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Abstract
In this study, a glutardialdehyde-Fe2O3 modified glassy carbon electrode (GA2–Fe2O3/GCE) was used as a sensor for the 
electrochemical analysis of tetracycline (TC) in drug formulations. The electrochemical behavior of TC on GA2-Fe2O3/
GCE was investigated using cyclic voltammetry (CV), while the quantitative determination was performed via differential 
pulse voltammetry (DPV). After optimizing the experimental conditions, the linear working range, limit of (LOD) detec-
tion, and limit of quantification (LOQ) of the GA2-Fe2O3/GCE electrode developed for the electrochemical analysis of TC 
were found to be 1.0 × 10−6–2.0 × 10−5 M and 2.0 × 10−5–9.9 × 10−6 M; 4.78 × 10−7 M; 1.59 × 10−6 M, respectively. In the 
sensor application study conducted on a Tetra® Gensenta tablet to demonstrate the applicability of the developed method, 
the linear working range, LOD, and LOQ values of the sensor were found to be 1.0 × 10−6–14.8 × 10−5 M; 5.72 × 10−7 M 
and 1.74 × 10−6 M, respectively. The applicability of the method was demonstrated through tablet recovery studies, and 
the tablet recovery ratio was determined to be 100.94%.
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Introduction

Tetracyclines (TCs) (including tetracycline (TC), oxytet-
racycline (OTC), chlortetracycline (CTC), and doxycy-
cline (DOC)) are broad-spectrum antibiotics used to treat 
bacterial infections and promote agricultural growth, first 
discovered in 1940. Tetracycline is effective against both 
gram-negative and gram-positive bacteria (Luo et al. 2025, ; 
Wang et al. 2024; Zhang et al. 2024a, b). The TC molecular 
structure is shown in Fig. S1.

Additionally, tetracycline can be used to inhibit the 
growth of atypical organisms such as Mycoplasma, Chla-
mydia, and Rickettsia, as well as protozoan parasites (Zhao 
et al. 2024).

Tetracyclines (TCs) are widely used in livestock farming 
(as feed additives), aquaculture, and the treatment of ani-
mal diseases due to their antibacterial properties and robust 
therapeutic effects. One of the main reasons for this is their 
strong bacterial inhibition and low cost( Chang et al. 2023). 
Excessive and indiscriminate use of tetracyclines pollutes 
soil and groundwater. This causes serious harm to both 
human health and the environment (Zhang et al. 2024a, b; 
Hu et al. 2024; Chen et al. 2024).

TC residues found in animal foods cause antibiotic resis-
tance and may prolong treatment time. In addition, TC 
residues found in groundwater and soil can be a threat to 
biodiversity in the ecosystem (Chen et al. 2024; Zhao et al. 
2024; Zhang et al. 2024a, b).

Therefore, it is important to develop sensitive and accu-
rate analytical methods for the use of tetracyclines, the 
detection of residue levels, and the reduction of their envi-
ronmental impacts. Various studies have been conducted 
on the determination of TC. Analysis was performed using 
HPLC (Adabi et al. 2024; Butovskaya et al. 2024; Taşcı et 
al. 2021; Gab-Allah et al. 2023; Meklati et al. 2022), col-
orimetry (Urapen and Masawat 2015; Zhao et al. 2024), 
enzyme-linked immunosorbent assay (ELISA) (Wang et al. 
2021), fluorescence method (Zhou et al. 2018), and electro-
chemical methods (Guo et al. 2024; Zhang et al. 2024a, b; 
Wang et al. 2024; Sun et al. 2025; Nekoueian et al. 2024; 
Gao et al. 2024). The following section has been added to 
the text. However, these techniques are limited due to high 
solvent consumption, the need for expensive equipment, the 
necessity of a specialized laboratory environment, and the 
need for highly trained personnel (Koçak 2023; Metto et al. 
2024, 2025). In this study, the electrochemical method was 
preferred for the analysis of TC because electrochemical 
methods are fast, selective, and sensitive analytical meth-
ods that do not require any prior separation (Koçak 2023).
In electrochemical studies, glutaraldehyde (GA) or glutardi-
aldehyde (GAf) has been used as a binder to immobilize the 
substance that can interact with the analyte and is used in the 

modification of the electrode surface (İpek 2020; Koçak et 
al. 2023; Koçak and İpek 2022; Keçeçi et al. 2025).

Metal oxide nanoparticles are used in electrochemi-
cal sensors due to their structural, electronic, and surface 
properties (Sato et al. 2023). Hematite Fe2O3 (n-type metal 
oxide), in particular, has recently become a focus of attention 
due to its narrow band gap (Eg = 2.2 eV), low cost, ease of 
production and storage, and non-toxicity (; Iqbal et al. 2025; 
Gupta et al. 2026). Fe2O3 nanoparticles have been preferred 
in many industrial processes (electronic and optical devices, 
data storage, color imaging, bioprocessing, ferrofluid tech-
nology, and production of magnetic recording media) due 
to their electronic, magnetic, and optical properties (Vinay 
and Nayaka 2019). Numerous studies exist using electrodes 
modified with Fe2O3 nanoparticles (Sato et al. 2023; Abood 
et al. 2021; Harraz et al. 2016; Vinay et al. 2019).

In this study, a glassy carbon electrode modified with 
GA2-Fe2O3 was used. The electrode surface was modi-
fied using a simple drop-in method. The behavior of tet-
racycline on the electrode surface was determined using 
cyclic voltammetry (CV), and quantitative analysis on the 
electrode surface was performed using differential pulse 
voltammetry (DPV). The accuracy of the method was veri-
fied through tablet recovery studies.

Experimental

Instrumentation

In electrochemical studies, an Ivium pocketstat (poten-
tialiostat galvanostat impedance analyzer) was used, pH 
measurements were performed using an Ohaus starter 3000 
Bench pH meter, weighing was done using a Bell brand 
balance (with ± 0.0001  g accuracy), and ultra-pure water 
was obtained using a millipore direct- 3QV brand device in 
experimental studies.

Electrodes

In electrochemical studies, GCE, GA2-Fe2O3/GCE were 
used as working electrodes, Ag/AgCl (3 M NaCl) electrode 
(MF-2052, BASİ) was used as a reference electrode, and Pt 
wire was used as a counter electrode.

Reagents and chemicals

TC (pure form) was obtained from Sigma Tetra® Gensenta 
tablets were obtained from a pharmacy. All chemicals used 
were of analytical grade; glutardialdehyde used in electrode 
surface modification was obtained from Merck, and Fe2O3 
from Merck. Company. Sodium hydroxide (NaOH), acetic 
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acid (CH3COOH), and phosphoric acid (H3PO4) used in the 
preparation of the buffer solution were obtained from Sigma 
Aldrich. Boric acid (H3BO3) was obtained from Fisher 
Chemical Company.

Cleaning the GCE surface and preparing the 
modified electrode

To obtain reproducible results with GCE, which was used 
as the working electrode in experimental studies, a small 
amount of aluminum oxide (alumina, Al2O3, 0.05 μm) was 
poured onto the polishing pad before each experimental 
study and before modifying the electrode surface. The pad 
was then cleaned by making figure-eight movements on the 
slurry with deionized water, and subsequently rinsed with 
deionized water. The surface of the polished GCE was mod-
ified via the drop-casting method. To prepare the modified 
electrode (GA2-GCE), 5 μL of a 5% glutaraldehyde solution 
(GA2) was applied onto the GCE surface and allowed to dry 
under ambient conditions. Similarly, Fe2O3-GA2/GCE mod-
ified electrodes were fabricated separately by drop-casting 5 
μL of their respective metal oxide-GA2 solutions (1 mg/mL 
concentration) onto the GCE surfaces, followed by drying 
at room temperature. During the preparation of these modi-
fied electrodes, the concentrations of GA2 and metal oxide 
were determined based on existing literature. Observations 
indicated that metal oxide amounts below 1 mg coated the 
GA2 surface and led to a decrease in peak current, whereas 
excessive amounts resulted in the flaking of the electrode 
surface coating (Koçak 2023; Koçak and İpek 2022).

Preparation of solutions

The TC stock solution was prepared in ethanol. 0.245 g of 
TC was weighed, and the volume was completed to 50 mL 
in a volumetric flask. The resulting gentamicin sulfate solu-
tion, with a concentration of 1.0 × 10−2 M, was stored in a 
refrigerator at + 4 °C in a dark environment. Dilution pro-
cesses were performed by taking samples from this solution.

Britton-Robinson (BR) buffer was preferred as the sup-
porting electrolyte medium. To prepare this buffer solu-
tion, 2.69 mL of phosphoric acid (99.5% purity), 2.29 mL 
of acetic acid (99.8–100.5% purity), and 2.472 g of boric 
acid (99.5% purity) were mixed, and the volume was com-
pleted to 1 L with deionized water. The buffer solution was 
prepared at the desired pH by adding 0.1 M HCl or 0.1 M 

NaOH to the prepared solution. Preparation of 0.1 M NaOH 
solution 1.000  g of sodium hydroxide (NaOH) was dis-
solved in a quantity of ultra-pure water in a 250 mL volu-
metric flask, and the volume was then completed to 250 mL 
with ultra-pure water. Preparation of 0.1  M HCl Solution 
1.33 mL of concentrated hydrochloric acid (with a density 
of 1.86 g mL−1 and 37% (m/m) concentration) was taken, 
and the volume was completed to 250 mL with ultra-pure 
water in a 250 mL volumetric flask.

Results and discussion

Electrochemical characterization of GA2-Fe2O3/GCE

Surface characterizations of GCE and GA2-Fe2O3/GCE 
were performed by CV and EIS methods. In order to deter-
mine the difference between the GCE surface and the GA2-
Fe2O3/GCE surface, CV voltammograms were measured 
and recorded in 1 mmol L−1 K3Fe(CN)6 and 0.1 mol L−1 
KCl solution. These voltammograms are shown in Fig. S2.

Table 1 shows the anodic and cathodic peak current values 
and peak potential values of cyclic voltammograms taken in 
GCE and GA2-Fe2O3/GCE and 1 mmol L−1 K3Fe(CN)6 and 
0.1 mol L−1 KCl solution.

As seen in Table 1, while the peak potential difference 
(∆E) for GCE was 0.3 V, the peak potential difference for 
GA2-Fe2O3/GCE increased to 0.7 V and the anodic peak 
current values also decreased. Additionally, the fact that the 
Ipk/Ipa value of GA2-Fe2O3/GCE is equal to 0.98 indicates 
that the reversibility and electron transfer rate at this elec-
trode surface are close to that of GCE.

Electrochemical characterizations performed on elec-
trodes are intended to show whether modifications made 
to the electrode affect the electroactive surface area of the 
electrode surface ( Koçak et al. 2023). Therefore, to show 
whether there is a change in the surface area of the GCE 
electrode modified with GA2-Fe2O3, cyclic voltammograms 
were obtained on GCE and GA2-Fe2O3/GCE at different 
scan rates (5–1000 mV s−1) in 1 mM K3Fe(CN)6 and 0.1 M 
KCl solutions as a probe redox system at different tempera-
tures. These voltammograms are shown in Fig. 1.

The slope of the graph v ½—Ip plotted (Fig.  2) using 
these voltamograms was used in the Randles–Sevcik equa-
tion, which is the area determination equation (Bard et al., 
2022; Dinber et al. 2024). The equation is given below.

Table 1  Anodic and cathodic peak current values and peak potential values of voltammograms recorded with GCE and GA2-Fe2O3/GCE electrodes 
in 1 mmol L−1 K3Fe(CN)6 and 0.1 mol L−1 KCl solution

Anodic Cathodic
Ipa(µA) E(V) Ipk(µA) E(V) Ipk/Ipa ∆E(V)

GCE 6.96 0.310 − 7.26 0.22 1.04 0.3
GA2-Fe2O3/GCE 4.30 0.370 − 4.37 0.175 0.98 0.7
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Ip = 2.69x105ACn3/2D1/2v1/2

In the equation, Ip: Oxidation peak current (A), A: Electro-
active surface area of the electrode (cm2), C: Molar con-
centration of K3Fe(CN)6 solution, n: Number of electrons 
transferred in the redox reaction, and D: Diffusion coeffi-
cient of K3Fe(CN)6 (cm2 s−1), v: Scanning rate (V•s−1) (n = 1, 

D = 7.6 × 10−6 cm2 s−1 and C = 1.0 × 10−6 mmol•cm−3 repre-
sents the concentration of K3Fe(CN)6 in 0.1  mol•L−1KCl 
electrolyte. Prior to the modification, the geometric surface 
area of the GCE was 0.071 cm2. The surface areas of GCE 
and GA2-Fe2O3/GCE were calculated according to Randles–
Sevcik and are 0.0196 cm2 and 0.0098 cm2, respectively. 
Although the electroactive surface area of ​​GA2-Fe2O3/GCE 

Fig. 2  v1/2-Ip graphs of GCE 
and GA2-Fe2O3/GCE in 1 mM 
K3Fe(CN)6 and 0.1 M KCl solu-
tion in the scan rate range of 
5–1000 mV s−1

 

Fig. 1  Voltamograms obtained with 
A GCE and B GA2-Fe2O3/GCE in 
1 mM K3Fe(CN)6 and 0.1 M KCl 
solution in the scan rate range of 
5–1000 mV/s
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is lower than that of GCE. In the analysis of the TC with the 
modified electrode, the peak current of the modified elec-
trode was found to be higher. These results are shown in 
Table 1. Although the surface area of the Fe₂O₃-GA₂/GCE 
is smaller than the GCE surface area, Table 2 shows that the 
modified electrode has a more selective effect compared to 
TC.

Surface characterization of GCE, GA₂/GCE, Fe₂O₃-GA₂/
GCE was performed using the EIS method. EIS analysis 
was applied in the 100–0.1 Hz range, and a C′ vs C′′ graph 
was plotted (Fig. S3). This graph allows you to see more 
clearly how much ion transfer is allowed by the porous 
structure of the electrode and the power density of the sys-
tem. A semicircle was formed here, and the increase in the 
diameter of the circle indicates that the total storage capac-
ity (C′) of the system has increased. The diameter of the 
circle widened after modification with GA2, and a slight 
narrowing occurred when Fe2O3 was added to the structure. 
The widening and spreading of the circle diameter indicates 
an increase in surface roughness or porosity (Magar et al 
2021).

SEM–EDS characterization of GA2-Fe2O3/GCE

The presence of Fe in the GA2-Fe2O3 structure was investi-
gated using EDS, and the morphology of the thin film on the 
electrode was examined using SEM. Fig. S4 is the SEM–
EDS image of GA2, and Fig. 3 is the SEM–EDS image of 
GA2-Fe2O3. SEM was used to show the high-resolution 
morphological structure of the substances modified on the 
electrode surface. An examination of the glass surfaces 
modified with GA2 and GA2-Fe2O3 reveals that the latter 
exhibits a more pronounced surface roughness, as illustrated 
in Fig. S4. This increased roughness facilitates charge trans-
fer, thereby enhancing the sensitivity of the electrode (Burç 
et al. 2024).

Investigation of the behavior of tetracycline on GA2-
Fe2O3/GCE

The electrochemical behavior of TC was investigated using 
the CV method on GCE and GA2-Fe2O3/GCE. The voltam-
metric behavior of TC was investigated at pH 6.0 with bare 
GCE and GA2-Fe2O3/GCE using the CV and DPV methods 
between 0–1.5  V. Two irreversible oxidation peaks were 
observed for tetracycline. Their peak potentials and peak 
currents are given in Table 2. Tetracycline characteristically 
possesses various functional groups, including phenolic and 
di(methyl)amino substituents. Electrochemical oxidation is 
thought to occur through these groups (Cánovas et al 2021).

Table  2 shows the peak potentials and currents of 
voltamograms recorded using bare GCE and GA2-Fe2O3/

Table 2  The peak currents of TC on the GCE and GA2-Fe2O3/GCE 
electrodes
Technique Electrode E1(V) Ip1(A) E2(V) Ip2(A)
CV GCE 0.770 1.19 × 10−7 0.96 1.175 × 10−7

GA2-Fe2O3/
GCE

0.800 6.78 × 10−8 0.99 8.11 × 10−8

DPV GCE 0.70 1.64 × 10−6 0.88 9.44 × 10−7

GA2-Fe2O3/
GCE

0.75 5.35 × 10−7 0.97 1.09 × 10−6

Fig. 3  A DPV voltamograms 
recorded in BR buffer at different 
pH levels of 2.99 × 10–5 M TC, B 
pH-Ip graph
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GCE working electrodes with 2.99 × 10−5 M TC (scan rate 
50  mV  s−1). Initially, voltamograms were obtained with 
GCE and then with GA2-Fe2O3/GCE in pH 6 Britton Rob-
inson (BR) buffer solution(Fig. S5). When TC was added to 
10 mL of pH 6 buffer at a concentration of 2.99 × 10−5 M, the 
current values of the second peak in the obtained voltamo-
grams were compared, and it was observed that the current 
was 9.44 × 10−7A with the GCE electrode and 1.09 × 10−6A 
with the GA2-Fe2O3/GCE electrode. A slight shift in peak 
potentials was observed due to the use of GA2 in the modi-
fication process. It is thought that Fe2O3 supports the ampli-
fication of the second peak and therefore the peak current is 
increased. In subsequent studies, the GA2-Fe2O3/GCE elec-
trode, which has a good electrocatalytic effect and sensitiv-
ity against TC, was used (Koçak 2023; Koçak et al.2023).

Determination of optimum pH

To investigate the effect of pH on the electrochemical 
behavior of tetracycline, BR buffer was chosen. This is 
because the Britton-Robinson (B-R) buffer solution is pre-
ferred as a supporting electrolyte due to its broad buffer-
ing capacity between pH 2 and 12. In addition, there are 
literature studies indicating that “BR” buffer is preferred in 
electrochemical studies of tetracycline (Allahverdiyeva et 
al 2021; Gholivand et al. 2013; Đurović et al 2022). The 
change in peak current of a solution containing tetracy-
cline at a concentration of 2.99 × 10⁻5 M was investigated 
in BR buffer at pH 3.0–12.0 using the DPV method. Two 
peaks were observed in the acidic region (pH 3–6), and at 
pH 7–9, the peaks merged to form a broad peak. At pH 12, 
no oxidation peak was observed. At pH 3, the 1st and 2nd 
peak potentials and 1st and 2nd peak currents of TC were as 
follows: 0.89;1.072 V and 6.04 × 10−7;2.69 × 10−7 A, respec-
tively. At pH 6, the 1st and 2nd peak potentials and 1st and 
2nd peak currents of TC were as follows: 0.67; 0.88 V and 

4.23 × 10−7;1.42 × 10−6 A. TC possesses multiple ionizable 
functional groups. When the working medium is strongly 
acidic (pH below 3.5), it converts into a positively charged 
ion due to the protonation of the dimethyl ammonium 
group. When the pH of the working medium is between 3.5 
and 7.5, it exists in the zwitter ionic form due to the loss of 
the phenolic functional group. When the pH of the working 
medium exceeds 7.5, it is present as a negatively charged 
ion due to the deprotonation of the tricarbonyl and phenolic 
groups (Filik et al 2016). Therefore, the peak potential and 
peak current of TC are dependent on the pH of the analyte 
solution. It has been observed that the peak current of TC 
increases with pH, reaching a maximum at pH 6.0. Conse-
quently, this pH value was selected for the present study. 
Additionally, as the pH of the analyte solution increases, the 
peak potential of TC shifts toward more negative potential 
values.

Investigating the effect of scan rate on peak current

To investigate the electrochemical behavior of TC on GA2-
Fe2O3/GCE, the effect of scan rate on peak current was 
studied using the CV method. Scan rate voltamograms of 
5.96 × 10−5 M TC in pH 6 BR buffer on GA2-Fe2O3/GCE in 
the range of 5–1000 mVs−1 are shown in Fig. 4. When the 
logarithm of the scan rate (log υ) is plotted against the loga-
rithm of the peak current (log Ip), the linear equation shown 
below is obtained:

log Ip = 0.547logv
(
mV s−1)

− 7.626 R2 = 0.979

Since the slope in this equation is 0.547, it is understood 
that the behavior of TC on GA2-Fe2O3/GCE is diffusion-
controlled (Laviron et al. 1980).

The v1/2 vs. Ip graph derived from the voltammograms 
obtained by applying different scan rates in the 5−1000 
mVs−1 scan rate range of TC is shown in Fig. S6.

The obtained equation is given below.

Ip (A) = 1.2059x10−6v1/2 (
V s−1)

− 4.75 × 10−8 (
R2 = 0.990

)

In this equation, it is seen that the square root of the scan 
rate and the peak current are linear.

The TC contains four aromatic rings (Fig. S1). The oxida-
tion mechanism of TC was well defined by Sun et al. 2017. 
They stated that, in the TC structure, the hydroxyl group 
of the tenth carbon atom loses an electron and a proton, 
becoming an oxygen free radical. However, it is very unsta-
ble in solution and quickly loses another electron,forming a 
double oxygen bond. Then a portion of TC forms a tighter, 
positively charged structure that directly loses two electrons 
and a proton. It then combines with the strongly negatively Fig. 4  log v-log Ip graph of electrochemical behavior of tetracycline 

on GA2-Fe2O3/GCE electrode
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charged oxygen in hydrone, losing two electrons and three 
protons to form a new substance containing the quinone 
structure. In this study, the electrochemical analysis of TC 
in pH 6 BR buffer was investigated. TC underwent an oxi-
dation reaction in a basic environment on a GA2-Fe2O3/
GCE working electrode. Two irreversible oxidation peaks 
were observed. For a completely irreversible system, Lavi-
ron’s equation is as follows (Laviron 1979):

Ep=E0′
+

(
2, 303RT

αnF

)
log

(
RTk0

αnF

)
+

(
2, 303RT

αnF

)
logv

Here:

	● Ep: Peak potential (V).
	● α: Electron transfer coefficient (usually assumed to be 

0.5).
	● n: Total number of electrons transferred.
	● v: Scan rate (V s−1).
	● R, T, F: Gas constant (8.314), temperature (298 K) and 

Faraday constant (96,485 C/mol).

Theslope of lnv-Epa graph is given in the following equa-
tion as m:

m = 2, 303RT

αnF

Accordingto O2 oxidation peak of TC with a concentration 
of 5.96 × 10−5 M TC pH6 BR buffer in the potential range of 
0 V to 1.5 V at scan rates of 10, 25, 50, 75, 100, 150, 250, 

500, 750, 1000 mV s−1 the lnv-Epa graph was plotted (Fig. 
S7). The number of electrons lost in their reversible oxida-
tion reaction (n) was calculated as 3,9 (n≈4).This result is 
consistent with Sun et al 2017.

Voltammetric determination of TC with GA2-Fe2O3/
GCE

Voltammetric determination of TC was performed and 
recorded using the standard method with DPV over GA2-
Fe2O3/GCE in pH 6 BR buffer solution (Yıldız et al. 2026). 
Calibration graphs were plotted using the obtained results. 
The voltammograms and calibration graph are shown in 
Figs. 5 and 6, respectively.

Two linear operating ranges (LR1 and LR2) for TC were 
observed. These operating ranges are as follows: 1.0 × 10−6–
2.0 × 10−5 M and 2.0 × 10−5–9.9 × 10−5 M, respectively. The 
equations and regression coefficients for this calibration 
graph are as in equations below:

Ip (A) = 0.050C
(
mol L−1)

+ 1.066 × 10−7R2 = 0.91 (LR1)

Ip (A) = 0.012C
(
mol L−1)

+ 8.16 × 10−7R2 = 0.98 (LR2)

From the calibration graph of the TC generated on GA2-
Fe2O3/GCE using the DPV method, the LOD value was cal-
culated from the formula 3 s/m, and the LOQ value from 
the formula 10 s/m. Here, m is the slope of the calibration 
graph. In the first operating interval (LR1), the s value was 
7.97 × 10−9. Ten repeated voltamograms of the 1.99 × 10−6 M 
TC were taken, and 5 closely related peak currents were 

Fig. 5  DPV voltammograms of 
TC with different concentrations 
on GA2-Fe2O3/GCE in pH 6 BR 
buffer
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identified from these, and the standard deviation of the 
peak current was calculated, resulting in an s value of 
7.97 × 10−9. The corresponding LOD and LOQ values for 
first linear working ranges were as follows: 4.78 × 10−7 M; 
1.59 × 10−6 M, respectively. For the second linear working 
range, ten repeated voltamograms of the 2.0 × 10−5 M TC 
were taken, and 5 closely related peak currents were identi-
fied from these, and the standard deviation of the peak cur-
rent was calculated, resulting in an s value of 4.98 × 10−8. 
The corresponding LOD and LOQ values for the first 
linear working ranges were as follows: 2.13 × 10−5  M; 
7.11 × 10−5 M, respectively.

The results obtained show that TC can be determined on 
GA2-Fe2O3/GCE at low concentrations over a wide working 
range of 1.0 × 10−6–9.9 × 10−5 M.

In addition, the intraday repeatabilities of the peak cur-
rents and peak potentials measured on the GA2-Fe2O3/GCE 
surface with 1.99 × 10−6 M, 2.0 × 10−5 M, and 7.9 × 10−5 M 
TC were investigated. The intraday repeatabilities (RSD%) 
of the peak current of 1.99 × 10−6  M, 2.0 × 10−5  M, and 
7.9 × 10−5  M TC were calculated as 3.32, 5.90, and 5.62, 
respectively. No deviation was observed in the peak poten-
tial. The fact that the RSD% values ​​are about 5% indicates 
that the repeatability is good for this electrode.

To investigate the reproducibility of GA2-Fe2O3/GCE, 
5 different modified electrodes were prepared under the 
same composition and conditions. The electrode was exam-
ined using the DPV method in pH 6 BR buffer contain-
ing 1.99 × 10−6 M TC. The reproducibility (RSD%) of the 
inter-day peak current and peak potential of the modified 
electrode was as follows: 3.72 and 0.73, respectively. For 
this electrode, the RSD% of the peak current and potential 
values ​​was obtained below 5%. Based on these results, it 
can be said that the reproducibility of the GA2-Fe2O3/GCE 
electrode is good.

A comparative study of TC determination with 
different electrodes

Table  3 provides a comparison of the developed method 
for determining TC using the DPV method with GA2-
Fe2O3/GCE electrodes with some previous methods in the 
literature.

The results in Table  3 clearly show that the retention 
method has a lower LOD structure compared to Turbale et 
al. 2020. Furthermore, LOD results close to those of Huong 
et al. 2023 were obtained. The advantage of this effective 
modification electrode usage is that TC analysis does not 
require an electrode surface cleaning pretreatment.

Pharmaceutical analysis

In the preparation of tablet samples, 250 mg tablets of Tetra® 
Gensenta tablets were used. Ten tablets were weighed indi-
vidually, and the average mass of one tablet was determined 
as 0.3615 g. All of these weighed tablets were ground into 
powder using a porcelain mortar. The powdered tablets 
were weighed to a concentration of 1.0 × 10⁻2 M and diluted 
with ethanol to a volume of 50 mL. Before use, these pre-
pared samples were kept in an ultrasonic bath for 30 min 
and then filtered through filter paper. This prepared solution 
was used as the analyte in the tablet studies. In addition, 
voltamograms were obtained by adding a standard from the 
TC tablet solution to a pH 6 BR buffer solution using the 
DPV method on GA2-Fe2O3/GCE. Using this, a calibration 
curve was drawn, and two operating ranges for the TC tablet 
solution were observed. These are 1.0 × 10−6–10 × 10−6  M 
and 1.0 × 10−5–14.8 × 10−5 M, respectively. Their calibration 
graph is shown in Fig. 7.

The equations and regression coefficients for this calibra-
tion graph are as follows.

Ip (A) = 0.073 C
(
mol L−1)

+ 2.87 × 10−7R2 = 0.99 (LR1)

Ip (A) = 0.0072 C
(
mol L−1)

+ 9.85 × 10−7R2 = 0.99 (LR2)

The LOD value was calculated from the calibration graph 
of the TC inside the tablet, generated by the DPV method 
on GA2-Fe2O3/GCE, using the formula 3 s/m, and the LOQ 
value was calculated using the formula 10 s/m, where m is 
the slope of the calibration graph. Ten repeated voltamo-
grams of the TC inside the tablet were taken during the first 
operating interval, and six closely spaced peak currents were 
identified. The standard deviation of the peak current was 
calculated, and the s value was found to be 1.26 × 10⁻⁸. The 
corresponding LOD and LOQ values are: 5.21 × 10⁻⁷ M and 
1.74 × 10⁻⁶ M, respectively. In the second operating interval, 
the s value was 1.99 × 10⁻5 M. Ten repeated voltamograms 

Fig. 6  Calibration line obtained from DPV voltammograms of TC with 
different concentrations on GA2-Fe2O3/GCE in pH 6 BR buffer
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of the TC inside the tablet were taken, and six closely spaced 
peak currents were identified. The standard deviation of the 
peak current was calculated, and the s value was found to 
be 1.21 × 10⁻⁸. Their LOD and LOQ values are as follows: 
5.0 × 10⁻⁶ and 1.7 × 10⁻5 M, respectively. In tablet recovery 
studies, recovery% values were calculated using the correct 
equations of the calibration graphs belonging to TC and are 
given in Table 4.

Assessment of the developed whiteness assessment

The sustainability and analytical efficiency of the pro-
posed GA2-Fe2O3/GCE/DPV method were quantitatively 

evaluated using the RGB 12 algorithm. Conducted within 
the framework of the White Analytical Chemistry (WAC) 
concept, this analysis simultaneously normalizes the meth-
od’s analytical performance (Red), environmental sustain-
ability (Green), and operational productivity (Blue)( Nowak 
et al 2021).

Upon examination of the data presented in Table S1, it 
is observed that the developed sensor demonstrates perfor-
mance exceeding the 90% threshold across all three primary 
parameters. The method’s rapid response time of 30 s and 
minimal reagent consumption per analysis (at the micro-
liter level) ensured the maximization of both “Blue” and 
“Green” scores. This multidimensional assessment academ-
ically validates that our modified electrode system not only 
offers high sensitivity and selectivity but also constitutes a 
sustainable, cost-effective alternative for routine laboratory 
applications in strict adherence to modern green chemistry 
principles.

Table 4  Analysis results of GA2-Fe2O3/GCE using the DPV method 
for Tetra® gensenta tablets containing TC in pH 6 BR buffer
Matter amount in label (mg) 50
Experimental matter content (mg) 0.971
Real matter content (mg) 0.962
*Mean Recovery% 100.94
Relative Error% − 0.94
* Analysis data was evaluated as 3 repetitions

Fig. 7  Calibration line obtained from DPV voltammograms of TC in 
tablette sample with different concentrations on GA2-Fe2O3/GCE in 
pH 6 BR buffer

 

Electrodes Detection method Working 
environment

Linear range 
(mol L−1)

Limit of 
detection 
(mol L−1)

Referans

Glassy carbon elec-
trode modified with 
poly(malachite green)

Square wave 
adsorptive 
anodic stripping 
voltammograms 
(SWAdASVs)

pH 7.5 PBS 50 × 10−6–
1.0 × 10−4

1.6 × 10−6 (Turbale 
et al. 
2020)

Activated GCE DPV 0.2 M 
Na2SO4 PH 
2.5

2.0 × 10−6–
1.6 × 10−5

2.3 × 10−7 (Huong, 
et al. 
2023)1.6 × 10−5–

8.3 × 10−5

Multi-Wall Carbon Nano-
tube–Ionic Liquid Film 
Coated Glassy Carbon 
Electrode

DPV pH 7.0 PBS 1.1 × 10−7–
2.2 × 10−5

3.0 × 10−8 (Guo et 
al. 2009)

Graphene oxide-based 
UiO-66-NH2 metal organic 
framework composite (GO/
UiO-66-NH2)/GCE

DPV pH 2, PBS 4.5 × 10−9–
2.25 × 10−7

6.75 × 10−9 (Bigdeli-
fam and 
Hashemi 
2025)

2.25 × 10−7–
9.0 × 10−6

GA2-Fe2O3/GCE DPV pH 6, BR 1.0 × 10−6–
2.0 × 10−5

4.78 × 10−7 This 
work

2.0 × 10−5–
9.9 × 10−5

Table 3  Comparative study of 
reported methods of TC determi-
nation with different electrodes
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Conclusions

In this study, GA2-Fe2O3/GCE) was used as a sensor for the 
electrochemical analysis of TC in drug formulations. After 
optimizing the experimental conditions, the effects of pH and 
scan rate on the peak current were investigated. The highest 
peak current was obtained at pH 6. The effect of scan rate on 
the peak current was determined to be diffusion-controlled 
behavior of the TC on the electrode surface. For the char-
acterization of the electrode surface, cyclic voltamograms 
were recorded on GCE and GA2-Fe2O3/GCE in 1  mM 
K3Fe(CN)6 and 0.1 M KCl solutions at different scan rates 
(5–1000 mV s−1). Using these, the surface areas of GCE and 
GA2-Fe2O3/GCE were calculated. Following these studies, 
the working range, (LOD), and LOQ of TC with GA2-Fe2O3/
GCE were found to be as follows: 1.0 × 10−6–9.9 × 10−5 M; 
4.78 × 10−7 M and 1.59 × 10−6 M, respectively. In addition, 
the working range, LOD, and LOQ values of the tablet for 
the applicability of the developed method were found to 
be as follows: 1.0 × 10−6–14.8 × 10−5 M; 5.21 × 10−7 M and 
1.74 × 10−6 M, respectively. The applicability of the method 
was demonstrated by recovery studies in the tablet, and the 
recovery rate in the tablet was calculated as 100.94%.
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