-1) 

CIP 0.63 0.2 10 – 425 10 3 

DAN 0.08 1.1 60 – 425 60 20 

ENR 0.08 2.2 90 – 375 90 30 

MAR 0.31 1.4 25 – 200 25 10 

NOR 0.05 3.2 130 – 425 130 45 

OFL 0.09 5.7 100 – 200 100 35 

SAR 0.09 2.2 90 – 425 90 30 
a Analytical sensibility defined as m/Sy where m was a slope and Sy was instrumental noise; b RSD% were calculated 

as (SD/m)*100, where SD was standard deviation of slope. 

 

Table 4. Intra- and inter-assay precision for seven quinolones. 
 

 

 

 

 

 

 

 

 

 
 

Table 5. Recovery of seven quinolones in water samples. 

 

classifying the water samples as non-compliant (> 4.0 

g L-1) and compliant (< 4.0 g L-1) in quinolone 

detection. The screening test was used at its maximum 

performance in terms of detectability as the estimated 

cut-off level substantially corresponds to the classical 

LOD.  
 

3.3.6. Selectivity 

Selectivity is the ability of a method to distinguish 

between an analyte and other substances present in 

the medium [28]. In the evaluation of method 

selectivity for different quinolone congeners, the CS% 

values calculated from equation 7 were 100%, 80%, 

104%, 103%, 89%, 82%, and 84% for CIP, DAN, ENR, 

MAR, NOR, OFL, and SAR, respectively. These 

results indicate that the screening method using CIP 

as a congener can detect all assayed quinolones. 
 

The interference study was performed by spiking 

experiments, adding potentially interfering 

compounds belonging to other families of veterinary 

antibiotics (tetracycline, -lactam, macrolide, and 

sulfonamide families). The recoveries (%) between the 

response of CIP in the absence and presence of other 

RSD (%) CIP DAN ENR MAR NOR OFL SAR 

aIntra-assay  

(1 day) 

50 μg L-1 18 19 19 16 19 19 19 

100  μg L-1 16 11 10 17 18 16 16 

150  μg L-1 10 10 7 16 13 14 12 

bInter-assay 

(3 days) 

50  μg L-1 17 18 16 15 18 18 18 

100  μg L-1 16 15 16 19 18 15 16 

150 μg L-1 6 13 14 16 17 16 13 
a n (is the number of determinations) = 5 and b n = 15. 

R% (RSD%, n = 3) CIP DAN ENR MAR NOR OFL SAR 

aSample 6 

(μg L-1) 

50 100(11) 95(20) 117(20) 92(18) 99(19) 117(20) 114(10) 

100 92(13) 107(9) 100(8) 100(16) 103(9) 100(16) 107(9) 

150 100(9) 96(6) 97(10) 100(18) 102(9) 93(15) 104(13) 

bSample 7 

(μg L-1) 

50 100(11) 102(9) 108(11) 88(13) 116(5) 117(20) 128(16) 

100 97(8) 107(9) 91(4) 94(9) 103(12) 100(16) 93(20) 

150 97(5) 96(6) 100(5) 100(18) 95(20) 97(9) 96(13) 

cSample 9 

(μg L-1) 

50 108(20) 95(20) 92(13) 80(10) 86(18) 133(13) 114(10) 

100 86(9) 121(8) 100(8) 81(11) 112(10) 100(16) 100(9) 

150 90(5) 92(13) 97(10) 100(18) 109(16) 90(15) 109(6) 
a Lagoon from Sauce, Entre Ríos, Argentina; b stream water from Partido de la Costa, Buenos Aires, Argentina; c superficial 

water from Rafaela, Santa Fe, Argentina. 
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Table 6. Interference test in the ciprofloxacin detection at three levels in the presence of other potential interferents at  

150 μg L-1 

 

Analytes 
Recovery % (RSD%, n = 3) 

50 μg L-1 100 μg L-1 150 μg L-1 

Tetracycline Doxycycline 75 (15) 87 (6) 85 (12) 

β-lactam Amoxicillin 97 (8) 96 (17) 99 (10) 

Macrolide 
Azithromycin 84 (5) 87 (15) 90 (12) 

Rifampicin 95 (4) 97 (10) 105 (13) 

Sulfonamide 
Sulfadimethoxine 76 (14) 81 (10) 87 (16) 

Sulfamethoxazole 72 (20) 80 (18) 84 (19) 

 

antibiotics were calculated and are shown in Table 6.  

Good recoveries were obtained with values from 72% 

to 105% with RSD values lower than 20%, which are 

acceptable values according to the the Manual of 

AOAC [71]. This indicates that other antibiotic 

families do not interfere with quinolone class 

detection. 
 

3.3.7. Water samples 

To evaluate the applicability of the method in water 

samples, ten samples of different origins were 

analyzed by amperometry on PB-cGECE sensors. 

Initially, the samples were characterized by analyzing 

their pH and DOM. The samples had pH values 

ranging from 6.3 to 8.3, while the DOM values were 

0.0023, 0.738, 0.3544, 0.5215, 0.2378, 6.000, 0.1831, 

0.7348, 3.5512, and 4.4696 from samples 1 to 10, 

respectively. After preconditioning, each sample was 

analyzed using the method developed to evaluate the 

presence of quinolones. All samples were classified as 

compliant (responses < 4.0 µg L-1 as CIP equivalents), 

and the results were consistent with the 

chromatographic reference method. 
 

3.3.8. Matrix effect 

Samples were classified as compliant were used to 

evaluate the matrix effect on quinolone detection. To 

do these CIP concentrations ranged from 50 to 400 μg  

L-1 were spiked in the working buffer and water 

samples. The calibration curves of the current 

intensity (A) vs. CIP concentration (μg L-1) were 

generated and the data were analyzed by OLS 

calibration utilizing MATLAB version 7.6.0. (R2008a) 

[25, 26]. Fig. 14 shows the CIP calibration curves for 

the different matrices. The slopes, intercepts, and 

coefficients of determination (R2) for each curve in the 

working buffer or water samples are presented in  

 

Figure 14. Matrix effect in the CIP detection in the working 

buffer and in different water samples. Working buffer: 0.1 

mol L-1 acetic acid and acetate in 0.1 mol L-1 KCl, pH 5.0. 
 

Table 7. The slopes in the water matrix ranged from -

0.045 to -0.037 A L g-1 and had no significant 

differences by Student´s t-test with the buffer matrix 

(p > 0.05), which suggests the absence of matrix effect. 
 

4. Conclusions  

The present study indicates that amperometric 

detection of seven quinolones using the PB-cGECE 

sensor was successfully performed. The combined 

results of XRD, Raman, FTIR, UV–Vis, and optical 

microscopy provided consistent and reproducible 

evidence of PB formation across all tested precursor 

concentrations. Higher precursor levels promoted 

increased crystallinity, larger crystallites, and 

enhanced optical anisotropy, as reflected by the red 

shift and broadening of the IVCT band (~700 nm) and 

the evolution from needle-like morphologies to well- 

defined cross-like patterns. These correlations 
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Table 7. Parameters of linear equations of CIP in different matrixes. 
 

aMatrix Slope (μA L μ g-1) Intercept (μ A) R2 

Working buffer -0.0383 (± 0.0007) -0.5 (± 0.2) 0.9898 

Sample 1 -0.0374 (± 0.0009) -0.5 (± 0.2) 0.9916 

Sample 2 -0.042 (± 0.001) 1.6 (± 0.3) 0.9835 

Sample 3 -0.0405 (± 0.0009) 0.6 (± 0.2) 0.9887 

Sample 4 -0.041 (± 0.001) 0.9 (± 0.3) 0.9851 

Sample 5 -0.041 (± 0.001) 0.8 (± 0.2) 0.9869 

Sample 6 -0.037 (± 0.001) 0.2 (± 0.3) 0.9824 

Sample 7 -0.042 (± 0.001) -0.5 (± 0.3) 0.9857 

Sample 8 -0.045 (± 0.001) 1.9 (± 0.3) 0.9866 

Sample 9 -0.043 (± 0.001) 1.4 (± 0.3) 0.9866 

Sample 10 -0.040 (± 0.001) 1.2 (± 0.3) 0.9841 
a Working buffer: 0.1 mol L-1 acetic acid and acetate in 0.1 mol L-1 KCl, pH 5.0. Samples: groundwater (1) and river water 

(2) from Santo Tome, Santa Fe, Argentina; stream water (3), (4), (5) and lagoon (6)  from Sauce, Entre Ríos, Argentina; 

stream water (7) from Partido de la Costa, Buenos Aires, Argentina; superficial water (8) from Susana, Santa Fe, Argentina; 

superficial water (9) from Rafaela, Santa Fe, Argentina; and superficial water (10) from San Vicente, Santa Fe, Argentina. 
 

highlight the precursor concentration as a key 

parameter for tailoring PB’s structural and optical 

properties, and the control of this parameter was used 

here to ensure the robustness (or repeatability) of the 

sensor construction. The characterization of the 

modified electrode was studied by determining 

different electrochemical parameters such as the 

electroactive surface coverage (), transfer coefficient 

(a and c), and standard heterogeneous rate constant 

(k°). These results, indicate that the PB-cGECE sensor 

exhibits good electrocatalytic activity for quinolone 

oxidation. The times of PB-cGECE sensor preparation 

and quinolone detection in a water sample were 40 

and 5 min, respectively. Calibration curves for the 

seven quinolones were obtained by amperometry on 

PB-cGECE sensors with LODs ranging from 3 to 45 g 

L-1. Good analytical performances were obtained for 

the quantitative methods for the seven quinolones, 

with intra- and inter-assay precisions lower than 20%, 

and recoveries from 80% to 133% of the seven 

quinolones in water samples with different degrees of 

turbidity. CIP was selected as the representative 

analyte for quinolone family detection, and a CC of 

4.0 g L-1 was estimated. Good selectivity for the 

quinolone family was obtained, without the 

interference of other antibiotic families found 

frequently in environmental samples (tetracyclines, -

lactam, macrolides, and sulfonamides), and the 

absence of matrix effect in the CIP detection from 

water samples. The method could be applied 

successfully in the quinolone analysis of ten water 

samples from different origins and with variable 

amounts of DOM. Future work could explore the 

miniaturization of portable field-based detection of 

quinolone residues in environmental water samples.  
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