Electrochemically Assaying Dopamine with p-Doped Silicon Nanowires
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Neuroblastoma, a pediatric cancer, is characterized by high urinary excretion of dopamine (DA).  Silicon nanowires (SiNWs), which are nontoxic and known to resist surface fouling in biological samples, were investigated for practical use as working electrode materials to assay DA.  Undoped, p-doped, and n-doped SiNWs were deposited onto glassy carbon electrodes (GCEs) and used to measure DA in aqueous solution. Within this series, p-doped SiNWs had the highest sensitivity in the series and are the focus of this study. Optimum measurements were obtained at pH = 5.0. Cyclic voltammetry (CV) analyses of DA showed that oxidation at +0.4801 V vs Ag/AgCl provided the highest sensitivity and for chronoamperometry (CA) analysis.  A calibration curve using CA measurements showed a linear (R2 = 0.9896) range of 50–900 µM.  Randles-Sevçik analysis showed that the interaction of DA with the electrode surface was diffusion controlled reversibly with coefficients (D) equal to 2.77x10–5 and 2.01 x 10–5 cm2∙s–1 for the oxidation and reduction potentials, respectively.  The sensor was selective against uric acid, acetaminophen, H2O2, folic acid, and glucose.
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Introduction
Neuroblastoma (NB) is a type of cancer that forms in the adrenal gland and is mostly present in the central nervous, hormonal, renal, and cardiovascular systems. Out of 10,500 children (aged birth to 14 years), 630 will be diagnosed with NB with a 19% five-year mortality rate (Siegel et al. 2021). Dopamine (DA) is the most pronounced catecholamine in the neurotransmitter family of NB. Electrochemical techniques offer advantages over conventional techniques such as high-performance liquid chromatography (HPLC) and gas chromatography-mass spectrometry (GC-MS) in that they are more selective, cost-effective, and sensitive (Sajid et al. 2019). Prior work has been done using a sol-gel electrode (Khamlichi et al. 2017) and carbon nanotube-based composites (Kader and Chusuei 2020; Pandey and Chusuei 2022) for assaying DA in the 10-100 µM range.  Carbon-based electrodes are susceptible to surface fouling.  Russo et al. (2020) developed a procedure incorporating lubricin to the electrode surface to reduce fouling to improve sensing performance.  Similarly, Chandra et al. used a p-phenyl acetate film to modify carbon electrodes to reduce fouling to enable DA detection performance for in vivo conditions, which otherwise would result in a 90% signal reduction (Chandra et al. 2013). 
Silicon nanowires (SiNWs) have gained increased attention as these materials can be used for biological and chemical sensing as they are nontoxic (Nagesha et al. 2005). Unlike carbon-based electrode surfaces, they resist fouling in biological fluids owing to the fact that SiNWs are biorthogonal, i.e., electrode reactions take place without interfering with biochemical ones since silicon is not naturally occurring in biological components. Moreover, a thin SiO2 sheath that is spontaneously formed on SiNW surface is inert to most chemicals and minimizes fouling effects. Becce et al. (2021) demonstrated that SiNW coated electrode surfaces in the presence of bacterial cells neither resulted in cell population loss nor cell membrane rupture.  Due to these advantages offered by SiNWs, we explore their utility for the determination of dopamine.

Experimental
Material Preparation
Undoped, p- and n-doped silicon nanowires (SiNWs), 60 nm in diameter and 20 µm in length, were grown in a chemical vapor deposition (CVD) system at 900 ˚C and 600 Torr (80 kPa) of reactor pressure using a SiCl4/H2/N2 gas mixture. Growth of SiNWs was catalyzed by 60-nm Au nanoparticles randomly dispersed on Si(111) substrates functionalized with poly-L-lysine. BCl3 (2 % in N2) and PH3 (100 ppm in N2) gases were used as the p- and n-type dopants, respectively. The B/Si (P/Si) ratio in the gas phase was 310-3 (1.310-5) which resulted in the doping densities of > 1018 cm-3 (Sharma et al. 2013; Zhang et al. 2015). The SiNWs/Si(111) samples were cleaved into 2 mm x 10 mm fragments using a diamond scribe and sonicated in 0.5 mL of reagent grade isopropanol purchased from Fisher Scientific (Fair Lawn, NJ, USA) for 2 min to obtain a colloidal suspension of SiNWs.  The SiNWs were then drop-casted onto the surfaces of 5-mm diam glassy carbon electrodes (GCEs; Pine Research Instrument, Co., Raleigh, NC, USA), also performed previously in our lab (Pandey et al. 2018).  DA, phosphate buffer solution (PBS) at pH 7.0, uric acid (UA), folic acid (FA), acetaminophen (APAP), and glucose (Glu) were purchased from Sigma-Aldrich (St. Louis, MO, USA).  H2O2 was purchased from Fisher Scientific (Fair Lawn, NJ, USA).

Electrode preparation 
The GCE was polished using a 1.0-µm diameter Al2O3 slurry for 5 min, rinsed with Millipore water (Milli-Q water filtration system, Model Elix, USA), and then polished further using a 0.05-µm diameter Al2O3 slurry to get a mirror-like surface. The Al2O3 slurries were purchased from Buehler, Ltd (Lake Bluff, IL, USA). GCEs were then sonicated in a mixture of concentrated 1:1 ratio HNO3:H2O for 5 min and dried at room temperature. Aliquots of 10 µL SiNWs suspensions were drop-casted onto the GCEs and dried at room temperature, followed by the next 10-µL aliquot drop-casting and drying cycles to obtain higher SiNWs loads. A 10-µL aliquot of Nafion (2 wt% ) prepared in absolute anhydrous ethanol (Pharmaco-AAPER, Brookfield, CT, USA) was then deposited on the dry surface of the GCEs for encapsulation of SiNWs and dried in an oven at 80 ˚C for 15 min. Thus, the prepared Nafion/SiNW/GCE sensor was used as a working electrode for DA sensing. DA solutions at various concentrations were prepared in PBS solution and adjusted to the appropriate pH values for analysis using HCl and NaOH solutions and placed in the electrochemical cell. 
Characterization of p-doped SiNWs 
Scanning electron microscopy (SEM) was performed using a Hitachi S-3400 scanning electron microscope (Oxford Aztec INCA X-Act) using a 112 kV accelerating voltage, an 80-µA probe current, and a 100 µA emission current. X-ray photoelectron spectroscopy (XPS) was performed using a Perkin Elmer PHI 560 system (Eden Prairie, MN, USA) using a Mg Kα anode (energy of 1253.6 eV). A WaveNanoTM potentiostat (Pine Instrument Co.: Raleigh, NC, USA) was used to run cyclic voltammetry (CV) and chronoamperometry (CA). All electrochemical experiments were performed in a three-electrode electrochemical cell with Ag/AgCl (3.5 M KCl) reference electrode, Pt wire as the counter electrode, and Nafion/SiNW/GCE the working electrode. All the CVs were analysed using the potential voltage ranging from –1.0 V to +1.0 V under 50 mV∙s–1 scan rate. The potential voltage for CA analysis for the DA detection was based upon the optimum peak potential obtained from CVs analysis.  Randles-Sevçik analysis was performed by varying the scan rate between 10 and 100 mV∙s–1 and observing the CV peak maxima shifts for the redox of 1.0 mM DA in PBS.
Results and discussion
Figure 1 shows the CVs of Nafion/p-doped SiNWs/GCE, Nafion/n-doped SiNWs/GCE, and Nafion/undoped SiNWs/GCE in a 5 mM concentration of DA solution at pH 7.0. The cyclic voltammograms from undoped, n-doped, and p-doped SiNWs show oxidation peaks at +0.435, +0.664, and +0.634 V and reduction peaks at –0.025, –0.009, and +0.030 V, respectively.  
Control CV experiments showed no signal for dopamine on the bare GCE surface.  The redox reaction observed in the CV scans is a two-electron process, in agreement with observations by Kader and Chusuei (2020), with the oxidation peak at +0.4801V denoting the reduced DA; the reduction peak at –0.0025 V indicates the dopamine-o-quinone species.  We focus on p-doped SiNWs, which show a similar response to n-doped material, while it is significantly higher compared to undoped SiNWs. Figure 2 shows the redox properties from 0.1 mM to 10 mM that were studied at pH 7.0.  The oxidation peak maximum potential shifts to lower values (Figure 3) as the DA concentration decreases and stabilizes at 0.1 mM.  CV experiments were used as a benchmark for the more rapid CA measurements, which also have a greater longevity.  Four CV cycles can be made with the same SiNW electrode before detecting signs of diminishing current. A 50 mV/s scan rate and a 3-second data acquisition time translate to 1067 CA measurements of dopamine that can be performed before any signal degradation.  The optimum potential for CA analysis was at +0.4801V for oxidation. A pH dependence on signal sensitivity was observed with the highest peak at pH 5.0 for 10 µM DA. The CVs of 10 mM DA at various pH ranges from pH 4.0 to 7.0 are shown in Figures 3A and 3B to determine optimum conditions for detection.  Maximum CV amplitudes for the cathodic and anodic peak current were observed at pH 5.0. The CV peak amplitude decreased at pH values above and below this point.  To our knowledge, this is the first report of an efficacious use of doping of SiNWs to enhance catecholamine signal detection on the electrode surface.  
As compared to undoped SiNWs, the increased concentration of free carriers in the p-doped SiNWs resulted in higher electrochemical activity.  The n-type doping also enhanced electrocatalytic activity, albeit to a lesser degree than the p-doped SiNWs (Figure 1).  Given the overall isoelectric point of DA, which can be interpolated from the molecule’s acidity constants (pK1 = 9.05, pK2 = 10.58, and pK3 = 12.81) (Sánchez-Rivera et al. 2003), the molecule would be in its most protonated form at pH 5.0.  Using this condition, coupled with the fact that the point-of-zero charge of SiNWs is also at 5.0 (Chen et al. 2016), one may predict that n-doped SiNWs would exhibit a stronger electrochemical response (as compared to p-doping) to the DA analyte due to enhanced electrostatic attraction of DA to the electrode surface. The incongruity of this prediction with observations (Figure 1) indicates that surface charge is not a dominant role governing electrode sensitivity. Other factors, such as the acidity of the GCE surface and the density of edge plane sites, may play a role in the signal enhancement and are subjects for further study.           
SiNW loadings on the GCE were varied from 10-to-30 µL aliquot drop-castings with deposition occurring in 10-µL SiNW colloidal solution increments with drying in between successive applications (and finally capped with 2 wt% Nafion) onto the GCE surfaces.  The 20-µL drop-cast provided the maximum observed signal for DA (Figure S2, left-hand panel).  SEM images (n=10 samplings) of this surface that yielded optimum measurements (vide infra) showed an average density of 8.8 x 104 SiNWs per mm2 on the GCE.  The SiNWs were 16.3±1.5 µm in length (Figure S2, right-hand panel, is a representative SEM image).  The p-doped SiNW loadings above and below the total volume of 20-µL aliquot resulted in reduced current for DA detection. Adjusting for the atomic sensitivity factors (Wagner et al. 1981) for the core levels scanned, XPS analysis showed that the atomic percent composition the p-doped SiNWs/GCE electrodes used to assay DA was 0.013% silicon, 38.77% oxygen and 61.21% carbon from the normalized peak area intensities of Si 2p, O 1s and C 1s orbitals, respectively.  The C 1s binding energy (BE) peak at 284.7 eV denoting adventitious carbon (Bardi et al. 1992; Barr 1994) was used for charge referencing. 
Randles-Sevçik analysis showed a linear relationship of measured cathodic and anodic currents with the square root of the scan rates.  Figure S4A shows the raw CV data with current amplitude changing with the overall scan rate. The symmetric CV lineshapes indicate a reversible redox process following the relation (Zanello 2003): 
Ip = 2.69x105 A∙D1/2∙n3/2∙Co, where A is the electrode surface area in cm2, D is the diffusion coefficient in cm2∙s–1, n is the number of electrons, and C0 is the bulk DA solution concentration in mol∙cm–3.  Calculations from least squares plots show Dox = 2.77x10–5 cm2∙s–1 for oxidation (R2=0.9859), and Dred = 2.01 x 10–5 cm2∙s–1 (R2 = 0.9783) for the reduction peak (Figure S4B). The oxidation signal was 1.4 times greater than that for reduction.  
From the raw CA data (Figure 4A), a linear calibration curve was achieved using using the +0.4801V oxidation potential, measuring DA concentrations from 50 to 900 µM (Figure 5B) at pH = 5.0 where the DA sensitivity was shown to be at a maximum from the CV measurements (Figure 3). The linear equation of the calibration curve followed the relation: Ip (µA) = 71.173 (µA/mM) – 4.071 (R2 = 0.9896). 
The selectivity of the Nafion/p-doped SiNW/GCE was also demonstrated using CA. Depositions of DA along with the mentioned various interfering biological analytes at predetermined time intervals are shown in Figure 5. Urinary excretions contain several biological compounds with specific concentrations, which may interfere with the NB screening. UA, excreted metabolite from the kidneys, is a major interferent in urinalysis along with folic acid (FA, vitamin B12), ascorbic acid (AA, vitamin C), H2O2 (an oxidative stress marker) (Long et al. 1999), glucose (Glu), and acetaminophen (APAP), a commonly used analgesic. CA was performed to examine the selectivity of the p-doped SiNWs against these artifacts. Figure 5 shows the CA the response of the SiNWs at +0.4801 V oxidation potential versus Ag/AgCl upon the consecutive 1 mM injections of DA, UA, APAP, H2O2, FA, Glu, and DA, respectively, into the electrochemical cell. 

Conclusions
In summary, GCEs modified with p-doped SiNWs provided selective and sensitive electrochemical detection of DA in phosphate buffer solution at pH 5.0. The oxidation current of CVs was higher as compared to that of reduction. The p-doped SiNWs also showed a clear increase in current with the increase in DA concentration within the range from 50 to 900 µM by CA analysis with a limit of detection of 23 µM. The Nafion/p-doped SiNWs/GCE sensor is selective towards DA detection in the presence of UA, APAP, H2O2, FA, and Glu.  Under realistic conditions, ions in urine (which vary between individuals based on diet, age, and overall health) will have an estimated ionic strength of approximately 0.233 M, according to Udert et al. (2006).  Applying the extended Debye-Hückel equation at ambient conditions (Harris 2013), and a +1 charge for DA in its protonated state under acidic conditions, and a 0.088 pm diam (Cruickshank et al. 2013), the calculated activity coefficient is ~0.567. Noteworthy is that the measured activities would be approximately 60% of the DA concentration in the application of this sensor for urinalysis applications.
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Figure 1. Cyclic voltammograms of undoped, n-doped, and p-doped SiNWs 5.0 mM DA in pH  7.0 PBS using a 50 mV∙s–1 scan rate
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Figure 2. Cyclic voltammograms at the Nafion/p-doped SiNWs/GCEs for dopamine at concentrations from (A) 10 mM to 1 mM; and (B) 3 to 10mM.
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Figure 3. Influence of pH upon the cyclic voltammetric response to 10mM of dopamine from (A) pH 4.0 to pH 5.5 and (B) pH 6.0 to 7.0.
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Figure 4. (A) Chronoamperometric response of Nafion/p-doped SiNWs/GCE toward dopamine in pH 5.0 PBS. (B) Linear calibration relationship of current as a function of the dopamine concentration.
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Figure 5. Selectivity of dopamine (DA) showing the chronoamperometric response of p-doped SiNWs at  +0.4801 V in PBS at pH 5.0 for 1mM injections of dopamine, uric acid (UA), acetaminophen (APAP), H2O2, folic acid (FA), glucose (Glu), and dopamine, respectively.
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