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    Abstract


    An array of micro/nanoelectrodes offers most of the advantages of single micro/nanoelectrodes, but with the added benefit of a higher total current output and increasing sensitivity. This work reports the analytical performance of a gold electrode modified with a Mn(III) porphyrin nanobar-film (NBMn-PPh) employed for the sensitive determination of Ascorbic Acid (AA) at pH = 7.4 in the presence of always coexistence interferences Dopamine (DA) and Uric Acid (UA). The electropolymerized PPh film demonstrate a dense random array of nanobars with diameter of 50-70 nm at the surface of gold electrode. Two anodic peaks was appeared at 260 and 380 mV due to direct and catalytic oxidation of AA, respectively, that the catalytic peak being more sensitive than the first one. The good sensitivity of sensor can be concluded by physical reasons other than changes in the electrode kinetic. The great number of nanoparticles results in induces thin-layer cell effect at the interface of electrode/electrolyte. The hydrodynamic amperometry at rotating modified-electrode was used for the determination of tryptophan in the range of 0.2-0.8 µM. The detection limit was found to be 8.4 nM based on S/N = 3.
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    Introduction


    Microelectrode arrays demonstrated an attractive behavior relate to macroelectrodes, as they can produce voltammetric responses of similar magnitude to their macro counterparts, but with a considerably less capacitive/background current. Hence, they have found an increasing use in electroanalytical sensing devices. Recently, some researches were focused on designing new types of sensing-arrays that employed micro/nanoelectrodes in both regular and random distributions [1,2]. These structures, due to their many advantageous properties, including low background charging currents, large current density related to convergent diffusion and importantly small diffusion path between each adjacent microelectrode elements, are now routinely used in analytical applications [3]. The behavior of microarrays arrays strongly depends on the degree to which each microelectrode element in the array is diffusionally independent from the other adjacent elements. It is clear this in turn depends on both the separation of each microelectrode in the array relative to the diameter of the individual microelectrodes and also on the timescale of the voltammetric experiment [4-6]. Therefore, the useful properties of a single microelectrode can often be improved by the use of either an ordered or a random array of microelectrodes. There are a variety of literature methods such as electrochemical or electroless deposition of nanoparticles onto a suitable electrode substrate for fabrication of arrays of micro/nanoelectrodes on electrode surfaces [3,7,8]. It is noteworthy that many random arrays of nanoparticles on the electrode surface, so that the array rarely, if not ever, is diffusionally independent in most practical experimental timescales.


    Ascorbic Acid (AA, vitamin C), which is present in both the animal and plant kingdoms, is an essential nutrient for humans and plays a critical role in biological metabolism. It helps in cell development, the healing of injuries and burns and in the synthesis of collagen, blood vessels, cartilage, bones and tendons [9,10]. Moreover, AA is of great importance for therapeutic purposes including its use for the prevention and treatment of the common cold, mental illness, infertility, cancer and AIDS [11]. Thus, the development of a simple, rapid, sensitive, selective and reliable method for the determination of AA is still desirable for diagnostic and food safety applications.


    Several methods such as electrophoresis [12], fluorescence [13], chemiluminescence [14], liquid chromatography [15] and electrochemical methods [16-22] have been reported for the determination of AA. Among these, the electrochemical methods are considered as the most potential approaches because of their high sensitivity, simplicity and low cost. However, the electrochemical oxidation of AA and co-existing electroactive components such as Uric Acid (UA) and Dopamine (DA) results in highly overlapping peaks, leading to poor reproducibility and low selectivity. Thus, the selective detection of AA in the presence of the other two species or their simultaneous determination has been a major goal of much research [18-24].


    In this study, we synthesized random arrays of manganese-nanobar film at the surface of an Au electrode. In recent years, our research groups have been successfully report some application of nanomaterials in electrochemical sensors and biosensors [25-28]. The prepared electrode showed a distinct behavior at different AA centration ranges in a way that provides two paths for oxidation of AA through a direct path and an electrocatalysis path. The prepared nanobars possess a diameter of 50-70 nm and a length 120-170 nm in a closest arrangement. The modified electrode found to have a strong electrocatalytic activity toward AA in the presence of DA and UA.


    Experimental


    Reagents


    Ascorbic Acid and dopamine were purchased from Sigma-Aldrich. Uric acid was prepared from merck. All other chemicals were of analytical grade from Merck and used as received. Before starting each set of experiments, the stock solutions of AA were prepared in 0.050 M phosphate buffer of pH 7.4, covered with aluminum foil, and stored in ice bath. During experiments the required solutions were prepared by serial-dilution of the stock solutions. Double-distilled water was used throughout. Phosphate buffer solutions were prepared by mixing appropriate amounts of dipotassium hydrogen phosphate and potassium dihydrogen phosphate (both provided by Sigma-Aldrich), to obtain the desired pH value 7.4. The standard solutions of other compounds (each 10.0 mM) were prepared by dissolving of appropriate amount of each in double distilled water.


    Apparatus


    Electrochemical measurements were carried out on a µ-Auto lab type III (Eco Chemie B.V.A) computer-controlled potentiostat and run with the GPES software. The electrochemical cell was assembled with a saturated Ag/AgCl reference electrode, a Pt wire auxiliary electrode and the prepared working electrode. The pH measurements were performed using a 781 pH/ion meter equipped with a combined glass electrode. The Scanning Electron Microscopy (SEM) studies were conducted on a Philips XL 30 instrument operating at 20 keV. All experiments were carried out at ambient temperature (20 ± 2 ℃). The constructed working-electrodes were kept in air when not in use. The electrochemical characteristics of the modified electrode were measured using cyclic voltammetry and Faradaic impedance spectroscopy. The electrochemical cell consisted of a three-electrode system, in which an Au electrode with an effective surface of 0.07 cm2 was used as working electrode. The Z-view modeling program was used.


    Preparation of serum samples


    Human serum samples were collected from the volunteers by a pathology laboratory in Kermanshah city and were stored frozen until measurements. To 3.0 ml of serum sample 5.0 ml methanol was added. After vortexing of the serum sample for 5 min, the precipitated proteins were separated by centrifugation for 5 min at 5500 rpm. The clear supernatant layer was filtered through 0.45 µm milli-pore filter to obtain protein-free human serum sample and its volume was adjusted to 25 ml using phosphate buffer 0.05 M to get the optimum pH. The resulting serum sample was then analyzed by the proposed sensor for the AA detection, using the spiked amounts and the standard addition method.


    Modification procedure


    After polishing and rinsing in an ultrasonic cleaner, the Au electrode was placed in a CH3CN/H2O (60/40 v/v) solution containing 0.1 M KCl and 8.0 mM manganese(III) porphyrin complex and potential was cycled between -0.2 and 0.8 V at a scan rate of 40 mVs-1 for 35 cycles. The peak currents increase steadily with increasing scan number up to 35 runs, indicating the continuous deposition of manganese complex film at the electrode surface. While, the anodic and cathodic peak currents did not alter upon further potential cycling. After modification procedure, the electrode was thoroughly rinsed and cycled between -0.3 and 0.7 V in 50 mM phosphate buffer pH 7.0 until a reproducible cyclic voltammogram was obtained.


    Results and Discussion


    SEM study: polydisperse distribution of diffusion domains


    To investigate the surface structure and morphology of the modified electrode, the SEM images of bare Au (Figure 1A), and nanobar modified Au electrode (Figure 1B) were obtained. As is seen, the Randomly Array Nanobar Electrodes (RANBEs), with a diameter of 62 ± 5 nm and a length 150 ± 15 nm in a closest arrangement, are more adjacent. Meanwhile, some agglomerations can be seen at the surface of the nano-structured electrode. The diffusion to ensembles of microelectrodes has been well described in the literature, using both analytical and simulation techniques [29-31], and the proposed assumptions can also be applied to our case. In this study, because of the close vicinity of individual diffusion zones at RANBEs, the shape of individual nanostructures may not affect the final shape of the deeply overlapped diffusional zones so that the linear diffusion assumption can be correct.


    
      Figure 1: Typical SEM of A) Au bare; B) NBMn-PPh-Au electrode.View Figure 1

    


    In Figure 2A is illustrated the side schematic view of a random array of nanobars on the electrode surface [32]. The small spacing between individual nanoelectrodes and packing of active electrode sites may result in overlapping of diffusion zones and the resultant planar diffusion to RANBEs to improve the signal-to-noise ratio. In order to have a further support for the proposed scheme, the cyclic voltammetric responses 2.5 mM of [Fe(CN)6]3-/4- solution containing 0.1 M KCl using the RANBEs electrode over a range of scan rates (10-400 mVs-1) were recorded (Figure 2B). The shape and magnitude of the voltammetric response are highly dependent on two factors: (i) Size of the individual microelectrodes vs. size of the diffusion zones and (ii) Size of the diffusion zones vs. size of the spacing between each individual microelectrode [33,34]. Consequently, the voltammetric results of a microelectrodes array can be assigned to one (or a combination) of the following four categories depending on these two factors. In category 1, the diffusion layer thickness, δ, is small, compared to the size of the microelectrodes, resulting in linear diffusion dominating mass transport. In category 2, δ is larger than the size of microelectrodes but not so large as to cause adjacent diffusion layers to overlap. In category 3, δ is greater than the size of the spacing between each individual microelectrode resulting in the overlap of adjacent diffusion layers, which is often seen as the source of scan rate dependence and peak currents in microelectrode array voltammetry. In category 4, δ far exceeds the size of the separating layer, resulting in complete overlap of individual diffusion zones and a linear concentration profile. Thus, from the diffusion layer thickness, δ, and the distance between neighboring microelectrodes, the category type can be evaluated.


    
      Figure 2: A) The behavior same neighboring electrodes at different voltammetric time scales that their diffusion layers are fully overlapping and diffusion to the electrodes is now planar, not convergent (type IV behavior); B) Cyclic voltammograms for the electrochemical oxidation of 2.5 mM ferrocyanide in 0.1 M KCl (vs. SCE) using scan rates of 10, 30, 50, 100, 150, 200, 300, 400 mVs-1 at the NBMn-PPh electrode. View Figure 2

    


    The Einstein equation (1) indicates that the approximate distance, δ, diffused by a species with a diffusion coefficient D is equal to [35,36]:


    δ= [ 2D( ΔE θ ) ] 1 2                                                                (1)


    Where ν is the scan rate and ΔE is the potential range over which electrolysis has occurred. Here, the difference between the electrolysis started potential and the peak potential ΔE was about 0.3 V and the value of D was taken as 4.9 × 106 cm2 s-1, as obtained from chronoamperometric measurements using the modified electrode at different concentrations [Fe(CN)6]3-/4- (1-8 mM) by Cottrell's equation. Therefore, the δ values for different scan rates were calculated and the results are shown in Table 1. The results clearly revealed that the mean spacing between each individual microelectrode (i.e. ≤ 10 µm) was much smaller than the δ values obtained at all scan rates, which is consistent with the category 4 insisting on complete overlap of individual diffusion zones and a linear concentration profile behavior and the diameter of each microelectrode were obtained from SEM image (Figure 1A). As observed in Table 1, the obtained values are very larger than the spacing between each individual microelectrode. These characteristics associated with i.e. planer diffusion zones, scan rate dependence, and confirmed the previous statement.


    
      Table 1: Estimated values of the diffusion layer thickness, d, at ΔE~300 mV vs. SCE for CVs of 5 mM ferrocyanide in 0.1 M KCl (vs. SCE) using scan rates of 10, 30, 50, 100, 150, 200, 300, 400 mV-1 at the NBMn-PPh electrode. View Table 1

    


    Electrocatalytic and direct oxidation of AA at modified electrode


    Figure 3 (curve a) shows the electrochemical behavior of AA at bare Au electrode in 0.05 M PBS of pH 7.4 with no defined oxidation peak up to 0.7 V. Curve b and c show the CVs of the NBMn-PPh modified electrode in 0.05 M phosphate buffer of pH 7.4 in the absence (b) and presence (c) of 0.5 µM AA at a scan rate of 50 mVs-1. The electrode in the absence of AA shows an approximately irreversible Mn(II)→Mn(III) redox transition. While, in the presence of 0.5 µM AA, an enhancement in anodic peak current was observed at the same oxidation potential. The increased oxidation current is due to the reaction between the oxidized form of the electrocatalyst (i.e., [Mn(III)-complex]) and AA that results in the formation of reduced form of electrocatalyst. Finally, there-oxidation of product of electrocatalytic oxidation of AA causes an increase in the anodic peak current.


    
      Figure 3: SCyclic voltammograms Au electrode (curve a) and NBMn-PPh-Au electrode in absence (curve b) and presence (curve c) of 5 µM AA in 0.05 M phosphate buffer pH 7.4, at a scan rate of 50 mVs-1. View Figure 3

    


    Figure 4 shows the CVs of the modified electrode in 0.05 M phosphate buffer solution of pH 7.4 containing 1.0 to 265.0 µM of AA at a scan rate of 50 mVs-1. As is obvious, along with the main EO peak for low concentrations at 380 mV, another lower sensitive peak current at higher concentration around 280 mV was began to appear. Appearance of this peaks at higher concentrations and at less positive potentials would frustrate the electrocatalytic oxidation process will be continue. This peak is related to DO of AA at surface of nanostructure film. With a view to gathering further evidence and the approving that the formation of other forms of manganese cannot be responsible for this new appeared peak, the consecutive CV in solution containing 80 µM AA was recorded and the obtained results revealed no increase in previously appeared peak located ca. 28 mV.


    
      Figure 4: CVs of the modified electrode in the presence of different AA concentrations: from 1.0-265.0 µM in 0.050 M phosphate buffer pH 7.4 at a scan rate of 50 mVs-1. View Figure 4

    


    The gradual increase of DO peak at 280 mV will rise to cover the EO peak current. Appearing of this peak is due to the synergetic effect of surface structure, great density of redox centers, catalytic effect and large surface to volume, probably. At higher AA concentrations, with applying of less positive e electroactivity of AA at surface of manganese based nanoparticle modified electrodes was reported at neutral pH potential window, it can benefit from new appeared peak that is directly related to AA electroxidation. Recently, the electroactivity of AA at surface of manganese based nanoparticle modified electrodes was reported at neutral pHs [37].


    Effect of pH and presence of UA and DA


    To investigate the electrodeposition mechanism, the influence of pH on the voltammetric behavior of modified electrode was examined in the pH range 3.8-9.4, and the results showed that, no signal was observed at pH < 5.8, by increasing the pH of the solution up 7.4 the anodic peak currents was reached to maximum (Figure 5A), at higher pH, the peak current was decreased and disappeared that is due to precipitation of manganese with OH-, probably. As the more known represented mechanism in scheme 1 revealed, AA in the more acidic solutions may force the following reaction onto the modified electrode in the backward and greatly decrease anodic peak current as is shown in Figure 5A [21,22].


    
      Figure 5: A) Cyclic voltammograms of the NBMn-PPh-Au electrode in various pHs at a scan rate of 50 mVs-1; B) Cyclic voltammograms of NBMn-PPh-Au electrode in 5 µM AA in 0.050 M phosphate buffer pH 7.4 solution in presence of 0, 10,100 and 1000 fold of DA and UA concentrations at a scan rate of 50 mVs-1. View Figure 5

    


    The initial studies in this work have shown that the electrochemistry of DA can be thoroughly eliminated by the NBMn-PPh film, but the electrochemistry of AA can be totally promoted. Based on this feature, the NBMn-PPh was utilized as a sensor for the highly selective and sensitive determination of AA coexisted with DA. Figure 5B shows the CVs of 5.0 µM AA in the presence of increasing amounts (0, 10, 100 and 1000 fold) of DA and UA. It can be clearly observed that with increasing concentrations of DA and UA, the redox signals are almost constant (tolerance < 1%), suggesting that the co-existed substances in a wide concentration range have no notable interference on the electrochemical response of AA on modified electrode.


    EIS study


    EIS is widely used to study features of electrodes to obtain information on electron transfers between the electrolyte and the electrode surface. The semicircular part at higher frequencies corresponds to the electron transfer limited process, and a linear portion at low frequencies resulting from diffusion limited process. The semicircle diameter equals the electron transfer resistance, Rct. This resistance reveals the electron transfer resistance of the modified layer. As shown in Figure 6, the Nyquist plot of modified Au electrode and bare Au electrode in 5 mM [Fe(CN6)]-2/[Fe(CN6)]-3 in the frequency range of 0.1 Hz to 100,000 Hz, show a straight line in the low frequency domain and a semicircle in the high frequency domain, wherein, only a part of the semicircles can be seen at high frequency due to the limitation of the electrochemical analyzer used here. These illustrate that both diffusion-limiting and electron-transfer-limiting steps exist for the two electrodes. In the high frequency region, it can be clearly inferred that the Rct for the modified electrodes is more from Au bare electrode. The Rct values obtained for the Au and Au/RANBMn complex film were about 280 Ω and 4750 Ω that being consistent with the slower rate for the redox process of modified electrode, as pointed out above. This demonstrates that the electropolymerization of Mn(III)-porphyrin complex, cause to increasing of electron transfer resistance at electrode-electrolyte interface. Furthermore, the coverage degree (θ) of the electrode surface was calculated through the increase extent of charge transfer resistance according to the following equation [38]:


    
      Figure 6: Electrochemical impedance spectroscopy of a Au (inset) and NBMn-PPh-Au in the presence of a solution of 5.0 mmol/L [Fe(CN)6]3-/4- + 0.1 mol/L KCl with the frequencies ranging from 100.000 to 0.1 Hz. View Figure 6

    


    θ=1- R et bare R et modified                                    (2)


    Where R et bare and R et modified are the charge-transfer resistance measured mat bare Au and NBMn-PPh-Au, respectively. From the values of Ret on bare Au and NBMn-PPh-Au, the value of θ was then calculated to be 94.06% via Eq. (2), which clearly shows that NBMn-PPh has occupied most of the Au surface by the electropolymerization method.


    Effect of scan rate in buffer


    Cyclic voltammograms of the NBMn-PPh electrode in a PBS showed an irreversible oxidation peak at 0.4 V. Figure7A shows the CVs of the modified electrode in the PBS (pH 7.0) at different scan rates. The anodic peak potential shifted toward the positive direction as the scan rate increased, Ep was changed from 403 to 558 mV during scan rate variation. This deviation of the redox process from the ideal surface redox process, appearing even at low scan rates may be attributed to the limitations associated with charge transfer kinetics [39,40]. Furthermore, this indicates a relatively slow electron exchange process at the interface between the electrode substrate and manganese redox center. A linear relationship was observed with the square root of the scan rate in the range from 10 to 300 mV/s (ipa = 1.81 v1/2 + 2.246, R2 = 0.994), suggesting a diffusion controlled process for the sensor (Figure7B).


    
      Figure 7: Cyclic voltammograms of NBMn-PPh-Au in pH 7.4 buffer with scan rates of 10, 30, 60, 100, 150, 220 and 300 mVs-1; B) Plot of scan rate dependency of peak currents. View Figure 7

    


    Effect of scan rate of AA


    Figure 8A illustrates CVs of 8.0 µM AA using modified electrode that recorded at potential sweep rates ranging from 10 to 300 mVs-1. The oxidation current of AA on the modified surface increased linearly with the square root of the potential sweep rate (Figure 8B), which indicated the mass transfer controlled process [41]. In addition, it can be seen that, with the increasing scan rate, the anodic peak potential shifts toward positive potentials, suggesting a kinetic limitation in the reaction between the redox sites of the NBMn-PPh-Au electrode and AA (Figure 8C). A plot of the scan rate normalized current (I/V1/2) vs. scan rate (Figure 8D) exhibits the typical shape of an electrochemical-chemical catalytic process (E´ c) [4]. The value of the transfer coefficient of electrode reaction can be evaluated from the following equation [42,43]:


    
      Figure 8: A) Cyclic voltammograms of the modified electrode in the presence of 8.0 µ MAA at various scan rates: 10, 30, 60, 100, 150, 220 and 300 mVs-1 in pH 7.4 buffer solution; B) The variation of anodic peak currents vs. square root of potential scan rate; C) The dependence of the anodic peak potential vs. log (υ); D) The anodic current function (I/V1/2) vs. potential sweep rate. View Figure 8

    


    Ep=[ 2.303RT 2( 1−α )nF ]( logυ )+constant[ dE p dlogυ = b 2 ]                                       (3)


    In the above equation, Ep, υ, α and n represent the anodic peak potential for AA oxidation, the scan rate, the charge transfer coefficient and the number of electron transferred in the rate-determining step, respectively. The other terms signify their usual meaning and the term 2.303RT/(1-α)nF is equal to b. Where b indicates the Tafel slope. From eqn (3), the slope of Ep vs. log υ is b/2, which was found to be 54.88 mV from Figure 8C and therefore b becomes 109.76 mV (b/2 = 54.88). Using the dependency of anodic peak potential on the natural logarithm of the potential sweep rate (Figure 8C), the value of electron transfer coefficient (α) was estimated at 0.453. Also, the obtained value of transfer coefficient from the recorded I-E curve of electrocatalytic oxidation of AA (slope of log I vs. E plot) confirms the above reported value (0.471).


    Amperometric determination of AA


    Figure 9A shows the amperometric response of the modified electrode at 0.4 V to the successive addition of different concentrations of AA in PBS (pH 7.4). Upon addition of an aliquot of AA to the stirring solution, the oxidation current of the sensors increased steeply to reach a stable value. Figure 9B displays the calibration curve of the amperometric response of the sensor to the concentration of AA. The linear range of the proposed sensor for the determination of AA was 0.02-0.8 µM with a detection limit of 8.4 nM estimated at S/N of 3. The data from the proposed electrodes in this study is compared to data from several other reported electrochemical AA sensors [44-72] in Table 2, showing that the electrode investigated in this study compare favorably to many other examples in the literature.


    
      Figure 9: Amperometric response at rotating NBMn-PPh-Au electrode in the presence of different AA concentration in pH 7.4 buffer solution; B) Plot of amperometric currents vs. AA concentrations. View Figure 9

    


    
      Table 2: Merits of recently published comparable methods for determination of AA. View Table 2

    


    Interferences study


    One main problem of AA sensors is simultaneous oxidation of other organic substances in the blood that oxidize at a comparable potential to AA. Other materials in the blood such as dopamine, uric acid and glucose although at low concentrations relative to AA might, in principle, interfere with determination of AA. Susceptibility of proposed sensor to determine low level AA concentrations, allow the diluting of real samples and therefore decrease the effect of coexisting interferences on the AA amperometry response. The possible interference of foregoing compounds was studied on the functioning of the proposed sensor and result is listed in Table 3. Compared to the other interfering species, the current generated due to dopamine are negligible.


    
      Table 3: Effect of co-existing compounds in the amperometric determination of 0.2 µM of AA with the proposed electrode. View Table 3

    


    Real sample analysis


    The analytical utility of the proposed sensor was assessed by the analysis of AA in different serum samples prepared as described in Section 2.5, Table 4 shows the results obtained for the AA content of the real samples. As it is obvious, the obtained recoveries are in the range of 97-103%. It was conclude that the modified electrode may have applications in selective AA monitoring in real samples.


    
      Table 4: Amperometric determination of low levels AA using proposed electrode in diluted AA containing serum samples. View Table 4

    


    Repeatability, reproducibility and stability


    The repeatability and stability of the proposed sensor were investigated in the presence of 40.0 nM AA by amperometric measurements. The proposed sensor showed an acceptable repeatability with a Relative Standard Deviation (RSD) of 2.8% for 10 successive assays. A RSD of 4.2% was obtained with five sensors prepared independently using the same procedure. When the modified electrode was not in use, it was stored in PBS (pH 7.4) at 20 ℃. The sensor retained more than 95.0% of its initial response to the oxidation of AA after a three-week period storage.


    Conclusions


    The micro/nanoelectrodes are also used widely in electroanalysis due to their reduced ohmic drop and charging current, increased temporal resolution and increased current densities. Randomly distributed arrays of nanobar electrodes, 62 ± 5 nm in diameter have been constructed using an electropolymerization of manganese(III)-porphyrin. The nanoelectrode arrays are routinely used in analytical electrochemistry because of their many advantageous properties. Nonlinear diffusion and edge effects lead to an increase in current density and enhanced sensitivity. The propose sensor is capable of electrocatalytic and direct oxidation of AA. In this work, overlapping elliptical diffusion zones cause to assessment low-level detection limits. However, to take advantage of the ultra-microelectrodes' they must retain sufficient separation or more adjacent to be diffusionally independent
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