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Abstract

:

In this study, we reported the construction of Gold Nanospike (AuNS) structures on the surface of screen-printed carbon electrode (SPCE) used for non-enzymatic electrochemical detection. This modification was prepared with a one-step electrodeposition method by controlling the electrodeposition parameters, such as applied potential and deposition time, via Constant Potential Amperometry (CPA). Those parameters and precursor solution concentration were varied to investigate the optimum electrodeposition configuration. The results confirmed that AuNS were homogenously deposited and well-dispersed on the working electrode surface of SPCE. The AuNS-modified SPCE was implemented as a non-enzymatic sensor toward dopamine and could enhance the electrocatalytic ability compared with the bare SPCE. Further examination shows that the sensing performance of the AuNS-modified SPCE produced an increase in electrochemical surface area (ECSA) at 17.25 times higher than the bare electrode, a sensitivity of 0.056 µA mM−1 cm−2 with a wide linear range of 0.2–50 µM and a detection limit of 0.33 µM. In addition, AuNS-modified SPCE can selectively detect dopamine among other interfering analytes such as ascorbic acid, urea, and uric acid, which commonly coexist in the body fluid. This work demonstrated that AuNS-modified SPCE is a prospective sensing platform for non-enzymatic dopamine detection.
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1. Introduction


Electrochemical-based detection provides relatively low-cost instrumentation, performs rapid response acquisition, and allows real-time and on-site monitoring that could be used as point-of-care (POC) testing [1]. However, overlap potential oxidation windows toward molecules in body fluids, such as dopamine, ascorbic acid, and uric acid on non-modified electrode surfaces, become the issues in developing non-enzymatic-based electrochemical sensors [2]. The problems can be overcome by applying noble metal nanomaterials as electrocatalysts. Noble metal nanoparticles, such as Pd [3,4,5], Ag [6,7], Pt [8,9,10], and Au [11,12], have been applied in the development of electrochemical-based sensing to enhance the catalytic reaction. Au nanoparticles are extensively studied as potential modification materials for electrochemical sensing for their biological compatibility, fast electron transfer due to excellent electrical conductivity, and high chemical stability [13]. Moreover, research shows that the size effect of Au nanostructure can enhance the conductivity and electron transfer ability since it has a high surface-to-volume ratio and high surface energy [14,15]. These properties of Au nanostructure would be expected to meet the requirement of on-enzymatic sensing.



Electrode modification by Au nanostructure is generally prepared by the drop-casting method, in which the synthesized Au nanostructure is directly dropped on top of the working electrode. The Au nanostructured synthesized process can be conducted using either chemical (seed-mediated approaches), physical (the use of radiation), biological (the use of microalgae or fungi), or hybrid method [16]. Another strategy for electrode modification using Au nanostructured is electrodeposition using specific precursors [17]. Compared with the drop-casting method, the electrodeposition method has the excellencies of ease in modification with a rapid and straightforward process without any particular condition. Furthermore, the homogeneity of deposition results can significantly enhance and minimize the final result’s potential impurities due to the usage of many materials needed [18]. This method can also produce varied morphology by controlling electrodeposition parameters, including working potential, deposition time, and addition of growth direction agent.



Nanostructures of noble metals, such as gold or silver, have been introduced for several sensing applications [19,20,21]. Nevertheless, the gold nanostructure construction still faces challenges such as low yield, uniformity issues, and laboriousness. One of the well-known methods for gold coating in the sensing electrode is the electrodeposition technique [22]. Ren et al. introduced the Au nanostructuring electrodeposition to detect Arsenic contamination [22]. In addition, an electrodeposition technique for the construction of an Au hexagonal structure was proposed by Liu et al. for surface-enhanced Raman scattering (SERS). It was reported that the electrodeposition technique for SERS substrate fabrication was also reported by Yao et al. for forming gold nanoparticles modified graphdiyne/carbon cloth. It was reported to detect the rhodamine 6 G (R6G) down to subfemtomolar concentration with an enhancement factor of more than 2 × 1012 [23]. While for electrochemical biosensing, Madhu et al. and Sun et al. recently reported the electrodeposition methods to produce highly unique gold nanostructures [24,25].



It is known that Au nanostructures with different morphology would provide different performances in electrochemical sensors [26]. Particular morphology, such as pyramidal, rod, spherical, nanodendrite, and nanocoral, has been successfully produced using electrodeposition [27,28]. Au nanospike (AuNS), one potential candidate for electrochemical application, has attracted much attention since the properties of the dominant crystal orientation of (111) produce a high electrocatalytic ability [29]. In addition, numerous active facets (311) on AuNS indicate a surface comprising enormous atomic steps and a kink to increase active sites for the electrochemical experiment [28]. However, up to this point, the electrochemical-based detection of dopamine using the application of AuNS has not been reported.



Monitoring dopamine levels in body fluid is crucial, taking note that the abnormality of the dopamine level is strongly correlated with neurology disorders that affect physiological disorders, such as Parkinson’s, schizophrenia, attention deficit hyperactivity disorder (ADHD), and Alzheimer’s disease [30,31]. In addition, research findings recently have highlighted the importance of dopamine level effect on posttraumatic stress disorder (PTSD) [32]. The need for dopamine sensors becomes essential for early detection and for those who need to monitor regularly. The main challenges of dopamine detection are the demand for high sensitivity and selectivity due to low dopamine concentration in body fluid and the presence of many substances which coexist in the sample as interferences [33]. Most studies on developed dopamine sensors rely on electrochemical-based detection noting that dopamine is a redox-active molecule that can be easily oxidized without using an enzyme, bioligand, or any other probes [34,35], thus opening the chances for the non-enzymatic electrochemical sensor.



In this work, we developed the simple and clean electrodeposition of AuNS on the electrode to apply non-enzymatic detection toward dopamine. We have conducted several optimizations of electrodeposition parameters to obtain optimal configuration results. The homogenous and precise structure of AuNS provides a high enhancement to electrocatalytic performance. Screen-printed carbon electrode (SPCE) was chosen as the type of electrochemical electrode with consideration of the distinction, such as the potential for portable testing, simplicity, ease to use, and cost-effective fabrication so that befitting for mass production [36]. Furthermore, interference substances such as ascorbic acid, uric acid, and urea were examined and effectively distinguished toward the dopamine range of detection. With those outcomes, this paper shows excellent sensing performance in developing sensitive, selective, portable, cost-effective, and mass-producible electrochemical-based dopamine detection.




2. Materials and Methods


The Sulfuric Acid (H2SO4) 95–97%, gold (III) chloride trihydrate (HAuCl4·3H2O), Phosphate Buffered Saline (PBS) (pH 7.4 at 25 °C), Potassium Chloride (KCl) solution, Hydrochloric (HCl) Acid Fuming 35%, Dopamine Hydrochloride (C8H12ClNO2), Ascorbic Acid (C6H8O6), Urea (CH4N2O), and Uric Acid (C5H4N4O3) ≥ 99% powder were obtained from Merck. All the chemicals mentioned earlier were analytical grade. Analyte (Dopamine, AA, UA, and urea) solutions were prepared using 0.1 M HCl. All aqueous solutions were prepared using sterilized distilled water. The Hyper-Value Screen-Printed Carbon Electrode (SPCE) was purchased from Zimmer Peacock, Ltd. (Coventry, UK). The electrode was made of carbon, silver/silver chloride (Ag/AgCl), and silver for the working electrode, reference electrode, and counter electrode, respectively.



All the electrochemical procedures, including electrodeposition and electrochemical measurements, were carried out using a super flexible USB-powered mini electrochemical workstation Ana Pot Potensiostat from Zimmer Peacock, Ltd. The Hitachi SU3500 Scanning Electron Microscope (SEM) was used for the morphology characterization of Au nanostructures deposited on the SPCE working electrode. In addition, material characterization was also performed using JIB-4610F Field Emission Scanning Electron Microscope (FE-SEM) and X-Ray Diffractometer (XRD) Smartlab Rigaku for more detailed observation.



Before the experiment, the electrode activation procedure was carried out to the SPCE by doing repeated potential cycling in a 0.5 M H2SO4 solution at a potential range of 0.9 to 1.5 V vs. Ag/AgCl. Then, SPCE is ready for electrodeposition procedure or electrochemical measurement. The deposition solution consists of a particular concentration of HAuCl4 as a precursor in 0.1 M KCl [37]. The electrodeposition was performed using a constant potential amperometry (CPA) method, where immersed SPCE in a precursor solution and applied certain electrodeposition conditions, such as deposition potential and deposition time. The variation of deposition parameters was conducted to obtain optimum performance. The resulting SPCE was left to dry at room temperature for about 30 minutes and was thoroughly rinsed using PBS solution to remove the deposition materials, which are not entirely deposited. Au-modified SPCE is then ready to be examined for morphology characterization and electrochemical surface area (ECSA) calculation by electrochemical analysis (redox peak current on 0.5 M H2SO4). All experiments were carried out at room temperature.



In this work, we investigated the catalytic performance of the Au-modified SPCE toward the oxidation of dopamine. The SPCE fabricated under the optimal deposition configuration was used to identify the improvement of electrocatalytic ability, sensitivity, limits of detection, and selectivity. The non-enzymatic dopamine detection was performed using cyclic voltammetry (CV), differential potential voltammetry (DPV), and constant potential amperometry (CPA). In addition, uric acid (UA), ascorbic acid (AA), and urea were added as interference materials for the selectivity test.




3. Results and Discussion


3.1. Characterization of the AuNS Morphology


3.1.1. The Effect of the Electrodeposition Potential


Applied potential in electrodeposition is crucial in controlling deposited materials’ morphology [26]. Electrodepositions with the potential of −0.3 to +0.1 V vs. Ag/AgCl were conducted for the 1200 s in a 10 mM HAuCl4 and 0.1 M KCl solution to investigate the effect of Au morphology on the SPCE surface. The Au morphologies are depicted in Figure 1. As shown in Figure 1A, the potential of +0.1 V vs. Ag/AgCl produces dispersed Au flower-like in micrometer-sized spike-like nanostructures. The dark part in the image refers to the carbon working electrode surface. Under an applied potential of +0.05 V vs. Ag/AgCl (Figure 1B), the flower-like Au structures remain unchanged but dispersed denser. When the applied potential decreased to negative, the flower-like structures disappeared and formed uniform Au nanospike (AuNS) structures all over the carbon surface (Figure 1C). The more negative the applied potential, the AuNS is slightly thicker, as shown in Figure 1D,E. In addition, the surface coverage increases until almost entirely covered by AuNS at an applied potential of −0.1 V vs. Ag/AgCl. Further decreased to −0.3 V vs. Ag/AgCl (Figure 1F), the Au crystallinity is an overgrowth, which produces several non-uniform structures over the gold nano spikes formation.



At a positive potential, the current recorded during deposition is very small compared to the current at the negative applied working potentials, making the nucleation rate slower. This effect causes only a tiny number of nucleus crystals to be formed, which is continued in the growth process into larger particles and is less frequent [38]. Meanwhile, the more negative the potential, the greater the reduction current produced. As a result, the reduced nanomaterial becomes denser due to the increased rate of the growth process for forming Au nanostructures [39]. These results indicate that the applied potential significantly affects the deposited Au morphology in the electrodeposition method.



The electrochemical properties of the Au nanostructure-modified SPCE were investigated using a 0.5 M H2SO4 solution, as shown in Figure 2A. The anodic response starting from 1.0 V vs. Ag/AgCl and the cathodic peak at around 0.65 V vs. Ag/AgCl was associated with forming Au oxide on the carbon surface and reducing the oxide from the forward scan, respectively. For comparison, the typical response of Au nanostructure deposited on Glassy Carbon Electrode is at 1.1 V vs. Ag/AgCl for oxidation and 0.9 V vs. Ag/AgCl for the reduction peak [29]. Different types of electrodes affect the peak potential of the reaction but still produce a similar oxidation/reduction profile. In addition, the integral area of the reduction peak represents the charge required to reduce the Au oxide layer, thereby can be used to calculate the ECSA of the modified electrode surface. ECSA for each electrodeposition potential can be estimated, as shown in Figure 2B. Note that the charge density required to reduce monolayer oxygen is 0.390 mC/cm2 [40]. In line with the SEM characterization, Au electrodeposition produced at −0.2 V vs. Ag/AgCl exhibits the highest ECSA (0.716 cm2). The oxidation of dopamine characterized the catalytic performances of the modified SPCE. Figure 3 shows the Differential Potential Voltammograms of the 1 mM dopamine in 0.1 M HCl. HCl solution was used as the electrolyte as dopamine has the best stability in acidic aqueous solution compared with neutral or basic solution [41]. The dopamine oxidation peak appears approximately at 0.45 V vs. Ag/AgCl attributed to the reaction as written in Scheme 1.



The trend of the peak current from each different electrodeposition potential toward dopamine is slightly different from the ECSA trend. However, the highest catalytic performance is obtained by modified SPCE prepared at −0.2 V vs. Ag/AgCl. Therefore, it concludes that the optimum potential electrodeposition is −0.2 V vs. Ag/AgCl, which will be used in further experiments.




3.1.2. The Optimization of Deposition Time and Precursor Concentration on the AuNS-Modified SPCE


The optimum deposition time was determined by electrodeposition at −2.0 V vs. Ag/AgCl in a 10 mM HAuCl4 and 0.1 M KCl solution by 60, 300, 600, 900, 1200, 1500, and 1800 s. The resulting morphologies are shown in Figure 4. At 60 s, the initial gold formation on the SPCE surface from the precursor solution has begun with a well-dispersed nanometer-sized tetrahedral shape (Figure 4A). The tetrahedral gold nanostructures remained and grew bigger when extended until 300 s, shown in Figure 4B. However, after 600 s, the gold nanostructures change and become spiky surfaces (Figure 4C). When the deposition time increased, the gold nanospike deposited was denser (Figure 4D). The carbon surface was well-covered at 1200 s (Figure 4E). When the deposition time is 1500 and 1800 s, it can be found that the spike-like deposited gold was over-growth, which indicates the excess gold deposition at the SPCE surface (Figure 4F,G). Therefore, it can be concluded that the gold electrodeposition is time-dependent and requires 1200 s to cover the entire working electrode surface. Compared with other research, Shu’s [37] study requires 5400 s to cover the GCE working electrode with Au nanoparticles via the electrodeposition method. Therefore, SPCE in this study delivers a more efficient way to produce modified electrodes with gold nanostructures by electrodeposition.



As in the previous experiment, we analyzed the electrochemical properties of modified SPCE by different deposition times using a 0.5 M H2SO4 solution. Figure 5A shows the cyclic voltammogram and the correlation curve of the reduction peak current towards deposition time (inset). Along with the increasing deposition time, the surface area of active sites on gold-modified SPCE is continuously enhanced. After 1200 s, the surface area enhancement is not significant anymore and tends to be saturated in 1800 s. This result corresponds with the SEM images, which indicate that deposition around 1200 s produces maximum surface coverage due to the limited working electrode surface area. The later deposition exhibits stacking deposition of a gold nanostructure, which is not significantly advantageous to electrochemical property enhancement. In conclusion, 1200 s is considered the optimum deposition time in this study.



The other parameter that affects the electrodeposition product is the concentration of the precursor. The HAuCl4 concentration of 2, 4, 6, 8, 10, and 12 mM was used in the 1.5 mL of deposition solution with 0.1 M KCl under an applied potential of −0.2 V vs. Ag/AgCl for 1200 s. The Au-modified SPCE with different HAuCl4 concentrations was characterized using 0.5 M H2SO4, as shown in Figure 5. It is found that the ECSA of the modified SPCE is significantly influenced by the variation of HAuCl4 concentration, especially in between the interval 4–10 mM. When the concentration was increased to 12 mM, the peak current obtained was not improved compared with the 10 mM. It indicates that at 1200 s, the 10 mM of HAuCl4 in 1.5 mL deposition solution is sufficient to cover the active area of the carbon electrode. In conclusion, from the morphology and electrochemical performance above, the optimal configuration to conduct Au nanostructure electrodeposition onto the SPCE is using 10 mM HAuCl4 for 1200 s at an applied potential of −0.2 V vs. Ag/AgCl.




3.1.3. FE-SEM and XRD Characterization on the AuNS-Modified SPCE


After the optimum electrodeposition parameters for forming AuNS-modified SPCE were obtained, the electrodes were characterized using FE-SEM, as shown in Figure 6. From the image, a more explicit depiction of the nanospike morphology, which tends to be a random shape, with the diameter of the sharpest spike being around 59.58 nm. By being modified into nano spikes, the surface area of the working electrode was significantly increased up to 0.716 cm2. For more information, SPCE has a working electrode with a geometric area of 0.0415 cm2. Thus, the electrode surface area increases 17.25 times higher with the modification of AuNS. The enhancement is essential to make AuNS-modified SPCEs have excellent electrocatalytic abilities.



The following characterization was an XRD measurement to determine the crystallinity of AuNS. Due to equipment limitations, the scanned area is large enough that the peak results included in Figure 7 are attributed to the modified carbon working electrode, silver/silver chloride reference electrode, a silver counter electrode, and SPCE substrate. It can be observed that the AuNS material has 5 peaks of Au, and their intensity is compared with the peaks in the database (red line). The intensity of the sample in the (111) field is higher than the intensity of the standard database, while the other 4 fields have a lower intensity than the standard. The result shows that the dominant AuNS growth produces facets in the (111) direction with lower growth in other facets.





3.2. Electrocatalytic Activity of the AuNS-Modified SPCE towards Dopamine Detection


3.2.1. Electrochemical Measurement towards Dopamine


The cyclic voltammetry (CV) measurement was conducted to compare the performance of bare SPCE and the optimized AuNS-modified SPCE towards dopamine oxidation and reduction reaction using the 1 mM dopamine in 0.1 M HCl solution, as shown in Figure 8A. The current response of AuNS-modified SPCE is significantly improved and exhibits the shifting of working potential to negative potential. The signal enhancement is attributed to the high active site area and electrocatalytic ability of the AuNS towards dopamine. Anyway, the potential shifting indicates the improvement of electrocatalytic activity, so it becomes easier to oxidize dopamine [29]. Furthermore, the peak potential shifting slightly allows the electrode to distinguish the working potential of the dopamine oxidation among the coexisting interference considering that it is usually oxidized in the adjacent potential [2]. In addition, the peak-to-peak separation (ΔE) becomes narrower, showing an increase in the electron transfer rate due to an enhancement in the electroactive surface area of the modified electrode [11]. The reversibility of dopamine oxidation and reduction can be found using this measurement by observing the peak current of forward and backward scanning. As a result, the AuNS-modified SPCE performed better reversibility than the bare SPCE. The DPV measurement using bare SPCE and AuNS-modified SPCE is also conducted (Figure 8B) to support the analysis, which shows the enhanced and shifted peak corresponding with the CV result.




3.2.2. Effect of the Potential Scan Rate Variation


The CV measurement of 1 mM Dopamine using AuNS-modified SPCE was conducted at a potential scan rate of 25–200 mV/s. It turns out that the peak current rises proportionally to the potential scan rate (Figure 9A) with a slightly shifted positively for the oxidation peak, while the reduction peak is shifted to the negative potential. It shows that the electrochemical activity of dopamine follows Nernstian behavior and indicates that the faster scan rate will facilitate fewer occurred redox reactions [42]. Figure 9B points out the linear relation between the square root of the potential scan rate and the peak current with the linear equation, as seen in Equations (1) and (2) for anodic and cathodic peaks, respectively. The linearity indicates that the diffusion-controlled reaction dominates dopamine’s electrochemical detection [43].


   J     (   μ A  /   cm  2   )  = 55.98  υ  − 29.22  



(1)






   J     (   μ A  /   cm  2   )  = − 45.54  υ  − 7.12  



(2)








3.2.3. Sensitivity and Linearity of the AuNS-Modified SPCE for Dopamine Concentration


The amperometry measurement of the variation of dopamine concentration was investigated using the detection potential obtained by the previous CV measurement, which is +0.45 V vs. Ag/AgCl (Figure 10A). Dopamine solution with different concentrations ranging from 0.2 µM to 50 µM was examined sequentially for every 60 s. It is expected to produce a linear response between the concentration and the steady current signals. Figure 10B shows a calibration curve with a wide linear range from 0.2 µM to 50 µM, having a correlation coefficient of 0.994 and a calculated selectivity of 0.056 µA µM−1 cm−2. Noting that the dopamine level in urine is 0.3–3 µM [6], the developed electrode in this work meets the requirement to be used as a dopamine sensor. The limit of detection (LOD) and the limit of quantity (LOQ) are estimated using Equations (3) and (4), noting that σ refers to the standard deviation of y-intercepts of the calibration curve. In contrast, S refers to the curved slope. It is calculated as 0.33 µM and 1.1 µM for LOD and LOQ, respectively. The comparison of the electrode performance modified by gold nanostructures has been listed in Table 1. Currently, none of the literature presents gold nano spikes for the non-enzymatic detection of dopamine using SPCE. As written in the table, it can be concluded that using SPCE instead of conventional electrodes such as GCE and ITO also demonstrates good performance of its sensing ability against dopamine. In addition, compositing AuNS with other promising materials as sensor modification materials can be considered for further development, considering that these additions can potentially enhance sensor detection capabilities.
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3.2.4. Selectivity of the AuNS-Modified SPCE Dopamine Sensor


Dopamine detection using the electrochemical method is challenging due to the coexisting substances with usually adjacent oxidation potential, which is likely to interfere with the dopamine signals. The organic substances are ascorbic acid (AA), uric acid (UA), and urea. DPV measurement was performed for each substance and the all-mixed substance to demonstrate the selectivity of the AuNS-modified SPCE toward dopamine in an acid environment (0.1 M HCl). The AA, UA, and urea concentration used in this experiment are 1 mM, 1 mM, and 10 mM, noting that the average levels in the urine are 0.1–2.6 mM, 0.14–0.47, and 2.5–6.5 mM, respectively [51,52,53]. Figure 10c shows that the interference substances are not detected in the detection range of dopamine. AA and UA generate oxidation currents in DPV measurements at the potential of 0.3 V vs. Ag/AgCl and 0.6 V vs. Ag/AgCl, while urea cannot be oxidized using AuNP-modified SPCE. The investigation of the mixed solution of all substances produces a similar peak current compared with the dopamine-only solution. It concludes that AuNS-modified SPCE could clearly suppress the interference effect and selectively detect dopamine in an acid environment (pH 1).






4. Conclusions


In this work, AuNS were successfully developed on the working electrode surface of an SPCE using a one-step electrodeposition method via Constant Potential Amperometry. Previous experiments imply that applied potential and electrodeposition duration could significantly control the deposited morphology. Electrodeposition of gold nanostructure using the applied potential of −0.2 V vs. Ag/AgCl for the 1200 s in 10 mM precursor is the optimum configuration to produce well-dispersed AuNS on the carbon working electrode surface. According to the enhancement of the surface area and the nanospike morphology on the AuNS-modified SPCE, dopamine oxidation sensing capability is significantly improved. The AuNS-modified SPCE could perform a wide linear range from 0.2 µM to 50 µM with a sensitivity of 0.056 µA mM−1 cm−2 and a limit of detection of 0.33 µM for dopamine detection. In addition, in terms of selectivity, the AuNS-modified SPCE could suppress the interference effect caused by Uric Acid, Ascorbic Acid, and Urea. These results infer that AuNS-modified SPCE has the potential to be used as a non-enzymatic dopamine detection sensor.
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Figure 1. SEM images of electrodeposited Au nanostructure at potentials deposition of (A) +0.1 V, (B) +0.05 V, (C) −0.05 V, (D) −0.1 V, (E) −0.2 V, and (F) −0.3 V (vs Ag/AgCl). The coverage of the AuNS over the SPCE can be achieved using negative potentials (C–F). 
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Scheme 1. The gold nano spikes on screen-printed carbon electrodes for dopamine detection incorporated with oxidation-reduction reaction. 
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Figure 2. (a) Cyclic voltammograms of Au nanostructured-modified SPCE in a 0.5 M H2SO4 solution. Inset shows the correlation curve between the reduction peak current with electrodeposition applied potential; (b) ECSA value for each SPCE with different electrodeposition applied potential. 
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Figure 3. DPV voltammograms of Au nanostructured-modified SPCE in a 1 mM dopamine in 0.1 M HCl Solution. The inset shows the correlation curve between the oxidation peak current with electrodeposition. 
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Figure 4. SEM images of electrodeposited Au nanostructure at various deposition times: (A) 60 s, (B) 300 s, (C) 600 s, (D) 900 s, (E) 1200 s, (F) 1500 s, and (G) 1800 s. 
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Figure 5. Cyclic voltammogram of AuNS-modified SPCE on the variation of (a) deposition time and (b) precursor concentration measured in 0.5 M H2SO4. The inset shows the correlation curve of the reduction peak current towards (a) deposition time and (b) precursor concentration. 
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Figure 6. SPCE/AuNS working electrode surface prepared with optimal configuration (applied potential of −0.2 V vs. Ag/AgCl for 1200 s using a precursor of 10 mM) characterized with FE-SEM with the magnification of 50,000×. 
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Figure 7. SPCE/AuNS working electrode surface prepared with optimal configuration (applied potential of −0.2 V vs. Ag/AgCl for 1200 s using a precursor of 10 mM) characterized with XRD. 
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Figure 8. (a) CV and (b) DPV results of the AuNS-modified SPCE of 1 mM dopamine in 0.1 M HCl. 
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Figure 9. (a) CV results of the scan rate variation of 1 mM dopamine in 0.1 M HCl of AuNS-modified SPCE and (b) the linearity curve between the square root of the potential scan rate and the anodic-cathodic peak current. 
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Figure 10. (A) CPA results for dopamine concentration ranging from 0.2 µM to 50 µM in 0.1 HCl solution at a constant potential of 0.45 V. (B) the calibration curve of AuNS-modified SPCE towards dopamine. (C) DPV measurements for selectivity test of 1 mM dopamine, 1 mM AA, 1 mM UA, 10 mM urea, and the mix of the mentioned solution. 
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Table 1. Sensing performance comparison with published works regarding Au-based dopamine electrochemical sensing.
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	Material
	Linear Range (µM)
	Limit of Detection (µM)
	Detection Technique
	Ref.





	Gold electrode/GNF
	1.0–150
	0.2
	DPV
	[44]



	PET/Au thin film/GNC
	0.2–500
	0.06
	CPA
	[45]



	Au/SAMs/AuNRs
	10–60
	7.76
	SWV
	[46]



	PIG/CR-GNP
	0.4–56
	0.042
	CPA
	[47]



	ITO/CAuNE
	1–100
	5.83
	CV
	[48]



	GCE/Au/rGO
	6.8–41
	1.4
	DPV
	[49]



	GCE/Au-SiO2
	10–100
	1.98
	DPV
	[50]



	SPCE/AuNS
	0.2–50
	0.33
	CPA
	This work







GNF = gold nanoflower; GNC = gold nanocoral; AuNRs = Au nanorods; SAMs = self-assembled monolayer; CR-GNP = curcumin functionalized gold nanoparticle; PIG = paraffin wax impregnated graphite; CAuNE = cylindrical gold nanoelectrode; rGO = reduced graphene oxide; GCE = glassy carbon electrode; ITO = indium tin oxide.
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