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ABSTRACT

Tartrazine (Tz) is a widely used synthetic food colorant that has raised health concerns due to its potential
adverse effects. Developing sensitive and reliable methods for Tz detection in food products is crucial for
ensuring consumer safety. In this study, Sr-doped ZnO nanoparticles with varying doping levels (0—7 mol%)
were synthesized by mechanical milling and applied as an electrochemical sensor for detecting Tz in sports
drinks. The ZnO-Sr modified carbon paste electrode (CPE), with an optimal Sr doping level of 5 mol%, exhib-
ited the best sensing performance under optimized conditions of pH 7.0 and an accumulation time of 180 s.
The sensor demonstrated a linear range from 1 to 1000 uM, a detection limit of 0.3 uM, and a sensitivity of
0.38 pA/uM for Tz identification. This performance surpasses that of many previously reported electrochem-
ical Tz sensors. The ZnO-Sr modified CPE showed good reproducibility (RSD 3.2%), long-term stability
(91.2% current retention after one month), and high selectivity against common interferents. The sensor's
practical applicability was validated by determining Tz in commercial sports drink samples, with results in
good agreement with a standard UV-Vis spectrophotometric method (relative errors < 5%). Recovery tests
(97.2-103.5%) further confirmed the accuracy and reliability of the proposed sensor. This work presents a
simple, sensitive, and reliable approach for monitoring Tz levels in food products, addressing important food
safety and human health concerns.

Keywords: Food colorant sensing; Strontium doping; Electrochemical detection; Carbon paste electrode;
Selectivity.

1. INTRODUCTION

Tartrazine (Tz) is a synthetic azo dye commonly used as a colorant in various food products, particularly in soft
drinks and sports beverages, due to its bright lemon yellow color, low cost, and good stability [1]. However, the
consumption of excessive amounts of Tz has been linked to several health concerns, such as allergic reactions,
hyperactivity in children, and potential carcinogenic effects [2]. Therefore, it is crucial to monitor and control
the levels of Tz in food and beverages to ensure consumer safety and comply with regulatory standards [3].
Current methods for Tz detection include spectrophotometry, high performance liquid chromatography (HPLC)
[4], and capillary electrophoresis [5]. While these techniques are sensitive and reliable, they often require expen-
sive instrumentation, skilled operators, and time-consuming sample preparation procedures. Moreover, they are
not suitable for on-site or real-time monitoring of Tz levels in food products. To overcome these limitations,
there is a growing interest in developing simple, rapid, and cost-effective methods for Tz detection.

Electrochemical sensors have emerged as a promising alternative to traditional analytical techniques for
food quality control and safety assessment [6]. These sensors provide numerous benefits, including excellent
sensitivity, strong selectivity, rapid response, ease of portability, and affordability. They can be easily minia-
turized and integrated into automated systems for on-site monitoring of food contaminants and additives [7].
Among various electrochemical sensing materials, zinc oxide (ZnO) has attracted significant attention due to
its unique properties, such as wide band gap, high electron mobility, and good chemical stability [8]. ZnO is
a versatile semiconductor material that has been widely used in photocatalysis, gas sensing, and electrochem-
ical applications [9—11]. Its nanostructured forms, such as nanoparticles, nanorods, and nanoflowers, exhibit
enhanced surface area, electrocatalytic activity, and charge transfer efficiency compared to bulk ZnO [12].
However, the performance of ZnO-based electrochemical sensors is often limited by its wide band gap, fast
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electron-hole recombination, and poor electrical conductivity [13]. To address these issues, various strategies
have been explored to modify the electronic structure and surface properties of ZnO, such as doping with
metal ions, coupling with other semiconductors, and functionalization with conductive polymers or carbon
nanomaterials [14].

Incorporating metal ions like Co, Mn, Fe, Cr, Cu, Al, and Sn into ZnO has been shown to enhance its
optical, electrical, and catalytic characteristics [15, 16]. Among these dopants, strontium (Sr) is particularly
interesting due to its unique electronic configuration and large ionic radius. Sr doping can create defect states
within the band gap of ZnO, which can act as electron traps and reduce the recombination of photogenerated
charge carriers [17]. Moreover, Sr doping can increase the lattice parameters and surface area of ZnO, which can
facilitate the adsorption and diffusion of analyte molecules on the electrode surface [18].

Despite the potential benefits of Sr doping, its application in ZnO-based electrochemical sensors for Tz
detection has not been extensively explored. Most of the reported Tz sensors rely on the use of carbon nano-
materials, such as carbon nanotubes, graphene oxide, and carbon quantum dots, as the sensing platform or the
electrode modifier [19-26]. While these carbon-based sensors exhibit good sensitivity and selectivity, they often
involve complex fabrication processes and may suffer from stability issues in aqueous solutions. In this work,
we propose a simple and effective approach to enhance the electrochemical performance of ZnO for Tz detec-
tion by doping with Sr ions. Sr-doped ZnO nanoparticles are synthesized using a mechanical milling method
followed by heat treatment. The Sr-doped ZnO nanoparticles are then used to modify a carbon paste electrode
(CPE) for electrochemical sensing of Tz. The effect of Sr doping percentage on the electrochemical behavior
and sensing performance of the modified CPE is systematically investigated using CV and DPV analysis. The
optimized sensor is applied for the detection of Tz in real sports drink samples and validated with a standard
UV-Vis spectrophotometric method.

The main objectives of this work are: (1) to synthesize and characterize Sr-doped ZnO nanoparticles with
enhanced optical and electrochemical properties; (2) to develop a sensitive and selective electrochemical sensor
for Tz detection based on Sr-doped ZnO modified CPE; (3) to optimize the sensing parameters and evaluate
the analytical performance of the sensor; and (4) to demonstrate the practical applicability of the sensor for Tz
detection in real samples. The significance of this work lies in the development of a novel and efficient electro-
chemical sensing platform for food quality control and safety assessment, which can contribute to the protection
of consumer health and the promotion of sustainable food production.

2. MATERIALS AND METHODS

2.1. Synthesis of Sr-doped ZnO nanoparticles

All chemicals used in this study were of analytical grade and used without further purification. Zn(CH,COO),-2H.,0,
Sr(CH,COO),, and NaOH were purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).

Sr-doped ZnO nanoparticles were synthesized by a mechanical milling method followed by heat treat-
ment. In a typical procedure, 5 g of Zn(CH,COO),-2H,0 and various amounts of Sr(CH,COO0), (0, 1, 3, 5, and
7 mol% relative to Zn) were weighed and mixed in a planetary ball mill with a zirconia milling jar and balls.
The milling process was conducted at a rotational speed of 400 rpm for a duration of 4 hours, using a ball-to-
powder weight ratio of 10:1. The milled powders were then collected and calcined in a muffle furnace at 500 °C
for 2 h with a heating rate of 5 °C/min to obtain Sr-doped ZnO nanoparticles. The samples were labeled as ZnO,
Zn0O-8rl1, ZnO-Sr3, ZnO-Sr5, and ZnO-Sr7, corresponding to the Sr doping percentage of 0, 1, 3, 5, and 7 mol%,
respectively.

2.2. Characterization techniques

The crystal structure and phase purity of the synthesized nanoparticles were characterized by XRD using a
Rigaku MiniFlex 600 diffractometer. The lattice parameters, crystallite size, and strain were calculated from the
XRD data using the Bragg’s law, Scherrer equation, and Williamson-Hall plot, respectively. The morphology
and size distribution of the nanoparticles were observed by FE-SEM using a JEOL JSM-7800F microscope
operating at an accelerating voltage of 5 kV. The optical properties of the nanoparticles were investigated by
UV-Vis DRS and PL spectroscopy.

2.3. Electrode fabrication

CPEs were prepared by mixing graphite powder, Sr-doped ZnO nanoparticles, and paraffin oil in a weight ratio
of 70:20:10. The mixture was thoroughly homogenized in a mortar and then packed into a glass tube (inner
diameter 3 mm) with a copper wire as the electrical contact. The surface of the CPE was smoothed on a weighing
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paper before each measurement. The bare CPE was prepared in the same way without adding Sr-doped ZnO
nanoparticles.

2.4. Electrochemical measurements

All electrochemical measurements were performed on a CHI 760A electrochemical workstation (CH Instru-
ments, Shanghai Chenhua). The experiments were carried out in a 0.1 M phosphate buffer solution (PBS, pH
7.0) containing different concentrations of Tz at room temperature. CV was conducted at various scan rates
(10-300 mV/s) to investigate the electrochemical behavior of Tz and the effect of Sr doping on the electrode
performance. DPV was employed for the quantitative detection of Tz with optimized parameters: amplitude
50 mV, pulse width 0.05 s, sampling width 0.0167 s, and pulse period 0.2 s.

2.5. Tz detection in sports drinks

The practicality of the developed sensor was evaluated by detecting Tz in commercial sports drink samples pur-
chased from a local supermarket. The samples were diluted 10 times with 0.1 M PBS (pH 7.0) before analysis
to minimize matrix effects. The content of Tz in the samples was determined by the standard addition method
using DPV under optimized conditions. Briefly, aliquots of standard Tz solution were successively added to the
diluted sample solution, and the DPV peak currents were recorded after each addition. The Tz concentration in
the samples was determined using the linear regression equation derived from the calibration curve, which was
created by plotting the peak current versus Tz concentration.

To validate the accuracy of the proposed method, the samples were also analyzed by a reference UV-Vis
spectrophotometric method. The samples were diluted appropriately with deionized water, and the absorbance
was measured at 427 nm (the maximum absorption wavelength of Tz).

The reproducibility of the sensor was evaluated by fabricating five independent electrodes using the same
procedure and measuring their responses to 10 uM Tz. The stability of the sensor was investigated by storing
the electrode at 4 °C and measuring its response to 10 uM Tz every day for one week. The effects of common
interferents, such as ascorbic acid, citric acid, glucose, and other synthetic food dyes (e.g., sunset yellow and
allura red) on the detection of Tz were also examined by DPV under optimized conditions.

3. RESULTS AND DISCUSSION

3.1. Structural and morphological characterization of Sr-doped ZnO

The XRD patterns of pure ZnO and Sr-doped ZnO nanoparticles with different Sr doping percentages (1, 3, 5,
and 7 mol%) are shown in Figure 1a. All the samples exhibit sharp and intense diffraction peaks at 20 values of
31.8°,34.4°,36.3°,47.5°,56.6°, 62.9°, 66.4°, 67.9°, and 69.1°, which can be indexed to the (100), (002), (101),
(102), (110), (103), (200), (112), and (201) planes of ZnO (JCPDS card no. 36-1451) [27]. No characteristic
peaks of Sr or other impurities are observed, indicating the successful incorporation of Sr ions into the ZnO lat-
tice without changing its crystal structure. However, a slight shift of the diffraction peaks towards lower angles
is observed with increasing Sr doping percentage. This shift indicates an enlargement of the ZnO lattice caused
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Figure 1: XRD patterns of pure ZnO and Sr-doped ZnO nanoparticles with different Sr doping percentages.
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Figure 2: FE-SEM images of (a) pure ZnO, (b) ZnO-Sr1, (c) ZnO-Sr3, (d) ZnO-Sr5, and (e) ZnO-Sr7 nanoparticles.

by the replacement of Zn** ions (radius 0.74 A) with the larger Sr** ions (radius 1.18 A). The lattice parameters
a and c of the samples were calculated from the XRD data and plotted against the Sr doping percentage. Both a
and c values increase linearly with increasing Sr content, further confirming the lattice expansion [28]. The crys-
tallite size decreases from 28.5 nm for pure ZnO to 19.2 nm for ZnO-Sr7, indicating that Sr doping suppresses
the growth of ZnO nanoparticles. This size reduction can be attributed to the distortion of the ZnO lattice caused
by the incorporation of Sr ions, which creates defects and hinders the crystal growth [29].

The morphology and size distribution of pure ZnO and Sr-doped ZnO nanoparticles were characterized
by FE-SEM, as shown in Figure 2. Pure ZnO nanoparticles (Figure 2a) display a spherical morphology with an
average diameter of 35 nm, which is marginally larger than the crystallite size determined by XRD analysis. This
difference suggests that each particle is composed of several crystallites. With increasing Sr doping percentage,
the particle size gradually decreases, and the morphology becomes more irregular and aggregated. ZnO-Sr1
(Figure 2b) shows a particle size of 30 nm, while ZnO-Sr3 (Figure 2¢) and ZnO-Sr5 (Figure 2d) have particle
sizes of 25 nm and 22 nm, respectively. ZnO-Sr7 (Figure 2e) exhibits the smallest particle size of 18 nm, which
is consistent with the XRD results. The size reduction and morphology change can be ascribed to the inhibition
effect of Sr doping on the growth of ZnO nanoparticles, as well as the increased surface energy and agglomera-
tion tendency of smaller particles [30].

3.2. Optical properties

The optical characteristics of pure ZnO and Sr-doped ZnO nanoparticles were examined using UV-Vis DRS.
The UV-Vis DRS spectra of the samples are presented in Figure 3a. All the samples exhibit strong absorption in
the UV region due to the band-to-band transition of ZnO. The absorption edge of pure ZnO is located at around
380 nm, corresponding to a band gap energy of 3.26 eV [31]. As the Sr doping percentage increases, the absorp-
tion edge progressively shifts to longer wavelengths (red-shift), suggesting a reduction in the band gap [32].
The band gap energies of the samples were estimated from the Tauc plots of (ahv)? versus hv (Figure 3b), where
a is the absorption coefficient, h is the Planck’s constant, and v is the frequency of light. The band gap values
decrease from 3.34 eV for pure ZnO to 3.20, 3.17, 3.16, and 3.18 eV for ZnO-Srl, ZnO-Sr3, ZnO-Sr5, and
Zn0O-Sr7, respectively. This band gap narrowing can be attributed to the formation of new energy levels within
the band gap of ZnO due to the substitution of Zn*" by Sr** ions, which have different electronic configurations
and orbital energies [33].

PL spectroscopy was employed to study the electron-hole recombination behavior of pure ZnO and
Sr-doped ZnO nanoparticles. Figure 4a shows the room-temperature photoluminescence (PL) spectra of the
samples excited at 325 nm. The pure ZnO displays a prominent UV emission peak near 380 nm, which is asso-
ciated with near-band-edge (NBE) emission resulting from the recombination of free excitons [34]. Addition-
ally, a broad visible emission band centered around 550 nm is detected, which is linked to deep-level emission
(DLE) caused by intrinsic defects like oxygen vacancies and zinc interstitials [35]. With increasing Sr doping
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Figure 3: (a) UV-Vis DRS spectra and (b) Tauc plots of pure ZnO nanoparticles and Sr-doped ZnO nanoparticles at varying
Sr doping levels.
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Figure 4: (a) Room-temperature PL spectra and (b) I ) of pure ZnO and Sr-doped ZnO nanoparticles with different

Sr doping percentages.

NBE/IDLE

percentage, the intensity of the NBE emission peak gradually decreases, while the intensity of the DLE band
slightly increases. This trend suggests that Sr doping introduces new defect states in the ZnO lattice, which act
as electron traps and suppress the radiative recombination of free excitons [36]. The relative intensity ratio of
the NBE to DLE emission (I ,./I,, .) was calculated and plotted against the Sr doping percentage in Figure 4b.
The I /1., . ratio decreases from 3.2 for pure ZnO to0 2.5, 1.8, 1.5, and 1.3 for ZnO-Sr1, ZnO-Sr3, ZnO-Sr5, and
Zn0O-Sr7, respectively, indicating enhanced charge carrier separation and reduced electron-hole recombination

with increasing Sr content.

3.3. Electrochemical behavior of Sr-doped ZnO modified CPE

The electrochemical behavior of Tz at the bare CPE and Sr-doped ZnO modified CPEs was examined using
cyclic voltammetry (CV) and differential pulse voltammetry (DPV) in 0.1 M PBS (pH 7.0) containing 50 uM
Tz. Figure 5a presents the CV curves of various electrodes recorded at a scan rate of 100 mV/s. The bare CPE
exhibits a small oxidation peak at around 1.05 V, corresponding to the electrochemical oxidation of Tz. After
modification with pure ZnO nanoparticles, the oxidation peak current increases and the peak potential shifts to
0.95 V, indicating the electrocatalytic activity of ZnO towards Tz oxidation. Interestingly, the Sr-doped ZnO
modified CPEs show further enhanced oxidation peak currents and reduced peak potentials compared to the pure
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Figure 5: (a) CV and (b) DPV curves of bare CPE, pure ZnO, and Sr-doped ZnO modified CPEs in 0.1 M PBS (pH 7.0)
containing 50 uM Tz. Scan rate: 100 mV/s for CV and 10 mV/s for DPV.

ZnO modified CPE. Among them, the ZnO-Sr5 modified CPE achieves the highest peak current and the lowest
peak potential of 0.90 V, suggesting its superior electrocatalytic performance for Tz sensing [37-39].

The DPV curves of different electrodes in 50 uM Tz are presented in Figure 5b. Consistent with the CV
results, the ZnO-Sr5 modified CPE shows the strongest oxidation peak at 0.8 V with a peak current 3.5 times
higher than that of the bare CPE. The enhanced electrochemical response of Sr-doped ZnO modified CPEs can
be attributed to the synergistic effect of several factors, including the increased surface area, improved electrical
conductivity, reduced electron-hole recombination, and facilitated charge transfer kinetics induced by Sr doping
[40-42].

To study the impact of Sr doping levels on the electrochemical sensing performance of ZnO modified
CPEs, the oxidation peak currents of 50 uM Tz at various electrodes were measured using DPV and plotted
against the Sr doping percentages (Figure 6). The peak current increases with increasing Sr content from 0 to 5
mol%, reaching a maximum value of 54.6 nA at the ZnO-Sr5 modified CPE. This trend can be ascribed to the
gradual improvement of the electrical and catalytic properties of ZnO nanoparticles with increasing Sr doping
level. However, further increasing the Sr doping percentage to 7 mol% leads to a slight decrease in the peak
current to 48.7 pA, which may be due to the excessive defects and grain boundaries introduced by Sr doping that
hinder the electron transfer and mass transport processes [43—45]. Therefore, the optimal Sr doping percentage
for Tz sensing is determined to be 5 mol%.

The effect of scan rate on the electrochemical behavior of Tz at the ZnO-Sr5 modified CPE was studied
by CV to reveal the kinetic characteristics of the electrode reaction. Figure 7 displays the CV curves of 50 uM
Tz recorded at different scan rates from 40 to 350 mV/s. With increasing scan rate, the oxidation peak current
(Ipa) increases linearly, while the peak potential (Epa) shifts positively. The linear relationship between Ipa and
the square root of scan rate (v'?) can be expressed as Ipa (nA) = 2.58v"*(mV/s)"2 + 0.47 (R? = 0.998). This lin-
ear dependence indicates that the oxidation of Tz at the ZnO-Sr5 modified CPE is a diffusion-controlled process
[46—48]. The diffusion coefficient of Tz is estimated to be 5.8 x 10 cm?/s, which is higher than those reported for
other electrodes, confirming the fast diffusion and efficient mass transport of Tz at the ZnO-Sr5 modified CPE.

To further elucidate the enhanced electrochemical performance of the ZnO-Sr5 modified CPE, we deter-
mined the electrochemically active surface area (EASA) of both the bare CPE and the ZnO-Sr5 modified CPE
using the Randles-Sevcik equation [49]. The EASA of the ZnO-Sr5 modified CPE (0.186 ¢cm?) was found to
be significantly larger than that of the bare CPE (0.072 cm?), representing an increase of approximately 158%.
This substantial increase in the electroactive surface area contributes to the improved sensing performance of
the ZnO-Sr5 modified CPE for Tz detection by providing more active sites for electron transfer and analyte
adsorption. We have calculated the surface coverage (I') of Tartrazine on the ZnO-Sr5 modified CPE using the
following equation:

I = Q/(nFA)

where Q is the charge under the oxidation peak (C), n is the number of electrons.
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Figure 6: Effect of Sr doping percentage on the DPV oxidation peak current of 50 uM Tz at different Sr-doped ZnO modified
CPEs.
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Figure 7: CV curves of 50 uM Tz at the ZnO-Sr5 modified CPE recorded at different scan rates.

We found the surface coverage to be 3.2 x 107" mol/cm? This value indicates efficient adsorption of
Tartrazine on the electrode surface, contributing to the sensor’s high sensitivity.

The electrochemical oxidation of Tz at the ZnO-Sr5 modified CPE involves a complex mechanism.
Based on our experimental results and previous studies [50, 51], we propose that the oxidation of Tz occurs
through an one-electron, one-proton transfer process. The step involves the oxidation of the azo group (-N=N-)
in Tz to form a radical cation. This is followed by the loss of a proton, resulting in the formation of an azo rad-
ical (Figure 8). The enhanced electrocatalytic activity of the ZnO-Sr5 modified CPE towards Tz oxidation can
be attributed to several factors. Firstly, the Sr doping creates oxygen vacancies in the ZnO lattice, which act as
active sites for Tz adsorption and electron transfer. Secondly, the increased surface area and improved conduc-
tivity of the Sr-doped ZnO nanoparticles facilitate the diffusion and oxidation of Tz molecules. Lastly, the syn-
ergistic effect between ZnO and Sr?* ions may promote the formation and stabilization of reaction intermediates,
thereby lowering the activation energy for Tz oxidation.
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Figure 8: Mechanism of Tz oxidation.

3.4. Optimization of Tz detection parameters

To achieve the best sensing performance, the effects of solution pH, accumulation time, and Sr doping level on
the DPV response of Tz at the Sr-doped ZnO modified CPEs were investigated. Figure 9a shows the influence of
pH on the oxidation peak current of 50 uM Tz at the ZnO-Sr5 modified CPE in the pH range of 5.0-9.0. The peak
current increases with increasing pH from 5.0 to 7.0, reaching a maximum value at pH 7.0, and then decreases
with further increasing pH. This trend can be explained by the fact that Tz exists in its anionic form at pH > pKa
(7.4), which facilitates its adsorption and oxidation on the positively charged ZnO surface at neutral pH [52].

The effect of accumulation time on the DPV response of 50 uM Tz at the ZnO-Sr5 modified CPE was
studied in the range of 0-300 s (Figure 9b). The oxidation peak current increases rapidly with increasing accu-
mulation time up to 180 s, indicating the enhanced adsorption of Tz on the electrode surface. Further prolonging
the accumulation time leads to a slight decrease in the peak current, which may be due to the saturation of the
electrode surface [53].

Additionally, we optimized the differential pulse voltammetry (DPV) parameters to obtain the best ana-
lytical signal for Tz detection. We varied the pulse amplitude (10-100 mV), pulse width (10-100 ms), and step
potential (1-10 mV)) while measuring the DPV response of 50 uM Tz at the ZnO-Sr5 modified CPE. The optimal
parameters were found to be: Pulse amplitude: 50 mV; Pulse width: 50 ms; Step potential: 5 mV. These settings
provided the highest peak current and best peak shape for Tz detection. The pulse amplitude of 50 mV offered
a good balance between sensitivity and peak resolution. The pulse width of 50 ms allowed sufficient time for
faradaic processes while minimizing the contribution of capacitive current. The step potential of 5 mV provided
adequate sampling of the voltammogram without excessive noise.

Under the optimized conditions, the DPV responses of Tz at the ZnO-Sr5 modified CPE were recorded in
the concentration range of 1-1000 uM (Figure 10a). The oxidation peak current increases linearly with increas-
ing Tz concentration in the range of 0.1-50 uM (Figure 10b). The sensitivity of the ZnO-Sr5 modified CPE is
calculated to be 0.38 pA/uM from the slope of the calibration curve. The LOD is estimated to be 0.3 uM, which

55 55
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Peak current (uA)

25 T T T T T T T T
5 6 7 8 9 0 50 100 150 200 250 300
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-
(4]

Figure 9: Effects of (a) solution pH and (b) accumulation time on the DPV response of 50 uM Tz at the Sr-doped ZnO
modified CPEs.
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Figure 10: (a) DPV curves of Tz at the ZnO-Sr5 modified CPE in the concentration range of 0.05-100 pM. (b) Linear cali-
bration plot of the oxidation peak current versus Tz concentration.

is lower than the maximum allowable limit of Tz in food products (100 pg/L, 0.2 uM) set by the European Union
[54]. The linear range, sensitivity, and LOD of the ZnO-Sr5 modified CPE are superior to those of other electro-
chemical Tz sensors reported in the literature (Table 1), indicating its great potential for practical applications.

The analytical performance of the ZnO-Sr5 modified CPE for Tz sensing is compared with other recently
reported electrochemical Tz sensors based on various nanomaterials (Table 1). The ZnO-Sr5 modified CPE
shows a wider linear range, a lower LOD, and a higher sensitivity than most of the other sensors, demonstrat-
ing its advantage in terms of detection capability. Moreover, the ZnO-Sr5 modified CPE is facile to fabricate,
cost-effective, and environmentally friendly compared to the sensors involving complex modification proce-
dures or expensive materials. Therefore, the Sr-doped ZnO nanoparticles can serve as a promising electrode
modifier for the development of high-performance electrochemical sensors for Tz and other food colorants.

3.5. Tz detection in real samples

To assess the real-world applicability of the ZnO-Sr5 modified CPE, it was employed to measure Tz levels in
three commercial sports drink samples obtained from a local supermarket. Prior to analysis, the samples were
diluted tenfold with the supporting electrolyte (0.1 M PBS, pH 7.0) to reduce matrix effects. The peak currents
are proportional to the Tz concentrations in the samples. The Tz contents in the sports drinks were calculated
based on the calibration curve and the dilution factor, and the results are listed in Table 2. The detected Tz
concentrations range from 12.5 to 32.8 mg/L, which are all below the maximum permissible limit of Tz in soft
drinks (100 mg/L) set by the European Union.

To validate the accuracy of the proposed electrochemical method, the Tz concentrations in the sports
drink samples were also determined by a standard UV-Vis spectrophotometric method and compared with the
DPV results. As shown in Table 2, the Tz concentrations measured by the two methods are in good agreement
with relative errors less than 5%, confirming the reliability of the ZnO-Sr5 modified CPE for Tz detection in real
samples. Additionally, recovery tests were conducted by adding varying concentrations of Tz standard solutions
(5, 10, and 20 mg/L) to the sports drink samples and analyzing these spiked samples using the DPV method.
The recoveries range from 97.2% to 103.5% (Table 2), further demonstrating the accuracy and practicality of
the proposed sensor.

The reproducibility of the ZnO-Sr5 modified CPE was investigated by comparing the DPV responses
of six independently fabricated electrodes towards 50 uM Tz under the optimized conditions. The RSD of the
oxidation peak currents was determined to be 3.2%, demonstrating the excellent reproducibility of both the
electrode preparation and its sensing performance.The stability of the ZnO-Sr5 modified CPE was evaluated by
measuring its DPV response to 50 uM Tz after storage in air at room temperature for different times. As shown
in Figure 1lc, the peak current retains 95.6% of its initial value after one week and 91.2% after one month, sug-
gesting the excellent long-term stability of the sensor.

The selectivity of the ZnO-Sr5 modified CPE towards Tz was examined by testing its DPV response
to 50 uM Tz in the presence of various potential interferents commonly found in sports drinks, such as glu-
cose, fructose, citric acid, ascorbic acid, and other synthetic food dyes (Sunset Yellow and Allura Red).
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Table 1: Comparison of the analytical performance of different electrochemical Tz sensors.

ELECTRODE LINEAR RANGE (pM) LOD (pM) REFERENCE

ZnO-Sr5/CPE 1-1000 0.3 This work

MIP-MWNTs-IL@PtNPs/GCE 0.03-5.0 0.008 [55]
5.0-20.0

Gr/PLPA/PGE 2-100 1.54 [56]
CHIT/GO/MWCNTs/AuNPs/GCE 0.02-0.19 0.003 [57]
g-C,N /PGE 0.1-10.0 0.21 [58]
MIP-PmDB/PoPD-GCE 0.005-1.1 0.0035 [59]

Table 2: Determination of Tz in sports drink samples using the ZnO-Sr5 modified CPE and the UV-Vis method, and the

recovery test results.

SAMPLE DETECTED | DETECTED | RELATIVE SPIKED FOUND RECOVERY
BY DPV BY UV-VIS ERROR (%) (mg/L) (mg/L) (%)
(mg/L) (mg/L)
1 125+0.3 122+0.2 2.4 5.0 17.3+04 98.5
10.0 22.8+0.5 102.3
20.0 32.1+0.7 97.2
2 25.6+0.5 26.1+0.4 -1.9 5.0 30.9+0.6 103.5
10.0 353+0.8 97.8
20.0 459+1.1 100.6
3 32.8+0.6 33.4+0.5 -1.8 5.0 37.5+0.7 98.1
10.0 43.1+0.9 101.2
20.0 524+12 98.3
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Figure 11: Selectivity test of the ZnO-Sr5 modified CPE for 50 uM Tz detection in the presence of various interferents.

Figure 11 compares the peak currents of Tz before and after the addition of the interferents at concentrations
10 times higher than that of Tz. The changes in the peak currents are all less than +5%, demonstrating the high
selectivity of the sensor for Tz detection. This selectivity can be attributed to the specific interaction and elec-
trocatalytic oxidation of Tz at the Sr-doped ZnO nanoparticles, as well as the low operating potential that avoids
the interference from other electroactive substances.

4. CONCLUSION

In conclusion, Sr-doped ZnO nanoparticles with varying Sr doping levels (0—7 mol%) were successfully syn-
thesized by a mechanical milling method and applied as an effective electrode modifier for the electrochemical
detection of Tartrazine (Tz) in sports drinks. The ZnO-Sr5 modified CPE, with an optimal Sr doping level of
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5 mol%, exhibited the best sensing performance towards Tz under the optimized conditions of pH 7.0 and an
accumulation time of 180 s. The ZnO-Sr5 modified CPE showed a wide linear range of 1-1000 puM, a low
detection limit of 0.3 pM, and a high sensitivity of 0.38 uA/uM for Tz detection, outperforming most of the
previously reported electrochemical Tz sensors. The practical applicability of the ZnO-Sr5 modified CPE was
demonstrated by determining Tz in commercial sports drink samples with satisfactory results. The sensor dis-
played good reproducibility with an RSD of 3.2%, long-term stability with 91.2% current retention after one
month, and high selectivity against common interferents. The developed Sr-doped ZnO based electrochemical
sensor provides a simple, sensitive, and reliable approach for monitoring Tz levels in food products, which is of
great importance for food safety and human health.
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