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Abstract
The modified electrode–analyte interaction is critical in establishing the sensing mechanism and in developing an electrochemical sensor. Here, the niacin-modified carbon paste electrode (NC/CPE) was fabricated for electrochemical sensing applications. The two stable structures of the niacin were optimized and confirmed by the absence of negative vibrational frequency, at B3LYP and B3LYP-GD3BJ level and 6–311 g** basis set. The physical and quantum chemical quantities were used to explain the molecular stability and electronic structure-related properties of the niacin. The natural bond orbital (NBO) analysis was performed to disclose the donor–acceptor interactions that were a critical role in explaining the modifier–analyte interaction. The fabricated NC/CPE was used for the determination of folic acid (FA) in physiological pH by cyclic voltammetry (CV) method. The limit of detection (LOD) for FA at NC/CPE was calculated to be 0.09 µM in the linear concentration range of 5.0 µM to 45.0 µM (0.2 M PBS, pH 7.4) by CV technique. The analytical applicability of the NC/CPE was evaluated in real samples, such as fruit juice and pharmaceutical sample, and the obtained results were acceptable. The HOMO and LUMO densities are used to identify the nucleophilic and electrophilic regions of niacin. The use of density functional theory-based quantum chemical simulations to understand the sensory performance of the modifier has laid a new foundation for fabricating electrochemical sensing platforms.
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Background
The analysis and determination of pharmaceutical compounds plays a key role in examining its purity and possible consequences on the treatment method (Afshar et al. 2020). Folic acid (FA) is an important water-soluble vitamin and an essential hematogenic agent which acts as coenzyme to regulate the generation of ferroheme (Kingsley et al. 2015). It also helps in the synthesis and methylation of DNA (D’Souza et al. 2017). Deficiency of FA can cause severe health issues like neurosis, gigantocytic anemia, leucopoenia and mental decentralization (Kingsley et al. 2015; D’Souza et al. 2017); also, the FA is very much important for the biosynthesis of catecholamines (Goldstein et al. 1966). The FA supplementation has significant effect on human health condition, and it can effectively protect against stroke (Huang et al. 2012). Pregnant women are advised to consume folic acid to prevent neural tube defects (NTDs) associated with congenital deformities of the spinal column, skull and brain of the fetus (Toriello 2005). NTDs play an adverse role in the cause of global mortality and morbidity with an estimated incidence of > 300,000 cases per year (Cordero et al. 2010a). To prevent NTDs caused by deficiency of FA, an intake of 0.2 mg/day for adults and 0.4 mg/day for pregnant woman was recommended by Centers for Disease Control and Prevention (Cordero et al. 2010b). FA is essential for fertility in men also, it contributes to spermatogenesis, and an appropriate quantity of FA can prevent subfertility in man (Azizollahi et al. 2013). Therefore, accurate and precise determination of FA in pharmaceutical samples, food products and in the human body is of great importance in medical and bioanalytical fields of research. Various methods were reported for the FA determination, including spectrophotometry (Nagaraja et al. 2002), chromatography (Young et al. 2011) and fluorescence (Giron et al. 2008). However, these methods suffer from severe drawbacks like complexity, expensive instrumentation, use of organic solvents and time consumption. Recently, the electroanalytical methods for FA determination have showed promising results with great accuracy, good reproducibility, selectivity and high sensitivity, simplicity and cost-effectiveness (Afshar et al. 2020; Kingsley et al. 2015; D’Souza et al. 2017; Yuan et al. 2020).
Over the past few decades, electrochemical sensors have been used as an effective sensing platform for the detection of heavy metals (Ye et al. 2020; Sultan et al. 2019), pharmaceutical and clinical samples (Ganesh et al. 2021a, 2021b), organic toxic pollutants (Ganesh et al. 2021c; Gowri and John et al. 2020), pesticides and herbicides (Prasad et al. 2019; Demir 2019) and neurotransmitters (Setoudeh et al. 2020). The carbon paste electrode (CPE) shows a promising applicability as an electrochemical sensor due to its wide potential window, low ohmic resistance, easy preparation, bulk surface modification and non-toxicity (Maleh et al. 2019). In order to enhance the sensing performance and to prevent the surface fouling of the CPE, a surface modification is the best strategy (Nunez et al. 2018). Several kinds of modification procedures have been reported recently (Afshar et al. 2020; Kingsley et al. 2015; D’Souza et al. 2017; Ganesh et al. 2021a, b, c; Gowri and John et al. 2020; Setoudeh et al. 2020). Among all these kinds of modification procedure, electropolymerization method is one of the easy and convenient way of modifying the carbon paste electrode (Ganesh et al. 2021a, b,c). The modified electrodes fabricated by electropolymerization method are simple and economic and showed a promising sensing capability. On the other hand, they exhibited high sensitivity, selectivity, reproducibility and antifouling property toward analyte determination. Niacin (nicotinic acid or pyridine 3-carboxylic acid) (see supplementary Fig.S1) is a simple organic compound, and it can be efficiently used to modify the carbon paste electrode due to its biocompatibility and simple structure. The acid and base dissociation constants for niacin are 2.79 and 4.19, respectively, corresponding to deprotonation of carboxylic acid and protonation of pyridine nitrogen. When niacin is dissolved in water, the carboxylic acid proton dissociates and the pyridine is protonated, forming the zwitterion (Lovander et al. 2018). Recently, there is a report on poly(niacin) based sensing electrode for the detection of caffeine and vanillin (Pushpanjali et al. 2020). The author Teradale et al. reported the application of niacin film-coated CPE toward the determination of epinephrine and uric acid (Teradale et al. 2017). Poly (niacin) coated graphite paste electrode was successfully applied for the detection of riboflavin (Manjunatha et al. 2020). The overlapped oxidation signals of dopamine and uric acid was resolved at niacin-modified CPE (Manjunatha et al. 2012). Alizadeh et al. showed a remarkable reduction signal for niacin at a CPE without any modification (Alizadeh et al. 2020). It is assumed that a thin layer of niacin coating on the surface of working electrode behaves like an electron transfer mediator which intern increases the sensing ability. However, all these previous reported works did not make any attempt to explain the redox reactive sites and mediating mechanism of niacin monomer (Pushpanjali et al. 2020; Teradale et al. 2017; Manjunatha et al. 2020, 2012), which is very curious and worthwhile to study. Furthermore, the advantages of CPE modified with niacin has generated a lot of research interest among electrochemical researchers, and, without any compromise, the biocompatibility of niacin warrants further in-depth studies. Due to this, there is an increasing demand for the fabrication of modified electrodes based on niacin monomer. In the present work, we demonstrated the fabrication of niacin-modified carbon paste electrode (NC/CPE) in the electroanalysis of FA in physiological pH by voltammetric methods. Recently, to explain the mediating mechanism of modifiers the density functional theory (DFT)-based quantum chemical modeling has been successfully used (Ganesh et al. 2021a, b; Chandrashekar et al. 2019) (Additional file 1).
Herein, we used DFT-based quantum chemical modeling to predict the redox reactive sites and mediating mechanism of niacin molecule. The nucleophilic and electrophilic regions of niacin are identified using the HOMO and LUMO densities. The natural bond orbital (NBO) analysis was used to describe the donor–acceptor interactions, which were crucial in understanding the modifier–analyte relationship. The fabricated NC/CPE has been effectively applied as a new sensor for FA determination in pharmaceutical formulations. The modified carbon paste proposed in the present work can be used as a filler material in needles to recognize the concentration of FA in biological fluids by voltammetric methods. The materials used in the fabrication of NC/CPE are non-toxic and have no side effects on biological systems. The biocompatible behavior of NC/CPE permits in-vivo and/or in-vitro diagnosis of NTDs associated with the low concentration level of FA. The experimental data with the novel prediction on modifier mediating mechanism using DFT calculations lay a new platform for future studies in nano-sensors and diagnostic applications.
Methods
Chemicals and instrumentation
Folic acid (Mwt: 441.4 g/mol) (2.5 × 10–3 M), niacin (Mwt: 123.109 g/mol) (25 × 10–3 M), potassium ferrocyanide (Mwt: 368.34 g/mol) (25 × 10–3 M), potassium ferricyanide (Mwt: 329.24 g/mol) (25 × 10–3 M) and potassium chloride (Mwt: 74.55 g/mol) (1.0 M) were purchased from Sigma-Aldrich, Republic of Korea. The graphite powder and silicone oil (binder) were obtained from Sigma-Aldrich, Republic of Korea, respectively. Buffer solution (PBS, 0.2 M) of unique ionic strength and required pH was prepared by mixing respective volume of 0.2 M NaH2PO4•H2O and 0.2 M Na2HPO4 solution. We used double distilled water to prepare all the stock solutions. The reagents and chemicals mentioned are purely analytically graded, used as received without any purification. All electrochemical testings were carried out with electrochemical workstation (CHI660D). The electrolytic cell comprised three electrodes, namely reference (saturated calomel electrode, SCE), counter (platinum wire) and working electrode (bare or modified carbon paste electrode). All the potential values obtained were reported versus SCE at an ambient temperature.
Preparation of bare carbon paste electrode
The carbon paste was prepared by an add-mixing of finely ground graphite powder (70%) and binder (30%, silicon oil) in a mortar till a homogenous thick paste was obtained. This paste was then transferred and tightly packed into the cavity of the carbon paste electrode (CPE) and then smoothened on a piece of paper; later it was named as bare carbon paste electrode (bare/CPE) (Ganesh et al. 2021a).
Computational and theoretical study
The B3LYP (Becke 1993; Lee et al. 1988) and GD3BJ (Grimme 2006; Grimme et al. 2011) B3LYP functionals of the DFT were used to perform the geometry optimizations and frequency analyzes of the niacin, at 6-311G** (Krishnan et al. 1980; McLean and Chandler 1980) basis set. The QCP “quantum chemical parameters” were obtained from the FMO (frontier molecular orbital) analyses that were performed to get the ionization energy (I) and electron affinity (A) according to the Koopmans’ Theorem (Koopmans 1934) given by the following equations[image: $$I = - E_{{HOMO}}$$]

 (1)


[image: $$A = - E_{LUMO}$$]

 (2)



Besides, the C-DFT “conceptual density functional theory” (Parr & Pearson 1983; Pearson 1989; Parr et al. 1999; Islam & Kaya 2018) has defined the χ → “electronic chemical potential,” η → “global hardness,” ω → “electrophilicity”, and  ΔNmax → “maximum charge transfer capability” indexes.[image: $$\chi = - \frac{I + A}{2}$$]

 (3)


[image: $${\upeta } = \frac{I - A}{2}$$]

 (4)


[image: $$\omega = \frac{{\mu^{2} }}{{2{\upeta }}}$$]

 (5)


[image: $$\Delta N_{max} = \frac{I + A}{{2\left( {I - A} \right)}}$$]

 (6)



Recently, the ω− “the electro-donating power” and ω+ “the electro-accepting power” values (Gazquez et al. 2007) are used to evaluate the specific reactivity properties and are defined as the following formulae.[image: $$\omega^{ + } \approx (I + 3A)^{2} /\left( {16\left( {I - A} \right)} \right)$$]

 (7)


[image: $$\omega^{ - } \approx (3I + A)^{2} /\left( {16\left( {I - A} \right)} \right)$$]

 (8)



The ΔEback-donation “back-donation energy” (Gomez et al. 2006) is obtained from the equation below.[image: $$\Delta E_{back - donation} = - \frac{\eta }{4}$$]

 (9)



The NBO "natural bond orbital" analysis (Foster & Weinhold 1980; Reed et al. 1985a, b; 1988) has been used to elucidate the donor–acceptor interactions existing in a molecular system. In NBO analysis, the E(2) “lowering of the stabilization energy” is calculated depending on the qi → “bonding orbital occupancy,” εi and εj → “bonding and antibonding orbital energies” (diagonal elements), and [image: $$Fij$$] → the off-diagonal NBO Fock matrix element.[image: $$E^{(2)} = \Delta E_{ij} = qi\frac{{(Fij)^{2} }}{(\varepsilon j - ?i)}$$]

 (10)



In all quantum chemical calculations, G09W (Frisch et al. 2013) and Gauss View 6.0.16 (GaussView 2016) packages were used.
Results and discussion
Fabrication of NC/CPE and its characterization
Many researchers have adopted cyclic voltammetric method to immobilize simple organic molecules on working electrodes by electropolymerization method (Ganesh et al. 2021a, b,c; Pushpanjali et al. 2020; Teradale et al. 2017; Manjunatha et al. 2020, 2012; Chandrashekar et al. 2019). In order to fabricate the NC/CPE, the following protocol was adopted; in an electrolytic cell, a solution of niacin monomer (1.0 mM) in PBS (0.2 M, pH 7.4) was sweeped between the potential of − 0.8 to 1.8 V for consecutive 15 cycles with the scan rate of 0.1 Vs−1 as shown in Fig. S2. (see supplementary information). From Fig.S2, it can be observed that there is an increase in peak currents with an increasing number of sweep cycles; this suggests the initial growth of the polymer chain on the CPE. Later, after few successive cycles the voltammogram achieved a stable current response indicating the saturation level of electropolymerization (Ganesh et al. 2021a, b,c). It is well known that, with the greater number of cyclic sweeps the thickness of the polymer layer increases on CPE; as a consequence, a decrease in electrocatalytic property was observed as shown in Fig. S3 (see supplementary information). This might be due to the over thickness of polymeric film and less exposure of carbon paste surface (Ganesh et al. 2021a, 2021b; Ganesh et al. 2021a, b,c; Chandrashekar et al. 2019). Therefore, to achieve the remarkable voltammograms fifteen cyclic sweeps were considered to fabricate the NC/CPE.
An approximate estimation of surface coverage (Γ) was calculated by using Eq. (11) (Wang 1994; Sharp et al. 1979).[image: $${\text{Ip }} = {\text{ n}}^{{2}} {\text{F}}^{{2}} {\text{A}}\Gamma \upsilon /{\text{4RT}}$$]

 (11)



where n is number of electrons exchanged, A (cm2), υ(V/s) and Ip (A) are the area of the working electrode, scan rate and peak current, respectively. The universal constants T (K), R (J K−1 mol−1) and F (C mol−1) have their usual significance. The Γ (mol/cm2) was calculated to be 0.2102 × 10–10 mol/cm2. In order to show the successful modification and to understand the surface texture of bare/CPE and NC/CPE, the scanning electron micrographs (SEM) were captured. It can be observed from Fig. 1(A-B) that the NC/CPE (B) comprises randomly aliened elevations and valleys as compared to the bare/CPE (A). As a result, in addition to the effect of the modifier's redox reactive sites, this special surface texture provided a route for NC/CPE to sense the analyte.[image: ../images/40543_2021_301_Fig1_HTML.png]
Fig. 1Scanning electron micrograph images for bare/CPE (A) and NC/CPE (B). (C) CVs for the 1 mM of Fe2+/3+ in 1 M KCl as a supporting electrolyte at bare/CPE (curve a) and NC/CPE (curve c), the curve b represents the voltammogram in absence of analyte at NC/CPE; at scan rate of 0.05 Vs−1


Figure 1C shows the cyclic voltammograms (CV) of 1 mM Fe2+/3+ in 1.0 M KCl as a standard redox couple, at bare/CPE (curve a) and NC/CPE (curve c) with scan rate 0.05Vs−1. We recorded blank CV (in the absence of Fe2+/3+) at NC/CPE to confirm there is no interference by unreacted niacin monomer in the given potential range as shown in curve b of Fig. 1C. At bare/CPE, the oxidation peak potential (Epa) and reduction peak potential (Epc) of Fe2+/3+ were located at 0.2772 V and 0.1806 V, respectively, with the peak potential difference (ΔEp) of 0.0966 V. This huge ΔEp is attributed to the sluggish electron transfer kinetics at bare electrodes (Ameur et al. 2013). However, after the modification the redox peak potentials corresponding to Fe2+/3+ redox probe were observed at Epa = 0.2632 V and Epc = 0.1982 V, respectively, with the ΔEp = 0.0650 V. And also, the ratio of anodic peak current (Ipa) and cathodic peak current (Ipc) was found to be 1.16 (≈1.0), signifying the reversible process at NC/CPE. The electroactive surface area (EASA) of the working electrode was calculated by using the Randles–Sevcik’s formulae (Ganesh et al. 2021a). The effect of number of cyclic sweeps on the fabrication of NC/CPE and corresponding EASA was calculated and is given in Table S1 (see supplementary file). As expected, the NC/CPE fabricated with 15 cyclic sweeps showed higher EASA (0.3762 cm2) as compared to BCPE (0.2798 cm2). Therefore, the modification of carbon paste electrode through electropolymerization of biocompatible niacin molecule increased the number of redox reactive sites that can be reflected in higher surface area of modified electrode with the advantages of minimization in the over potential.
Physicochemical and quantum chemical studies
Thermodynamic quantities provide very useful information on a specific reaction and/or interaction process between the reactant(s) and product(s) and are generally determined experimentally. On the other hand, these quantities are also successfully predicted theoretically (Serdaroğlu 2011) depending on the development of both the computer and technological sciences. The optimized geometries and physical quantities of two niacin conformers are displayed in Table 1 and Fig. 2, respectively. For both functional, the dipole moment of the N2 structure was calculated lower than the N1 conformer. Except for the dipole moments, all physicochemical quantities were found very close to each other by both functionals. The polarizability values of N1 and N2 structures of the niacin were calculated as 72.360 au and 72.288 au at B3LYP, and 72.293 au and 72.221 au at GD3BJ functional, respectively. However, it should be said that the N2 structure was more stable thermodynamically than the N1 structure as the ΔG values of N1 and N2 were calculated at -436.904559 au and -436.904900 au, respectively. Also, the ΔEthermal value of the N2 (69.417 kcal/mol) was also calculated as greater than the N1 (69.406 kcal/mol), at B3LYP. Based on the absolute entropy values, the N1 (84.079 cal/molK) structure was slightly more random than the N2 (84.044 cal/molK), at the B3LYP level.Table 1The calculated physiochemical quantities of the niacin at B3LYP/6-311G** level


	 	B3LYP
	B3LYP-GD3BJ

	N1
	N2
	N1
	N2

	DM (debye)
	3.246
	0.569
	3.248
	0.566

	α (au)
	72.360
	72.288
	72.293
	72.221

	ΔE (au)
	− 436.872568
	− 436.872920
	− 436.897002
	− 436.897358

	ΔH (au)
	− 436.864611
	− 436.864968
	− 436.889043
	− 436.889403

	ΔG (au)
	− 436.904559
	− 436.904900
	− 436.929011
	− 436.929352

	ΔEthermal (kcal/mol)
	69.406
	69.417
	69.459
	69.469

	Cv (cal/molK)
	26.317
	26.300
	26.301
	26.284

	S (cal/molK)
	84.079
	84.044
	84.120
	84.080



[image: ../images/40543_2021_301_Fig2_HTML.png]
Fig. 2The optimized structures of two conformers (N1 and N2) of the Niacin at B3LYP/6-311G** level


Natural bond orbital study
In recent years, the donor–acceptor interactions based on the NBO theory have been also used to elucidate the chemical reactivity trend in a wide group of the compound (Mary et al. 2021; Serdaroğlu 2020). For both conformers, the second-order perturbative energy analysis results are summarized in Table 2. It should be noticed from Table 2 that the number and energies of the interactions between the filled and unfilled molecular orbitals were calculated similar to each other, even though the orbitals where electron transfer took place were different from each other, especially at the aromatic ring. Besides, the biggest contribution to the E(2) for both structures was sourced from the charge delocalization over the carboxylic group of the niacin. Namely, the highest energy interaction for N1 and N2 structures was determined as LP (2) O13 → Π* C11-O12 with E(2) of 43.58 kcal/ mol and 43.24 kcal/ mol, respectively. The E(2) value of the LP (2) O12 (EDi = 1.84498e) → σ* C4-C11 (EDj = 0.06812e) interaction for N1 structures was calculated as 18.23 kcal/mol that was almost similar to that of N2 structure. Also, the energy of the LP (1) N6 → σ* C4-C5 interaction was estimated at 9.79 kcal/mol for N1 and 9.86 kcal/mol for N2, respectively. Besides, the energy of the Π C11-O12 → Π* C3-N4 interaction for N1 and N2 was determined in 4.27 kcal/mol and 4.21 kcal/mol, respectively, even though they did not contribute significantly to E(2). The significant contribution to E(2) for N1 structure came from the Π C3-C4 (EDi = 1.62896e) → Π* C5-N6 (EDj = 0.33157e) interaction with the energy of 28.38 kcal/ mol. Instead of, Π C2-C3 (EDi = 1.63728e) → Π* C1-N6 (EDj = 0.36346e) interaction for N2 structure contributed to significantly to E(2) (29.90 kcal/mol) that was almost similar energetically to N2 structure.Table 2NBO analysis results of two conformers (N1 and N2) of Niacin at B3LYP/6-311G** level


	Donor(i)
	EDi/e
	Acceptor (j)
	EDj/e
	E(2)/ kcalmol−1
	E(j)-E(i)/ a.u
	F(i.j)/ a.u

	N1

	Π C1-C2
	1.61973
	Π* C3-C4
	0.35251
	25.33
	0.28
	0.076

	 	 	Π* C5-N6
	0.33157
	15.45
	0.27
	0.059

	Π C3-C4
	1.62896
	Π* C1-C2
	0.29389
	15.91
	0.28
	0.061

	 	 	Π* C5-N6
	0.33157
	28.38
	0.27
	0.08

	 	 	Π* C11-O12
	0.24265
	21.48
	0.27
	0.071

	Π C5-N6
	1.70191
	Π* C1-C2
	0.29389
	27.95
	0.32
	0.084

	 	 	Π* C3-N4
	0.35251
	12.97
	0.32
	0.058

	Π C11-O12
	1.98358
	Π* C3-N4
	0.35251
	4.27
	0.41
	0.041

	LP (2) O12
	1.84498
	σ* C4-C11
	0.06812
	18.23
	0.68
	0.102

	LP (2) O13
	1.82621
	Π* C11-O12
	0.24265
	43.58
	0.35
	0.112

	LP (1) N6
	1.91913
	σ* C4-C5
	0.03309
	9.79
	0.89
	0.084

	N2

	Π C1-N6
	1.69677
	Π* C2-C3
	0.27915
	12.65
	0.32
	0.057

	 	 	Π* C4-C5
	0.33577
	28.72
	0.32
	0.086

	Π C2-C3
	1.63728
	Π* C1-N6
	0.36346
	29.9
	0.27
	0.08

	 	 	Π* C4-N5
	0.33577
	16.97
	0.28
	0.062

	Π C4-N5
	1.61608
	Π* C1-N6
	0.36346
	15.69
	0.27
	0.058

	 	 	Π* C2-C3
	0.27915
	23.09
	0.29
	0.075

	 	 	Π* C11-O12
	0.24458
	21.87
	0.27
	0.071

	Π C11-O12
	1.9839
	Π* C4-C5
	0.33577
	4.21
	0.41
	0.04

	LP (2) O12
	1.84618
	σ* C4-C11
	0.06856
	18.22
	0.68
	0.102

	LP (2) O13
	1.82387
	Π* C11-O12
	0.24458
	43.24
	0.35
	0.112

	LP (1) N6
	1.91901
	σ* C4-C5
	0.33577
	9.86
	0.89
	0.084




Global reactivity study
The quantum chemical parameters (QCP) is widely used to estimate the chemical tendency of both the basic (Jacob et al. 2020) and complex molecular systems (Serdaroğlu et al. 2021). Table 3 illustrates the calculated QCP for N1 and N2 structures of the niacin. In general, the results obtained from the B3LYP level and their tendencies of them were almost similar to the GD3BJ level. The EHOMO (H), ELUMO (L), and ΔEgap (L–H) values were calculated by B3LYP level as − 7.358, − 1.908, and 5.450 eV for N1 and − 7.362, − 1.900, and 5.461 eV for N2, respectively. Besides, the µ, η, ΔNmax values of N1 were predicted in -4.633, 2.725, and 1.700 eV, whereas these values for N2 were estimated as -4.631, 2.731, and 1.696 eV, respectively, at B3LYP. For N1 and N2 structures, ω index was calculated in 3.939 eV and 3.927 eV by B3LYP and 3.935 eV and 3.925 eV by GD3BJ level. In any case, the electro-donating power of both N1 and N2 structures was dominant over electro-accepting potency. Namely, the ω+ and ω− indexes for both structures were determined by B3LYP functional as 0.072 au and 0.242 au, respectively. Similarly, the Δεback-donat. (eV) value for N1 and N2 was estimated as − 0.681 eV and − 0.683 eV, respectively, which implied that the back donation for each structure was favorable energetically.Table 3The quantum chemical parameters of two conformers (N1 and N2) of Niacin at B3LYP/6-311G** level


	 	N1
	N2
	 	N1
	N2

	H (-I) (eV)
	− 7.358
	− 7.362
	 	− 7.356
	− 7.360

	L (-A) (eV)
	− 1.908
	− 1.900
	 	− 1.906
	− 1.899

	ΔE (L–H) (eV)
	5.450
	5.461
	 	5.450
	5.461

	µ (eV)
	− 4.633
	− 4.631
	 	− 4.631
	− 4.629

	η (eV)
	2.725
	2.731
	 	2.725
	2.730

	ω (eV)
	3.939
	3.927
	 	3.935
	3.925

	ω+ (au)
	0.072
	0.072
	 	0.072
	0.072

	ω− (au)
	0.242
	0.242
	 	0.242
	0.242

	Δεback-donat. (eV)
	− 0.681
	− 0.683
	 	− 0.681
	− 0.683

	ΔNmax (eV)
	1.700
	1.696
	 	1.700
	1.696




The pictorial representation of the reactive region of N1 and N2 structures is given in Fig. 3. As known well, the illustrations of the HOMO and LUMO densities are used to indicate the nucleophilic and electrophilic regions of any chemical species. Accordingly, the HOMO density covered up the pyridine ring and partly on the oxygen atoms of the carboxylic group. However, the LUMO spread over the whole molecular surface for both N1 and N2 structures, excluding the several H atoms. In addition, the MEP graphs for both structures indicated the electron-rich site was around the oxygen of C = O group that seem by red color as a function of the electrostatic potential. Also, the N atom on the pyridine ring was surrounded by yellow color as a sign of the moderate negative electrostatic potential. Furthermore, the blue color as a marker of the positive electrostatic potential densified on the H atom of the -OH group was the best site for the nucleophilic attack.[image: ../images/40543_2021_301_Fig3_HTML.png]
Fig. 3HOMO and LUMO (isoval: 0.02), and MEP (isoval: 0.0004) pilots of two conformers (N1 and N2) of Niacin at B3LYP/6-311G** level


Electrochemical behavior of FA at NC/CPE
To study the electrochemical behavior of FA at bare/CPE (curve a) and NC/CPE (curve c), cyclic voltammetry was used; the curve c represents the blank voltammogram (in the absence of FA) at NC/CPE. Figure 4 shows the CVs of 40.0 µM FA in PBS (0.2 M, pH 7.4) at scan rate 0.05Vs−1. As can be seen from Fig. 4, there is no prominent peak for the oxidation of FA at bare/CPE, while at NC/CPE a well-defined oxidation peak of FA was observed. FA showed the oxidation potentials at 0.6947 V and 0.6464 V for bare/CPE and NC/CPE, respectively. The Ipa of FA at bare/CPE and NC/CPE was 2.229 µA and 20.721 µA, respectively. A shift toward a lower oxidation potential and ten times increment in oxidative current at NC/CPE provide evidence for the charge transfer reaction at NC/CPE toward the electrocatalytic oxidation of FA.[image: ../images/40543_2021_301_Fig4_HTML.png]
Fig. 4CVs of 40.0 µM FA in 0.2 M PBS (pH 7.4) at bare/CPE (curve a) and NC/CPE (curve c), the curve b represents the voltammogram in absence of FA at NC/CPE; at the scan rate of 0.05 Vs−1


The influence of varying scan rate (0.020—0.26 Vs−1) was studied using 10.0 µM FA in PBS (0.2 M, pH 7.4) at NC/CPE by CV method, as shown in Fig. 5A. The Ipa was found to be proportional to the corresponding applied scan rate with correlation coefficient r2 = 0.9965 as shown in Fig. 5B, with linear regression equation Ipa (µA) = 0.0809 υ (mVs−1) + 2.5897 suggesting the adsorption dominated electrode process (D’Souza et al. 2017). On the other hand, the linear establishment between logarithm of scan rate (logυ) with logarithm of peak current (log Ipa) gives a slope of 0.7202 as shown in Fig. 5C; this confirms the electrode reaction of FA at NC/CPE is meticulously controlled by adsorption kinetics (Kingsley et al. 2015; D’Souza et al. 2017). A linear graph of Epa versus log υ is presented in Fig. 5D, which shows a linear regression equation as follows:[image: $${\text{Epa(mV) }} = { 65}.{\text{158 log}}\upsilon ({\text{mVs}}^{{ - {1}}} ) + {543}.{\text{33(r}}^{{2}} = \, 0.{9858)}$$]



[image: ../images/40543_2021_301_Fig5_HTML.png]
Fig. 5A CVs of 10.0 µM FA at NC/CPE with varying scan rates (a–j; 0.020 Vs−1 to 0.260 Vs−1) in 0.2 M PBS (pH 7.4). B Graph of Ipa versus υ. C Graph of log Ipa versus log υ. D Graph of Epa versus log υ


As suggested by Laviron’s Eq. (12) (Jiang et al. 2013), for an irreversible electrode process the Epa can be defined as follows:[image: $$Epa = \left[ {\frac{2.303RT}{{2\left( {1 - \alpha } \right)nF}}} \right]\log \upsilon + K$$]

 (12)



where α and n are the charge transfer coefficients and number of electrons involved, respectively. R, T and F are constants with their usual significance. In Eq. (12), the term 2.303RT/2(1-α) nF represents the slope of linear plot in Fig. 5D. For an irreversible electrode process, α is 0.5 (D’Souza et al. 2017); the n value was calculated to be 1.78, which agrees with the previous report (Wei et al. 2006). We also calculated the standard heterogeneous rate constant (k0) by referring the previous literature (Gowda et al. 2017). The k0 can be determined from the intercept of Ep versus logυ, if the value of E0 is known. The value of E0 can be obtained from the intercept of Epa versus υ by extrapolating to the vertical axis at υ = 0. The value of k0 was calculated to be 9.21 × 103 s−1.
Effect of solution pH
The influence of solution pH on Epa and Ipa of 30.0 µM FA in 0.2 M PBS of different pH was studied by CV at NC/CPE, with scan rate 0.05 Vs−1. Figure 6A shows the CVs of FA at NC/CPE in the pH range 5.5 to 8.0. The NC/CPE exhibited pH-dependent sensitivity for FA; at pH 6.0, the Ipa of FA was found to maximum due to the instability of FA in acidic conditions (D’Souza et al. 2017). The Epa of FA was slightly shifted toward negative potential scale with the increasing pH, signifying the involvement of protons in the electrooxidation of FA. The relationship between Epa and pH is shown in Fig. 6B, which gives a linear regression equation: Epa (V) = 0.7884–0.0289 pH (r2 = 0.9218). The slope of Epa versus pH was—0.0289. This suggests the electrooxidation of FA at NC/CPE involves transfer to two electrons and one proton (D’Souza et al. 2017). This result agreed with previous report (Nie et al. 2013; D’Souza et al. 2017).[image: ../images/40543_2021_301_Fig6_HTML.png]
Fig. 6A CVs of 30.0 µM FA at NC/CPE in 0.2 M PBS of different pH (5.5 to 8.0) with the scan rate of 0.05Vs−1. B The effect of pH on anodic peak potential


Effect of FA concentration NC/CPE
Figure 7A shows the CVs recorded for the different concentrations of FA at NC/CPE, with the applied scan rate of 0.05Vs−1. It can be seen from Fig. 7A that the Ipa of FA enhanced with its increasing concentration in the range 5.0 µM to 45.0 µM. The liner plot of Ipa versus concentration of FA yields a linear regression equation, Ipa (µA) = 0.0197 C0 µM/L + 1.2329 (r2 = 0.9897) as shown in Fig. 7B. The limit of detection (LOD) and limit of quantification (LOQ) were calculated by using Eqs. (13) and (14), respectively.[image: $${\text{LOD}} = {3}\;{\text{s}}/{\text{m}}$$]

 (13)


[image: $${\text{LOQ}} = {1}0\;{\text{s}}/{\text{m}}$$]

 (14)


[image: ../images/40543_2021_301_Fig7_HTML.png]
Fig. 7A Cyclic voltammograms of FA in 0.2 M PBS (pH 7.4) at NC/CPE at scan rate of 0.05Vs−1 with different concentration (a-i; 5.0 µM to 45.0 µM). B Graph of anodic peak current versus concentration of FA


where s is the standard deviation of six blank measurements and m is slope of the calibration graph (Ganesh et al. 2021b; Analytical Methods Committee 1987). The LOD and LOQ of FA at NC/CPE was calculated to be 0.09 µM and 0.3 µM, respectively; this was comparatively lower as compared to previous reports as given in Table 4 (Afshar et al. 2020; Yuan et al. 2020; Ganesh et al. 2021a; Zhang et al. 2016; Kumara et al. 2019; Tanuja et al 2017; Narayana et al. 2015; Ojani et al. 2009; Garcia et al. 2021).Table 4Comparison of LOD obtained at NC/CPE for FA with other recently reported modified electrodes


	Sl no
	Working electrode
	LOD ((µM)
	Concentration range (µM)
	pH
	method
	Reference

	1
	NiO/SWCNTs/1B3MIMS/CPE
	0.07
	0.3–350
	7.0
	DPV
	Afshar et al. (2020)

	2
	PtNPs-GNPs-MWCNTs-β-CD/GCE
	0.48
	20.0–500.0
	7.0
	CV
	Yuan et al. (2020)

	3
	BRB/CPE
	1.04
	106.0–142.0
	7.4
	CV
	Ganesh et al. (2021a)

	4
	MB/ERGO/GCE
	0.5
	4.0–167
	7.4
	DPV
	Zhang et al. (2016)

	5
	ZnO/FMWCNT MCPE
	1.3
	5.0–20.0
	7.4
	CV
	Kumara et al. (2019)

	6
	Nevirapine-modified CPE
	2.5
	5.0–45.0
	7.0
	DPV
	Tanuja et al 2017

	7
	poly(ser)/MWCNTs/GCE
	0.6
	5.0–110.0
	7.0
	DPV
	Narayana et al. (2015)

	8
	Ni-poly(o-anisidine)/CPE
	91.0
	100–5000
	2.0
	CV
	Ojani et al. (2009)

	9
	Fe3O4@MIP-GO/CPE
	0.65
	2.5–48.0
	7.0
	SWV
	Garcia et al. (2021)

	10
	NC/CPE
	0.09
	5.0–45.0
	7.4
	CV
	This work




Effect of interferents
It is well known that some of the easily oxidizable species usually coexist with bio-samples and it may negatively impact on the detection of FA in real sample analysis. Therefore, assessing the selectivity and anti-interference property of NC/CPE plays a significant role to be consider it for real sample analysis (Ashrafi et al. 2014). The impact of various coexisting interferents on the voltammogram of 30.0 µM FA was investigated and is shown in Table S2 (see supplementary file). The excipients like ascorbic acid, citric acid, dopamine, oxalic acid, uric acid, glucose, sucrose, lactose, glycine, catechol, hydroquinone, sodium chloride, ammonium chloride and calcium sulfate are added tenfold excess in the determination of FA at NC/CPE in order to evaluate the selectivity of the performance of the NC/CPE. The result indicated the current signal changed slightly but not exceeded 5.0%, which clearly justifies that the NC/CPE is a suitable sensing platform for FA and which is not affected by the existence of co-interferences.
Analytical application of NC/CPE in real samples and pharmaceuticals
The practical applicability of NC/CPE was evaluated by employing it to the analysis of FA in fruit juice and pharmaceutical sample using the standard addition method by CV technique. As reported by D’Souza et al., we extracted the juices of orange, lemon and tomato by finely blending; later, the blended liquid pulp was filtered through ordinary grade filter paper followed by filtration through Whatman paper (D’Souza et al. 2017). The clear filtrate was diluted with 0.2 M PBS of pH 7.4. We followed the standard addition method, and different concentrations of FA were added to the mentioned juice samples. Good recovery results were obtained at NC/CPE as shown in Table S3 (see supplementary file). The tablets containing FA were bought from a pharmacy and directly analyzed by CV technique followed by the sample preparation procedure as recently explained in the literature (Hanabaratti et al. 2020; Selcuk et al. 2021). The tablets were weighed and crushed into a fine powder using a mortar and pestle, and an adequate quantity of this sample was dissolved with double-distilled water and sonicated for 30 min to ensure complete dissolution. Later, the solution was filtered to remove undissolved solids; the obtained supernatant solution was diluted with 0.2 M PBS of pH 7.4. The standard addition method was used for recovery studies. Table S4 (see supplementary file) shows the results of the tablet analysis at NC/CPE. Overall, the results obtained at NC/CPE for real sample analysis were acceptable and it reflects the fabricated biocompatible NC/CPE can be successfully applied for the analytical assay of FA in biological samples without any interferences.
Conclusions
To enhance the analytical performance of the bare working electrode, the modification is the best and widely acceptable strategy. However, studying the modified electrode–analyte interaction is crucial to reveal the sensing mechanism and to fabricate an electrochemical sensor. In this regard, we used density functional theory (DFT)-based quantum chemical modeling to explore the sensing performance of the niacin-modified carbon paste electrode (NC/CPE). The natural bond orbital (NBO) results for optimized geometries of two niacin conformers structures disclosed that the resonance interactions were mainly responsible for the lowering of the stabilization energy. The FMO studies demonstrated that mainly the oxygen atom of the carboxyl group and partially the N atom were the best places for the electrophilic attack, and the H atom of the -OH group was determined as the best suitable site for the nucleophilic attacks. On the other hand, the limit of detection (LOD) for folic acid (FA) at NC/CPE was calculated to be 0.09 µM in the linear range of 5.0 µM to 45.0 µM. The performance of the NC/CPE in assessing FA in real samples, such as fruit juice and tablet samples, has been demonstrated to be satisfactory. Therefore, the modified electrode can be used for the analysis of electroactive molecules in pharmaceutical formulations. The methods used in this study can be applied to other electroactive compounds as well.
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