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Nano-scale detection and characterization of neurotransmitters from real samples is a novel analytical technique with multiple applications in the field of nano-biotechnology. This in-situ electrochemical sensing tool has growing advantages of high reproducibility, rapid response, superior sensitivity, selectivity, accuracy, and miniaturization. A screen-printed iron oxide (Fe3O4) modified electrode was harnessed in this study for detecting epinephrine (EP), a chemical messenger or signalling neuro transmitting molecule, from two breeds of chickens. The fabricated sensor was used for the analysis of EP in the real and unspiked samples. UV-visible spectroscopy, Fourier-Transform infrared spectroscopy (FT-IR), Transmission Electron Microscopy (TEM), and Scanning Electron Microscopy (SEM) were used for characterizing the surface of nanoparticles prior to modification of screen-printed silver electrode (SPSE). The XRD diffractogram of Fe3O4 nanoparticles showed peaks at 30.1°, 35.7°, 43.3°, 53.9°, 57.5°, and 63.0°, corresponding to Miller indices of 220, 311, 400, 422, 511, and 440, respectively. This diffraction pattern indicates that the Fe3O4 nanoparticles have a spinel structure. Simultaneous detection of EP in the presence of ascorbic acid was obtained from Fe3O4 electrode. Further result shows a corresponding rise in oxidation peak current (Ipa) of EP with an increase in its concentration and scan rate of 25–400 mVs−1 confirming catalytic properties of the modified electrode towards EP. Our findings demonstrate that the fabricated sensor used for detecting EP in blood serum, breast muscle, and visceral organs of both chicken breeds produced better recovery.
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INTRODUCTION
Domesticated chickens (Gallus gallus domesticus) are homeothermic species from the Galliformes order commonly raised for meat and egg production in the poultry industry. Over the years, a wide range of genetically and phenotypically diverse strains of chickens have been bred and grouped into many classification models based on origin, evolutionary links, pleiotropic effect, and purpose of use as the American, Asiatic, Continental, English, or Mediterranean game, egg-type, meat-type, dual-purpose and ornamental or “decorative” breeds (Nangsuay et al., 2011; Larkina et al., 2021). Routinely and periodically, neurohormonal systems are activated in response to those dynamics and cascade of stressful conditions, which consequently influence hypothalamic-pituitary-adrenal-axis and body homeostasis (Ottinger and Abdelnabi, 1997; Fallahsharoudi et al., 2017). So far, potential stressors have been identified in the poultry sector for appropriate characterization under free-ranging or captive environments at various stages of domestication and reproduction cycles. Notable among those stressors is the discomfort caused by frightening predator attacks, cannibalistic behavior, overcrowding, irritation from parasitic and infectious agents (Blas, 2015; Archer, 2019; Mohamed et al., 2020).
When the stress level is triggered either exogenously or endogenously and found to exceed tolerable limits, it affects the neuroendocrine system, the messenger network with feedback loops of hormones released by the adrenal glands in response to stress body metabolism physiologic changes in target organs. The sympathoadrenal system and hypothalamic-pituitary-adrenal axis are regulators of stress response in the adrenal glands of domesticated birds (Herman et al., 2016; Fallahsharoudi et al., 2017). Adrenaline, otherwise known as epinephrine with IUPAC name: 4-[(1R)-1-hydroxy-2-(methylamino) ethyl] benzene-1,2-diol is a catecholamine secreted by the adrenal gland and neurons in the brain where it acts as a neurotransmitter mobilizing energy stores as glucose and free fatty acids in preparation for physical activity or recovery from hypoglycaemia (Peet, 2012; Moawad and Randa, 2017). Epinephrine (C9H13NO3) is a naturally occurring monoamine neurotransmitter and sympathomimetic catecholamine in the chromaffin cells of adrenal medulla secretory cellular machinery. It has four functional groups: two catechol OH, an N-CH3 group, and a β-OH group (Ebert, 2013) (Scheme 1). Epinephrine is a sympathomimetic catecholamine with potent α-and β-adrenergic stimulating properties for enhancing systemic systolic-diastolic blood pressures and pulmonary vascular resistance (Gangadharan et al., 2019). It exerts positive chronotropic and inotropic effects on alpha and beta-adrenergic receptors in the sympathetic nervous system using a G-protein-linked second messenger system vis-a-vis the cardiac output, myocardial oxygen consumption, cardiac efficiency, and regulating visceral functions (Peet, 2012; Nestler et al., 2015). It is a prototype of a non-selective adrenergic agonist (adrenaline) with a greater affinity for β-adrenergic receptors beta receptors in small doses. A fight or flight hormone regulates vascular tone in animal models and evokes cardiac sensitization in response to emotional arousals such as fear, stress, and anxiety tendencies (Papich, 2021). It is often administered upon detection of anaphylaxis to maintain homeostasis against stress response and abate induction of morbidity or loss of consciousness (Brown et al., 2020; Boswell et al., 2021).
[image: Scheme 1]SCHEME 1 | Chemical structure of epinephrine.
The connection between the avian endocrine system, hormonal stress modulatory pathways, and adrenal gland that regulates vital physical activity and physiological functions calls for susceptible electrochemical sensors for detection. Given its multiple in vivo roles, numerous analytical techniques have been used for detecting epinephrine in real samples. Examples include the use of quantitative trait loci (QTL) mapping, QTL underlying stress-induced corticosterone, high-performance liquid chromatography, fluorimetry, and spectrophotometry (Fallahsharoudi et al., 2017; Fang et al., 2018; Yadav et al., 2019). Most of these analytical methods have shortcomings, such as elaborate sample treatment, high cost of analysis, and the need for the highly skilled analyst(s). Fortuitously, the electrochemical method of analysis has novel characteristics that can solve these problems (Tezerjani et al., 2017; Dehdashti and Babaei, 2020). On the other hand, hybrid techniques such as electrochemiluminescence do not possess the simplicity of pure electrochemical methods.
Therefore, this study reports a successful detection of epinephrine in vital organs of two domestic avian species of chicken at iron oxide screen-printed modified electrode sensor. The choice of iron oxide nanoparticles (Fe3O4 NPs) as screen-printed electrode (SPE) modifiers is based on nanomaterials’ comparative advantages and applications. Specifically, Fe3O4 nanoparticles have been reported to have a large surface area, high conductivity, and excellent electrocatalytic activity towards biogenic amines’ oxidation (Thamilselvan et al., 2019; Tomé and Brett, 2019). Notably, EP detection was achieved at silica-Fe3O4/graphene oxide core-shell nanostructure modified SPE with a very low detection limit (Safaei et al., 2018). Similarly, electrochemical EP detection at the micro-molar level was reported by Mphuthi et al., 2017 by using GCE with a ternary composite containing a phthalocyanine, multi-walled carbon nanotube (MWCNTs), and Fe3O4 NPs (). Poly (brilliant cresyl blue)/Fe2O3 composite modified glassy carbon electrode (GCE) was successfully applied for EP detection (Tomé and Brett, 2019). The electronic conductivity and the large surface area of the iron oxide nanoparticles in these sensors played a significant role in EP sensing. The present study is one of few instances where Fe3O4 NPs have been deployed for EP detection. This novel sensor (SPSE/Fe3O4) grossly benefitted from the excellent electrocatalytic activity and the large surface area of Fe3O4 for EP detection. Real sample analysis reported so far for EP detection at previous iron oxide modified electrodes and modified SPE was in EP injection or blood serum (Mphuthi et al., 2017; Safaei et al., 2018; Tomé and Brett, 2019). The current study offered important analytical data on the real sample analysis of EP in various parts of two different breeds of chicken. The analytical data recorded for EP analysis in the animal spleen, blood serum, breast muscle, kidney, and liver at SPSE/Fe3O4 is the first attempt at elaborate electrochemical EP detection in biological samples.
MATERIALS AND METHODS
Experimental Materials
The materials used for the study were of analytical grade. Epinephrine hydrochloride, iron II sulphate heptahydrate (99% FeSO4·7H2O), and iron III chloride hexahydrate (99% FeCl3.6H2O) were purchased from Sigma Aldrich. Ammonium hydroxide (25% NH4OH), zinc chloride (99% ZnCl2), nitric acid (70% HNO3), sodium hydroxide (99% NaOH), hydrochloric acid (38% HCl), sodium dihydrogen phosphate (99% NaH2PO4), disodium hydrogen phosphate (99% Na2HPO4), dimethylformamide (99% DMF) from Sigma Aldrich Chemical, South Africa. The screen-printed silver electrodes (SPSE) were from Metrohm, South Africa. The spleen, blood serum, breast muscle, kidney, and liver of Buff Orpington Rooster and Rhodes Island White Broiler used for real sample analysis were collected from a local butchery immediately after slaughter. Ethical practices were adhered to in all the sample collection, processing, and analysis procedures.
METHODS
Synthesis of Fe3O4 Nanoparticles
The magnetic iron oxide nanoparticles (Fe3O4 NPs) were synthesized using a technique previously adopted by Gorospe et al. (Gorospe et al., 2019) with slight modification. The FeCl3·6H2O and FeSO4·7H2O precursors were dispersed into a conical flask containing nitrogen gas and purged distilled water at a respective molar ratio of 2:1. This mixture was then subjected to vigorous stirring on a magnetic stirrer. Approximately 5 ml of ammonium hydroxide was transferred into a burette and discharged in drops into the flask containing a mixture of the iron salts. The resultant black suspension was immediately covered and subjected to stirring for almost 10 min. The magnetic nanoparticles were separated using a bar magnet and dispersed in distilled water. These nanoparticles were washed with sufficient distilled water for 6-times and subsequently with ethanol 4-times. The black nanoparticles obtained were dried under vacuum at room temperature.
Preparation of SPSE/Fe3O4
The drop-dry technique was used to fabricate the Fe3O4 NPs modified SPSE (SPSE/Fe3O4). The as-synthesized Fe3O4 NPs was dispersed in DMF and sonicated for 24 h to obtain a homogenous paste. About 8 μl of this paste was dropped on the screen printed silver working electrode and allowed to dry at room temperature. Scheme 2 shows the schematic representation of the synthesis of Fe3O4 NPs and subsequent modification of SPSE with the as-synthesized Fe3O4 NPs. The modified electrode (SPSE/Fe3O4) was applied for the electroanalysis of epinephrine.
[image: Scheme 2]SCHEME 2 | Schematic representation of Fe3O4 NPs preparation and SPSE/Fe3O4 fabrication.
Preparation of Real Samples for Analysis
The OR and RIWB blood samples were collected in vials and kept in ice to prevent coagulation. The sample pre-treatment was done according to a method presented by Zhao et al. (Zhao et al., 2015) with minor modification. About 0.05 ml concentrated nitric acid (70% HNO3) was added to the blood sample in a centrifuge tube and allowed to stand for 2 h. Neutralization of the mixture was carried out with 0.05 ml of 1 M sodium hydroxide. The resultant solution was centrifuged for 20 min at 4,000 rpm. The clear serum solution at the top was separated by decantation and stored at 4°C for further analysis. The treated OR and RIWB blood samples were labelled Serum 1 and Serum 2, respectively. The sample preparation for the breast muscle, spleen, kidney and liver from both chicken species (OR and RIWB), were collected similarly to the blood samples before electrochemical analysis followed a method by Kahlouche et al. (Kahlouche et al., 2018) with slight modification. A reasonable amount of 0.1 M PBS (pH 7) was added to the samples before pulverization to a homogeneous paste. The resultant paste was dispersed in a solution of 1 M ZnCl2 and allowed to stand for 30 min. Afterwards, this solution was centrifuged at 4,000 rpm for 15 min. The supernatant was separated from the lower solid masses and stored at 4°C for analysis. The treated kidney samples obtained from RIWB and OR were labelled RIWKID and ORKID, respectively. While the liver samples from RIWB and OR were tagged RIWLIV and ORLIV, respectively. RIWB and OR breast muscle extracts were coded RIWBM and ORBM, respectively. RIWBBS represents the spleen extract from the spleen of RIWB.
Characterization of Fe3O4 Nanoparticles
Fourier transform infrared (FT-IR) Opus Alpha-P spectrophotometer supplied by Brucker Corporation, United States, UV-visible, and X-ray diffraction (XRD) spectroscopy were used to characterize Fe3O4 NPs. The XRD and UV-visible data were collected using the Rontgen X’Pert Pro diffractometer and Uviline 9400 spectrophotometer (Germany). Microscopic characterization of nanoparticles was achieved with the scanning electron microscope (Quanta FEG 250 supplied by ThermoFisher Scientific, United States) and transmission electron microscope. The scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images obtained with this equipment provided details about the morphology and ultrastructure of nanoparticles. All electrochemical analyses were done using portable DropSens potentiostat (MetrohmR) connected to a personal computer for data processing. This workstation includes a screen-printed silver electrode (SPSE) with embedded working, counter, and reference electrodes. The supporting electrolyte used for all electroanalyses (0.1 M phosphate buffer solution, PBS) was prepared using the appropriate concentration of Na2HPO4 and NaH2PO4.
RESULTS AND DISCUSSION
XRD Analysis
The XRD diffractogram of Fe3O4 NPs (Figure 1) showed peaks at 30.1°, 35.7°, 43.3°, 53.9°, 57.5°, and 63.0°, corresponding to Miller indices of 220, 311, 400, 422, 511, and 440, respectively. This diffraction pattern suggests that the Fe3O4 NPs have a spinel structure (according to JCPDS No. 19-629) (Pîslaru-Dănescu et al., 2017). A similar diffraction pattern has been reported for Fe3O4 NPs in various studies on Fe3O4 NPs (Loh et al., 2008; Shagholani et al., 2015; Pîslaru-Dănescu et al., 2017). Using the Scherrer equation (Eq. 1), the crystallite particle size using the peak at 35.7° (311) was found to be 10.91 nm.
[image: image]
[image: Figure 1]FIGURE 1 | X-ray diffractogram of Fe3O4 nanoparticles.
D, [image: image], B and, ɵ in Eq. 1 represent the crystallite particle size, X-ray’s wavelength (0.154 nm), full width at full maximum (FWHM), and half of the diffraction angle (2 theta/2), respectively.
FT-IR Analysis
The FT-IR spectrum of Fe3O4 NPs (Figure 2) shows peaks at 565, 1,048, 1,348, 1,571, and 3,174 cm−1. The peak at 565 cm−1 suggests the presence of Fe-O bond in Fe3O4. Also, the absorption band at 565 cm−1 confirms the magnetite phase in the Fe3O4 NPs (Zavareh et al., 2017). The absorption band at about the same wavenumber has been reported for Fe-O in previously synthesized Fe3O4 NPs (Bertolucci et al., 2015; Pham et al., 2016; Zavareh et al., 2017). The absorption band at 3,174 cm−1 is probably due to the–OH stretching vibration from the water adsorbed on the surface of the Fe3O4 NPs (Pham et al., 2016). The absorption bands at 1,571 cm−1 is due to the–NH bending vibration of the–NH bond in the residual unreacted ammonia.
[image: Figure 2]FIGURE 2 | FT-IR spectrum of Fe3O4 nanoparticles.
UV-Visible Analysis
The UV-visible spectra of the Fe3O4 precursors depicted in Figure 3A show two peaks at 292 and 738 nm for FeCl3·6H2O and a single peak at the visible region (738 nm) for FeSO4·7H2O. The UV-visible spectrum of the Fe3O4 NPs presented in Figure 3B showed two strong absorptions at 386 and 634 nm. Although these absorption bands (in Fe3O4 NPs) are similar to FeCl3·6H2O, they emerged at different wavelengths (Figures 3A,B). The significant difference in the absorption wavelengths of the precursors and the Fe3O4 NPs suggests the successful synthesis of the nanoparticles. Noteworthy, the emergence of strong absorptions at the ultraviolet and the visible region has been reported for Fe3O4 NPs (Cao et al., 2015). Also, absorption peaks at about 386 nm have been reported for Fe3O4 NPs prepared using various precursors (Hu et al., 2014; Cao et al., 2015; Taka et al., 2019). The absorption band at 634 nm represents the plasmon resonance band.
[image: Figure 3]FIGURE 3 | UV-visible spectrum of (A) Fe3O4 NPs precursors (FeCl3·6H2O and FeSO4·7H2O) (in distilled water) and (B) Fe3O4 nanoparticles (in DMF).
SEM and TEM Analysis
Figures 4A,B shows the SEM image of the Fe3O4 NPs obtained at two different magnifications. The images obtained at high magnification (100, 000 X) (Figure 4A) show that the Fe3O4 particles are made of aggregates of spherical masses. At lower magnification (×20,000) (Figure 4B), the spherical particles appeared to form aggregates that give the entire Fe3O4 NPs a collective rough surface morphology. Interestingly, magnetic nanoparticles of similar surface morphology have been reported (Pîslaru-Dănescu et al., 2017). Using the SEM image obtained at higher magnification, an average particle size of 63.6 nm was calculated for the Fe3O4 NPs. The internal structure of the Fe3O4 NPs depicted on the TEM micrograph of these nanoparticles (Figure 4C) also confirmed the spherical nature of the individual particles and the aggregation of the Fe3O4 NPs. The average particle size of the nanoparticles obtained from the analysis of the TEM image (Figure 4D) is 11.8 nm. This value is close to the average crystallite particle size calculated from the X-ray diffractogram. The disparity between the particle sizes obtained from SEM and TEM is due to the difference in resolution of the microscopes used for both techniques.
[image: Figure 4]FIGURE 4 | SEM micrograph of Fe3O4 nanoparticles at (A) low magnification (×20,000) and (B) high magnification (×100,000). (C) TEM micrograph of Fe3O4 NPs and (D) Size distribution chart of Fe3O4 NPs in the TEM image.
Electrochemical Impedance Spectroscopy
Electrochemical characterization of the bare SPSE and SPSE/Fe3O4 was done using these electrodes for EIS studies in the presence of 1 mM EP (pH 7). Figure 5A shows the Nyquist plot of the bare and modified electrode in EP. Figure 5B depicts the equivalent circuit for fitting the EIS data. The values of the solution resistance (Rs), charge transfer resistance (Rct), constant phase element (CPE), and the Warburg impedance (W) used for the EIS circuit fitting have been itemized in Table 1. The Rct of the bare SPSE (8,005 Ω) dropped drastically after modification with Fe3O4 (145 Ω), suggesting an improvement in the ability of the electrode to support charge transfer after surface modification. This indicates that the Fe3O4 in SPSE/Fe3O4 improved the conductivity of the bare electrode, resulting in the better electrocatalytic activity of SPSE/Fe3O4 towards EP oxidation. A similar decrease in Rct and the attendant increase in the conductivity of electrodes after modification with nanoparticles has been reported in several studies (Zangeneh Kamali et al., 2014; Arani et al., 2019). The difference in Rct values of the electrodes also confirms the superior EP current response recorded at SPSE/Fe3O4 (with CV) relative to that of the bare electrode (Figure 6B). Also, the Warburg impedance (W) obtained at the low frequency end of the EIS spectra of the bare and modified electrode suggests a diffusive behavior around the electrodes (Vedalakshmi et al., 2009). Noteworthy, Yo and N in Table 1 represent the magnitude of the CPE and exponent of the CPE, respectively.
[image: Figure 5]FIGURE 5 | (A) EIS spectra of Bare SPSE and SPSE/Fe3O4 in 1 mM EP (pH 7, 10–1–105 Hz frequency range, 10 mV amplitude). (B) Equivalent circuit for fitting the EIS data in (A).
TABLE 1 | EIS parameters of bare SPSE and SPSE/Fe3O4.
[image: Table 1][image: Figure 6]FIGURE 6 | Cyclic voltammogram of Bare SPSE and SPSE/Fe3O4 in (A) 0.1 M PBS (pH 7), and (B) 1 mM EP (pH 7) (scan rate 25 mV s−1).
The electron transfer rate constant (ks) was calculated using Eq. 2 (Adekunle et al., 2010). R, T, n, A, and F in Eq. 2 represent molar gas constant (J mol−1 K−1), absolute temperature (K), number of electrons Figure 6B transferred, electrode surface area and Faraday’s constant (C mol−1), respectively. The ks values for bare and SPSE and SPSE/Fe3O4 were calculated as 1.01 and 21.28 s−1. This implies that the modification of bare SPSE with Fe3O4 drastically raised the electron transfer rate constant, resulting in the significantly higher current response recorded at SPSE/Fe3O4 relative to bare SPSE (Figure 6B).
[image: image]
Electroanalysis of Epinephrine
The electrochemical analysis of EP was done with bare SPSE and Fe3O4 NPs modified SPSE (SPSE/Fe3O4) in 0.1 M PBS (pH 7) at a scan rate of 25 mVs−1. Figure 6A shows the cyclic voltammogram of 0.1 M PBS (pH 7) at the bare and modified electrodes. These voltammograms revealed that no peak emerged after the analysis of the blank solution. In the presence of EP, the bare electrode showed only the anodic peak at 0.3 V. On the other hand, the modified electrode showed a prominent anodic peak at 0.32 V and a weak cathodic peak at −0.12 V (Figure 6B). The anodic peak current (Iap) obtained with bare and modified electrodes were 30 and 79 μA, respectively. The electroactive surface area of the bare and modified electrodes calculated from Randle Sevcik equation (Eq. 3) were 0.79 and 2.08 cm2, respectively. D, C, n, v, A, and i in Eq. 3 represent diffusion coefficient (cm2 s−1), concentration of EP (mol cm−3), number of electrons, scan rate (Vs−1), electrode surface area (cm2) and peak current (A), respectively. D was taken as 1.01 × 10–5 cm2 s−1 for EP in 0.1 M PBS (pH 7) and n = 2 as earlier reported (Wang et al., 2006). Noteworthy, the current response recorded at SPSE/Fe3O4 is about 2.6 times higher than that of the bare electrode. This significant increase in Iap at SPSE/Fe3O4 could be because the magnetic Fe3O4 nanoparticles increased the electroactive surface area of SPSE (as evident in the values of A for both electrodes). Such improved current response of screen-printed electrodes in the presence of neurotransmitters after modification with nanomaterials have been reported (Valentini et al., 2014; Jahani and Beitollahi, 2016; Beitollahi et al., 2018; Samie and Arvand, 2019). The increase in ks value of the electrode after modification with Fe3O4 NPs could have also contributed to the drastic increase in EP oxidation peak current at SPSE/Fe3O4 relative to bare SPSE.
Also, the CV of the electrodes in EP showed that a redox process was recorded at the modified electrode while only the oxidation of EP was achieved with the bare electrode (Figure 6B). This confirms that the magnetic nanoparticles on the bare SPSE offered a catalytic effect that supports both the EP’s oxidation and the reduction. The ratio of Iap and the cathodic peak current (Icp) recorded at the modified electrode gave a value of 3.43, which suggest a quasi-reversible redox process (since Icp is 23 μA).
[image: image]
The mechanism of EP redox process involves the two electrons and protons process depicted in Scheme 3. The quasi-reversible process in Figure 6B shows the formation of epinephrine quinone after the loss of two protons and electrons by the EP molecule for the oxidation reaction while the reverse occurs for the reduction process (Scheme 3).
[image: Scheme 3]SCHEME 3 | Redox reaction of epinephrine.
Effect of Scan Rate
The effect of scan rate on the EP current response at SPSE/Fe3O4 was investigated using cyclic voltammetry at a scan rate range of 25–400 mV s−1 at a pH of 7. There was an increase in Iap and Icp with every increase in scan rate (Figure 7A). In addition, the anodic peak potential (Eap) increases with the increase in scan rate (at lower scan rate) while the Eap slightly changes at higher scan rates (Figure 7C). Instead, the cathodic peak potential (Ecp) was almost constant with an increase in scan rate except for a few changes at lower scan rates. This peak potential and scan rate relationship is entirely different from the steady increase in Eap with an increase in scan rate reported in various studies (Valentini et al., 2014; Beitollahi et al., 2018). A linear relationship represented as Iap = −50.2933 + 16.4391 v1/2 was observed between the square root of the scan rate and the anodic peak current (Iap) (Figure 7B). The fact that this linear fit was obtained, especially at a higher scan rate (>200 mV s−1) suggests that the redox process at the modified electrode is a diffusion-controlled process. A similar mechanism has been reported for EP oxidation at modified electrodes (Wierzbicka and Sulka, 2016).
[image: Figure 7]FIGURE 7 | (A) Cyclic voltammograms showing the effect of scan rate (v) on EP oxidation at SPSE/Fe3O4 (1 mM EP at scan rate of 25–400 mV s−1, pH 7). (B) Plot of peak current against the square root of v and (C) Plot of potential against v.
Effect of Concentration
The effect of EP concentration on current response recorded at the modified electrode was investigated using SPSE/Fe3O4 for the analysis of EP with the square wave voltammetry (SWV) techniques at a pH of 7 (scan rate of 25 mV s−1). The SWV parameters used for this analysis include a potential step of 10 mV, 10 mV amplitude, and a frequency of 10 Hz. The voltammogram in Figure 8A represent the response of the modified electrode to change in EP concentration. The current response increased with an increase in concentration over a range of 9.99–83.8 μM (Figure 8B). The relationship between (I) and [EP] was linear over a range of 9.99–60.9 μM (Figure 8B). The regression equation representing the linear relationship between current (I) and [EP] using SWV is I = 17.4612 + 0.1376 [EP].
[image: Figure 8]FIGURE 8 | (A) Square wave voltammogram of EP redox process with EP concentration changes (9.99–83.8 μM) at 10 mV potential step, 10 mV amplitude, 10 Hz frequency, pH 7, and scan rate of 25 mV s−1. (B) Plot of current against [EP].
The detection limit obtained with the modified electrode is 19.3 μM. This detection limit is comparable to sensors previously fabricated for EP detection (Table 2). Specifically, the detection limit of the sensor is lower than the value reported for a sensor fabricated through the modification of GCE with poly ferulic acid and MWCNTs composite (da Silva et al., 2017). On the other hand, this sensor gave a wider linear range than some sensors earlier fabricated (Mphuthi et al., 2017). Noteworthy, the detection limit of the sensor was calculated using the formula 3.3 ɛ/m where ɛ and m represent the standard deviation of the intercept, and the slope of the regression equation, respectively.
TABLE 2 | Figures of merit of previous and present EP electrochemical sensors.
[image: Table 2]Simultaneous Detection of Epinephrine and Ascorbic Acid
The ability of the fabricated SPSE/Fe3O4 sensor to simultaneously detect epinephrine and ascorbic acid (AA) in a solution containing a mixture of these biomolecules was investigated. Essentially, the presence of AA in extracellular fluids (where EP can equally be found) is several orders of magnitude higher in concentration than EP. As a result, a mixture containing 1 mM AA and 0.4 mM EP at a pH of 7 was subjected to electroanalysis by the fabricated sensor using SWV (potential step of 10 mV, 10 mV amplitude, and a frequency of 10 Hz). The sensor was applied for the electroanalysis of AA to identify its oxidation potential. A peak representing AA was detected at 0.189 V. The analysis of the mixture of AA and EP showed peaks at 0.167 and 0.446 V, respectively (Figure 9). The peak separation between the peak potentials of these analytes (0.279 V) is wider than the value reported for some previously fabricated sensors (Salimi et al., 2004; Ren et al., 2006; Ghanbari and Hajian, 2017). This outcome suggests that the sensor is capable of discriminatory EP detection in the presence of AA.
[image: Figure 9]FIGURE 9 | Square wave voltammogram of 0.1 mM AA and a mixture of 0.1 mM AA and 0.4 mM EP at SPSE/Fe3O4 (10 mV potential step, 10 mV amplitude, 10 Hz frequency and pH 7).
Real Sample Analysis
The analysis of EP in chicken blood serum, breast muscle, spleen, kidney, and liver from chickens was done using the standard addition method. About 0.4 ml of the real sample was diluted with 15 ml of PBS. The EP in this unspiked sample and real sample solution was analyzed using the fabricated sensor. The data obtained (in triplicates) from the analysis of all real samples was highlighted in Table 3. The percentage recovery obtained (n = 3) for the Serum 1 (OR), Serum 2 (RIWB), ORBM, ORKID, ORLIV, RIWKID, RIWBM, RIWLIV and RIWBBS were 102.13, 100.38, 102.15, 107.10, 101.71, 108.09, 100.48, 106.79 and 98.33%, respectively. The % RSD for each recovery has been itemized in Table 3. Generally, the % RSD obtained from the analysis of the real samples is satisfactorily low. The data obtained from the real sample analysis also revealed that the fabricated sensor could be applied to detect EP in the blood serum and body fluid of an animal. The data from this analysis also confirm that the portable SPSE/Fe3O4 sensor can be used for EP real time point-of-care analysis. In addition, this sensor has the potential of serving as a reliable tool for EP detection in various extracellular fluids without elaborate sample preparation.
TABLE 3 | Real sample analysis data (n = 3).
[image: Table 3]Stability and Repeatability
The stability of SPSE/Fe3O4 in the presence of EP was investigated using 1 mM EP in PBS (pH 7) at 25 mV s−1. Figure 10 A depicts the current response of the modified electrode recorded after 16 cyclic voltammetry scans. The % RSD of the peak currents recorded for the 16 scans is 22.88%. The analysis of the voltammogram (Figure 10A) also shows that the electrode retained only 47.8% of its initial current after 16 scans. Compared to some other sensors that lost much smaller percentage of their initial current response after higher CV scans (Taleb et al., 2018; Immanuel and Sivasubramanian, 2020), this electrode is considered unstable. The repeatability of the sensor’s output was investigated by independent analysis of EP with the modified electrode (under the same condition deployed for the stability study) in three separate EP solutions (1 mM, pH 7). The electrode shows a high level of repeatability after the second attempt. This evident in the closeness of the current response recorded for the second and third attempt (Figure 10B) as well as the low % RSD recorded (11.9%) for the anodic current obtained after the three attempts.
[image: Figure 10]FIGURE 10 | (A) Cyclic voltammogram of 1 mM EP at SPSE/Fe3O4 over 16 scans (scan rate 25 mV s−1, pH 7) (B) Cyclic voltammogram of 1 mM EP at SPSE/Fe3O4 at three different attempts.
CONCLUSION
Facile fabrication of an electrochemical sensor through the modification of SPSE with Fe3O4 NPs (SPSE/Fe3O4) to detect EP in the chicken blood and extracellular fluid extracted from breast muscle, spleen, liver, and kidney of the chickens was conducted. The sensor gave a low detection limit and demonstrated suitability for EP detection in the presence of ascorbic acid. The high EP recovery from the real samples shows that the sensor can be applied for real-time analysis of EP in real-life samples. The wide difference between EP and AA peak potentials strongly indicates that the analysis of the two samples with this sensor can proceed without significant interference of one peak with the other. Therefore, this sensor could be considered for AA detection in future studies.
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