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Abstract

:

Diabetes mellitus represents one of the most widespread diseases in civilization nowadays. Since the costs for treating and diagnosing of diabetes represent several billions of dollars per year, a cheap, fast, and simple sensor for diabetes diagnosis is needed. Electrochemical insulin sensors can be considered as a novel approach for diabetes diagnosis. In this study, carbon electrode with electrodeposited NiO nanoparticles was selected as a suitable electrode material for insulin determination. The morphology and surface composition were studied by scanning electron microscopy (SEM), energy dispersive X-ray (EDX) spectroscopy, and X-ray photoelectron spectroscopy (XPS). For a better understanding of insulin determination on NiO-modified electrodes, the mechanism of electrochemical reaction and the kinetic parameters were studied. They were calculated from both voltammetric and amperometric measurements. The modified carbon electrode displayed a wide linear range from 600 nM to 10 µM, a low limit of detection of 19.6 nM, and a high sensitivity of 7.06 µA/µM. The electrodes were stable for 30 cycles and were able to detect insulin even in bovine blood serum. Additionally, the temperature stability of this electrode and its storage conditions were studied with appropriate outcomes. The above results show the high promise of this electrode for detecting insulin in clinical samples.
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1. Introduction


Insulin is the main hormone that regulates the glucose level in blood [1]. Insulin ensures a normal glucose level in blood, and any dysfunction in its production or action causes a serious disease called diabetes mellitus [2]. Therefore, the discovery of insulin in 1921 represents one of the greatest biomedical events of the 20th century [3]. A normal fasting insulin level in blood is 25 mIU/L (0.86 ng/L) [4]. The insulin molecule consists of 51 residues divided into the A chain (21 amino acids) and B chain (30 amino acids) linked by two disulfide bridges [5,6]. Based on another study that examined the relationship between insulin structure and activity, the active parts of insulin molecules have been identified [3]. Three areas of the A chain, at positions 1–3, 12–17, and 19, are important for the insulin structure and its function. Similarly, in the B chain, the activity of insulin provides amino acids located at positions 8–25 [3]. The insulin structure, with the active parts highlighted, is shown in Figure 1.



Since diabetes can be considered one of the most important diseases worldwide, it is essential to focus on its early diagnosis and treatment [7]. The only currently known treatment is insulin dosing [8]. Therefore, it is necessary to focus on the development of a fast, inexpensive, accurate, and reliable method for direct insulin determination. Currently, various methods like surface-enhanced Raman spectroscopy [9], microwave sensing [10], etc., are known for insulin determination. The major techniques of insulin sensing can be generally categorized into four main groups: immunoassay, chromatographic methods, optical methods, and electrochemical methods. Nevertheless, due to the many advantages of chromatographic and optical methods, they are laborious, time consuming, and high cost, and necessitate pretreatment steps without the possibility of meeting the clinical requirements criteria. Therefore, electrochemical sensors with fast response, simple preparation, and inexpensive instruments could overcome the shortcomings of these methods [11]. Various chemically modified electrodes have been suggested for promoting the oxidation and detection of trace insulin [1]. By applying a modification, it is possible to achieve a significant improvement in the analytical characteristics of bare electrodes, such as a low detection limit, high sensitivity, and wide linear range [8]. Several publications for electrochemical insulin determination are based on electrode modifications using various metal nanoparticles (Ni, Zn, Cu, and Co) [12,13,14], metal oxide nanoparticles (NiO) [15], and carbon materials [1,16], or some combination of the above. Additionally, polymer membranes such as Nafion [8,17], chitosan [18], and polyethylene glycol [19] have been widely used to prevent the fast occupation of active sites by the chloride ions in body fluids. The large benefit of the mentioned polymers is also their ability to fix nanoparticles on the electrode surface during electrochemical measurements [20].



Based on our previous research [4,20], carbon electrodes modified with a combination of multi-walled carbon nanotubes (MWCNTs), ensuring a high increase in surface area; chitosan as a polymer membrane; and NiO nanoparticles (NiONPs), which have the most pronounced catalytic activity towards insulin oxidation, proved to be the most suitable candidates for electrochemical insulin determination. Several types of carbon electrodes, such as glassy carbon electrodes (GCEs) [21], pencil graphite electrodes (PGEs) [16], and carbon paste electrodes (CPEs) [22], have been studied as potential candidates as a matrix for subsequent modification. The disadvantage of these electrodes resulting from their large size is their need for a large amount of analyte for determination. Therefore, our research is focused on the modification of screen-printed carbon electrodes (SPCE). The small size of these electrodes (L34 mm × W10 mm × H0.5 mm) leads to the minimization of the size of the working electrode (only 4 mm in diamter), the low cost, and the decrease in the analyte amount required for determination (only 50 µL), making SPCEs the most suitable candidates for the development of an electrochemical sensor for insulin diagnostics [13,20].



Herein, we aim to develop an electrochemical sensor for insulin determination based on SPCE modified by a combination of MWCNTs, chitosan, and NiONPs. NiONPs display excellent properties, such as a low cost, simple synthesis, and chemical stability. Accordingly, it is desirable to understand and investigate the mechanism of insulin oxidation on SPCE/MWCNT/NiO. Thus, three electrodes were prepared (SPCE/MWCNT/NiO0.3, SPCE/MWCNT/NiO1.0, and SPCE/MWCNT/NiO1.5) with different amounts of NiO deposited on the chitosan-MWCNT/SPCE to compare the influence of NiO loading on insulin oxidation. The morphology and elemental composition of the surface of the electrodes is examined by scanning electron microscopy (SEM) with EDX spectroscopy and X-ray photoelectron spectroscopy (XPS). Cyclic voltammetry (CV), chronoamperometry, and electrochemical impedance spectroscopy (EIS) are used to study the electrochemical properties of the prepared electrodes. All electrochemical measurements were carried out in a phosphate-buffered saline (PBS) solution simulating the presence of Cl− ions at the same concentration found in body fluids. CV was also used to study the influence of interferents on the insulin oxidation of the prepared SPCE and the determination of insulin in human plasma. Finally, this study demonstrates insulin determination in real samples.




2. Materials and Methods


2.1. Chemicals and Reagents


Insulin human recombinant and phosphate-buffered saline (PBS D8662, sterile filtered) were purchased from MP Biomedicals (Irvine, CA, USA) and Biowest (Kansas City, MO, USA), respectively. Multi-walled carbon nanotubes (diameters of 3–10 nm and lengths of 1–10 µm) were purchased from BOC SCIENCES Creative Dynamics Inc. (Shirley, NY, USA). Sodium hydroxide (99%) was obtained from Milan Adamik, Laboratory Chemicals (Bratislava, Slovakia). Nickel nitrate hexahydrate (99.9%), potassium hexacyanoferrate trihydrate (99.95%), nitric acid (65%), sulfuric acid (96%), D-(+)-glucose (≥99.5%), L-ascorbic acid (99%), uric acid (≥99%), sucrose (≥99.5%), L-threonine (98%), L-tyrosine (98%), and bovine blood (Pb, Cd) were purchased from Sigma Aldrich (St. Louis, MO, USA). Insulin solutions were freshly prepared by dissolving powdered insulin in 0.1 M NaOH in PBS before every electrochemical measurement. In the same way, solutions of 0.1 mM sucrose, 0.1 mM ascorbic acid, 0.5 mM uric acid, 5 mM glucose, 83 µM tryptophan, and 78 µM tyrosine were prepared. All measurements were performed at room temperature and atmospheric pressure. Blood obtained for laboratory experiments was taken from laboratory cow. Blood used for insulin determination was allowed to coagulate for 24 h without any intervention and blood serum was obtained after clot removal. The solution was centrifuged 60 min (800 rev/min) for careful purification.




2.2. Instruments


All electrochemical experiments were performed via an AUTOLAB type PGSTAT302 N instrument (Metrohm, Ionenstrasse, Switzerland). SPCE type DS110 (Dropsens, Oviedo, Spain) was used for all electrochemical experiments. The used SPCEs represent a three-electrode system (working electrode = carbon electrode, auxiliary electrode = carbon electrode, and reference electrode = silver electrode) printed on a ceramic substrate (L = 34 mm × W = 10 mm × H = 0.5 mm). The structure and surface morphology of the electrodes were characterized by SEM (SEM/FIB ZEISS AURIGA, Berlin, Germany) with EDX spectroscopy (SEM/FIB ZEISS AURIGA, Berlin, Germany), and X-ray photoelectron spectroscopy (XPS) (HORIBA, Warszawa, Poland), for the surface (6–9 nm) chemical characterization, was carried out using an Axis Supra (Kratos Analytical, Manchester, UK) spectrometer. The size of NiONPs was calculated from SEM images using ImageJ software (version 4.8). To avoid differential charging of the samples, spectra were acquired with charge neutralization in the overcompensated mode. Wide spectra were acquired at a pass energy of 80 eV, and high-resolution spectra were acquired at a pass energy of 20 eV. The spectra were subsequently normalized by shifting the hydrocarbon component CHx to 285.0 eV. The atomic percentages of the elements were quantified from the high-resolution spectra of each element using CasaXPS software (version 2.3.19) after subtracting the Shirley-type background employing Gaussian–Lorentzian (G–L) peaks with a fixed G–L percentage of 30%.




2.3. SPCE Modification Procedure


First, MWCNTs were activated in a solution containing sulfuric acid and nitric acid at a ratio of 1:3 according to Erdélyi et al. [23]. A mixture of PBS, activated MWCNTs, and chitosan was prepared according to Šišoláková et al. [20]. Briefly, 2 mg of activated MWCNTs were dispersed in 1 mL of PBS and 1 µL of chitosan and then ultrasonicated for 1 h to obtain a homogenous suspension. Then, 10 µL of the suspension was dropwise added on the carbon working electrode surface and dried at room temperature. A solution consisting of 40 mM Ni(NO3)2.6H2O was used to deposit NiONPs on the chitosan-MWCNT/SPCE. The pH of the solution was adjusted to pH 2 by using nitric acid. The pulsed electrodeposition of the NiONPs on the SPCE was carried out using an optimized double-pulse sequence of potentials: E1 = −0.4 V (vs. Ag) and E2 = 0.0 V (vs. Ag). Three deposition times of NiONPs were applied to study the mechanism of insulin oxidation on SPCE/MWCNT/NiO. In all cases, the t1 and t2 times was identical with values of 0.5 s, 1 s, and 1.5 s for samples 1, 2, and 3, respectively. The prepared electrodes were activated in a 0.1 M NaOH solution via cyclic voltammetry by potential scanning between +0.1 V and +0.7 V at a scan rate of 100 mV/s for 10 cycles.





3. Results and Discussion


3.1. Scanning Electron Microscopy


The SEM images of the unmodified screen-printed electrode and three modified electrodes are shown in Figure 2. As seen in Figure 2A, the bare screen-printed electrode surface is not completely smooth. After the addition of carbon nanotubes, the surface area considerably increases, as shown in Figure 2B. The carbon nanotubes create a large net of carbon material and provide an increased number of active sites, which is highly favorable for electrochemical measurement, especially in the case of protein molecules. After the electrochemical deposition of nickel oxide, clusters of nanoparticles are observed on the electrode surface. The size of the nanoparticles is approximately 40 nm. As expected, very small particles are homogeneously deposited on the electrode surface, but larger particles are observed only in the clusters.



The amount of deposited NiO particles on the electrode surface corresponds to the duration of electrochemical deposition. However, the particle size does not change with a change in deposition time duration (Figure 3). The particle size on all prepared electrodes was measured via ImageJ software and on all electrodes the particle size was in the range of 40 ± 5 nm in diameter.



According to EDX analysis, at the location of the clusters, the amount of nickel is approximately 3.3 wt% (Figure 4B,D). The amount of oxygen on SPCE/MWCNT/NiO1.5 was 14.1 wt%, which was probably caused by the presence of NiONPs on the electrode surface. The EDX mapping image of the electrode surface displays the homogenous distribution of NiO on the electrode surface (Figure 4B), which is important for further analysis.




3.2. X-ray Photoelectron Spectroscopy


X-ray photoelectron spectroscopy was used to clarify the oxidation state of nickel nanoparticles deposited on the electrode surface during the two-step electrochemical deposition. High-resolution Ni 2p2/3 spectra were recorded as shown in Figure 5. The spectra were also compared with the nickel oxide data from the database. The Ni 2p line of the SPCE/MWCNT/NiO1.5 samples can be identified by unique multiple splitting exhibiting an intense peak at 853.8 eV. The position of NiO in the literature is reported in the range of 854–854.7 eV [24]. Based on the XPS results, the deposited nickel structures are in the nickel oxide crystal form, which is crucial information for the study of the electrochemical reaction mechanism. Moreover, it could be observed that the NiO concentration on the electrode surface increased with an increased duration of nickel oxide nanoparticle deposition.




3.3. Active Surface Area and Electrochemical Mechanism Study


To determine the active surface area of modified screen-printed electrodes, cyclic voltammograms in 5 mM K3[Fe(CN)6] were recorded, as shown in Figure 6. The current response increases with both the addition of multi-walled carbon nanotubes (MWCNTs) and the electrochemical deposition of NiO nanoparticles. The Randles-Ševčík equation was used for an exact calculation of the electroactive surface area [25]:


   I p  = 0.4463 . n F A C       n F v D   R T       1 / 2    



(1)




where Ip is the current maximum in A, n is the number of transferred electrons, A is the electrode area in cm2, C is the concentration of electroactive species in mol.cm−3, v is the scan rate in V s−1, D is the diffusion coefficient in cm2 s−1, and the rest have their typical meaning. The calculated active surface area for the unmodified screen-printed electrode is 0.23 cm2. With the addition of MWCNTs, the electroactive surface area increases twofold. The electroactive surface areas for SPCE/MWCNT/NiO0.3, SPCE/MWCNT/NiO1, and SPCE/MWCNT/NiO1.5 are 0.49 cm2, 0.58 cm2, and 0.69 cm2, respectively. Therefore, the electroactive surface area of SPCE/MWCNT/NiO1.5 increases threefold compared with that of the unmodified screen-printed electrode. The active surface area increases with increasing amounts of NiO nanoparticles, which are used as the electrocatalytic material for insulin oxidation.



The electrochemical behavior of modified electrodes was also studied via electrochemical impedance spectroscopy (EIS), as shown in Figure 7. Impedance spectra were recorded in 10 µM insulin diluted in a PBS solution with the addition of 0.1 M NaOH. The spectra were fitted by using the often-used equivalent circuit also called the Randles equivalent circuit, where Rs is the solution resistance, CPE is the constant phase element, Rct is the charge transfer resistance, and Zw is the Warburg element (Figure 8). As seen in Figure 7 (Inset), the charge transfer resistance rapidly decreases after modification with NiO nanoparticles, which indicates enhanced electron transfer. The charge transfer resistance of SPCE/MWCNT/NiO1.5 is seven times lower than that of SPCE/MWCNT/NiO0.3. According to these results, SPCE/MWCNT/NiO1.5 was chosen as the best candidate for insulin determination and was used for further analysis.



With the aim of studying the mechanism of electrochemical insulin oxidation, cyclic voltammograms were recorded at 50 mVs−1 in a 10 µM solution of insulin in 0.1 M NaOH diluted in PBS. The cyclic voltammograms of the pure electrolyte solution do not display any significant anodic or cathodic peaks. The cyclic voltammograms for the solution with added insulin show one anodic peak at approximately 0.7 V and a cathodic peak at approximately 0.37 V. These peaks could be assigned to an electrochemical reaction connected with insulin oxidation. The oxidation peaks display a higher peak area in comparison to the reduction peak, which could indicate the EC mechanism of the electrochemical reaction. In an effort to study the oxidation mechanism and determine the kinetic parameters in detail, cyclic voltammograms were recorded at different scan rates in the range from 20 mVs−1 to 200 mVs−1, as shown in Figure 9A. The rate-determining step was identified based on the dependences of the peak current on the scan rate (Figure 9B), the peak current on the square root of the scan rate (Figure 9C), and the logarithm of the peak current on the logarithm of the scan rate (Figure 9D). The dependences of the peak current on both the scan rate and the square root of the scan rate are linear, with R2 = 0.94 and R2 = 0.96, respectively. It follows that both diffusion-controlled and surface-controlled processes are possible. Additionally, in the case of the dependence of the logarithm of peak current on the logarithm of scan rate with the linear regression equation log I = 0.71logv + 0.88, the reaction could be affected by both diffusion and adsorption processes. In this case, it could be expected that electrochemical oxidation is a diffusion-controlled process because of the sluggish diffusion of insulin, as a protein with high molecular weight, to the working electrode. On the other hand, biomolecule oxidation is strongly influenced by their adsorption on the working electrode surface. Biomolecule adsorption is usually conditioned by providing enough hydroxyl groups on the surface. Therefore, the alkali solution displays a catalytic influence on the electrochemical detection of various biomolecules. Finally, in this case, both processes could strongly affect the electrochemical reaction.



As follows from previous analysis, the mechanism of insulin oxidation on modified electrodes starts with the oxidation of NiO to NiOOH, as shown in Equation (2).


  NiO +   OH  −  ↔ NiOOH +  e −   



(2)






  NiOOH +  insulin    ↔ Ni     OH    2  + product    



(3)







The second step of the oxidation mechanism occurs after the oxidation of adsorbed insulin on the electrode surface and is related to the NiOOH reduction to Ni(OH)2, as shown in Equation (3). When sufficient potential is applied to the electrode, NiOOH starts to be formed on the surface of the electrode. Then, the adsorbed insulin is oxidized by a chemical reaction. It could be expected that this process is a reaction with slow kinetics. Moreover, the mechanism confirms the EC mechanism, and the rate-determining step is a surface-controlled process influenced by the adsorption of insulin on NiOOH. Based on Laviron theory, the charge transfer coefficient was determined using the linear regression equation of the dependence of peak potential E on logv. For the calculation, Laviron’s equation was used:


  E = K +   2.3 R T     1 − α   n F   log v  



(4)




where E is the peak potential, K is a constant, α is the charge transfer coefficient, v is the scan rate, n is the number of transferred electrons, and R, T, and F have their typical meanings. The calculated linear regression is E = 0.216logv + 0.88, and the calculated charge transfer coefficient is 0.72, indicating an irreversible electrochemical process. The surface concentration of electroactive species (Гc) can be estimated from the dependence of the current peak on scan rate by the equation:


   I p  =    n 2   F 2  v A  Γ c    4 R T   =   n F Q v   4 R T    



(5)




where A is the active surface area, Q is the peak area calculated by charges, v is the scan rate, and n, R, T, F have their typical meanings. Гc = 1.54 × 0−9 mmol.cm−2 is calculated from the dependence of the peak current on the scan rate. According to the obtained results, we reason that the modified electrodes demonstrate a good synergistic effect for effective insulin adsorption.




3.4. Electroanalytical Properties Study


The electroanalytical properties of SPCE/MWCNT/NiO1.5 were investigated by cyclic voltammetry and chronoamperometry in PBS solution with the addition of 0.1 M NaOH and the proper amount of insulin to achieve the desired concentration at a scan rate of 50 mVs−1. The peak current increases linearly with the concentration of insulin, as shown in Figure 10A. Additionally, in the chronoamperometry case, the current response displays the same trend as in the previous case (Figure 10B). Both results were fitted by a linear function to assess the sensing properties of the modified electrodes, as shown in Figure 10C,D. SPCE/MWCNT/NiO1.5 displays a wide linear range from 600 nM to 10 µM, with a low detection limit of 19.6 nM and high sensitivity of 7.06 µA.µM−1. The electroanalytical properties of the modified electrode were compared with other electrode modifications from the literature (Table 1). As can be seen, the LOD of our prepared electrode is comparable with other electrodes mentioned in the literature [21,26,27,28], and other methods used for insulin determination [9,10]. The huge advantage of our sensor in comparison with the mentioned electrode and methods is its simple and rapid preparation, high sensitivity (7.06 µA.µM−1), and fast current response (less then 1 s) towards insulin oxidation determined via chronoamperometry method (Figure S1). The huge advantage of using SPCE is the small size of the working electrode (4 mm in diameter), leading to a reduced amount of analyte being needed for analysis (50 µM).



Various electroactive species are present in blood samples, and it is necessary to study their electrochemical response under the same conditions as those tested for insulin detection. The most frequently studied species are chloride ions, ascorbic acid, uric acid, sucrose, and amino acids. The concentrations of these electroactive species were the same as those in blood samples to obtain relevant results. The cyclic voltammograms for different compounds present in blood (0.1 mM ascorbic acid, 10 µM insulin, 5 mM glucose, 0.5 mM uric acid, 0.1 mM sucrose, 83 µM threonine, and 78 µM tyrosine) are shown in Figure 11. Chloride ions and other salts that are usually contained in blood are present in the sample during all measurements because the PBS solution contains an accurate concentration of these salts to simulate blood conditions. The current responses of these interferents are much lower than the insulin current response at a potential of approximately 0.7 V. This fact creates a promising precondition for the application of the sensor in real sample testing.



In an effort to verify the reliability of the modified screen-printed electrodes for routine analysis, animal blood samples were used. Pure bovine blood serum was obtained from bovine blood and used as the electrolyte in CV measurements to study the current response of a pure blood serum sample when detecting the presence of insulin (Figure 12). The presence of insulin could be declared by the oxidation peak at approximately 0.7 V, which was assigned to insulin. Moreover, with an increasing concentration of insulin in the blood serum samples, the peak current increases. According to these results, the prepared modified screen-printed electrode is a promising candidate for insulin detection in real samples.




3.5. Stability Study


Stability is another important factor to be taken into account for real sample analysis. Stability measurements were performed in a 5 mM K3[Fe(CN)6] solution. The current response is almost constant for 30 cycles, as shown in the inset of Figure 13A. Cyclic voltammograms for insulin were performed before and after cycling with the same current value Also the long term stability of SPCE/MWCNT/NiO1.5 was studied in the 5 mM K3[Fe(CN)6] solution. The current response of SPCE/MWCNT/NiO1.5 towards insulin oxidation after 8 days decreased by only 4.1% (Figure 13B). These results show that the modified electrode is very stable over a relatively large number of measurements and after at least 8 days of storage, so we believe that this sensor could be used multiple times. This reusability could lead to material savings and is more environmentally friendly.



Additionally, the effect of storage temperature on the stability of SPCE/MWCNT/NiO1.5 was studied. Three electrodes were prepared in the same way and stored at three different temperatures (t1 = 8 °C (Figure 14, blue line), t2 = 22 °C (Figure 14, red line), and t3 = 40 °C (Figure 14, black line) for 72 h. Figure 14 shows the cyclic voltammograms of 10 µM insulin in 0.1 M NaOH and PBS on these electrodes. As can be seen, the most suitable storage temperature for the prepared SPCE/MWCNT/NiO1.5 was 8 °C, where the visible oxidation peak for insulin was observed at potential E = 0.5 V. The current response towards insulin oxidation on SPCE/MWCNT/NiO1.5 decreases with increasing temperature.




3.6. Influence of the Temperature Study


The effect of temperature on electrochemical determination of insulin on SPCE/MWCNT/NiO1.5 was studied to obtain the most suitable temperature for electrochemical measurements. Three electrodes modified by MWCNTs, chitosan, and NiONPs with an NiONP deposition time of 1.5 s were prepared according to the procedure described in Section 2.3. Thereafter, three solutions of 10 µM insulin in 0.1 M NaOH and PBS with various temperatures were prepared. The temperatures of the solutions were 8 °C, 20 °C, and 45 °C. Then, 50 µL of the mentioned solutions were dropped on the electrodes. The obtained cyclic voltammograms were compared and analyzed. Figure 15 shows cyclic voltammograms of three solutions with different temperature was 8 °C (blue line), 20 °C (black line), and 45 °C (red line). As can be seen, at the most suitable temperature for electrochemical measurement is laboratory temperature (20 °C), where an oxidation peak was observed for insulin oxidation at potential E = 0.45 V. At the higher temperature (45 °C) no oxidation peak was obtained and at the temperature of 8 °C, an oxidation peak at higher oxidation potential (E = 0.55 V) was observed. Based on these results the most suitable temperature of 20 °C for electrochemical determination was chosen.





4. Conclusions


In summary, screen-printed carbon electrodes were successfully modified by NiO nanoparticles, as evidenced via EDX and XPS analysis, as a novel tool for diabetes diagnosis. The morphology of the deposited particles was studied by scanning electron microscopy. The active surface area of the modified screen-printed electrode increased threefold, which contributed to its enhanced electrocatalytic activity. The prepared electrodes displayed very promising electroanalytical properties and good material stability after electrochemical cycling, and long-term stability. The influence of storage temperature was also studied. The most appropriate storage temperature was 8 °C. Furthermore, the modified electrodes demonstrated the ability to detect insulin in blood serum, making them promising candidates for clinical insulin detection. In our future work we would like to focus on the preparation of nickel modified electrode surface using various method to ensure a homogeneous and uniform nickel distribution on the electrode.
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Figure 1. Insulin structure with the active parts of insulin in purple. 
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Figure 2. SEM images of the screen-printed electrode (A) and SPCE/MWCNT/NiO1.5 (B–D). (A,B) A scale of 1 µm and a magnitude of 50.00 kx. (C) A scale of 200 nm and a magnitude of 200 kx and 100 kx (D). 
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Figure 3. SEM images of the SPCE/MWCNT/NiO0.3 (A), SPCE/MWCNT/NiO1.0 (B), and SPCE/MWCNT/NiO1.5 (C). A scale of 200 nm and a magnitude of 50.00 kx. 
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Figure 4. EDX analysis of SPCE/MWCNT/NiO1.5: SEM image used for the EDX analysis (A), distribution of carbon (B) and nickel (C) on the electrode surface, elements on the electrode surface in wt% (D) obtained from the marked place. 
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Figure 5. XPS spectra for the modified electrodes: SPCE/MWCNT/NiO0.3 (red curve), SPCE/MWCNT/NiO1 (blue curve), and SPCE/MWCNT/NiO1.5 (pink curve). 
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Figure 6. Cyclic voltammograms for different modifications of the screen-printed electrode (A) (SPCE—black curve A, SPCE/MWCNT—red curve B, SPCE/MWCNT/NiO0.3—green curve C, SPCE/MWCNT/NiO1—blue curve D, SPCE/MWCNT/NiO1.5—turquoise curve E) in 5 mM K3[Fe(CN)6]. Comparison of the current response for the particular electrode modifications (B). 
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Figure 7. Impedance spectra at 0.7 V (vs. Ag pseudo-reference electrode) for the particular modifications of the screen-printed electrodes: SPCE—black curve, SPCE/MWCNT—red curve, SPCE/MWCNT/NiO0.3—blue curve, SPCE/MWCNT/NiO1—pink curve, SPCE/MWCNT/NiO1.5—green curve. 
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Figure 8. Equivalent circuit for fitting the impedance spectra. 
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Figure 9. Cyclic voltammograms of 10 µM insulin on SPCE/MWCNT/NiO1.5 at different scan rates (A). The dependences of the peak current on scan rate (B), peak current on the square root of scan rate (C), and of logI on logv (D). 
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Figure 10. Cyclic voltammograms of different insulin concentrations on SPCE/MWCNT/NiO1.5 (A) at a scan rate of 50 mVs−1.The dependence of peak current on the insulin concentration, as fitted by a linear function (C). I-t responses of SPCE/MWCNT/NiO1.5 to different insulin concentrations for 30 s after applying a potential of 0.7 V (B). The dependence of the current response on the insulin concentration, as fitted by a linear function (D). 
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Figure 11. Cyclic voltammograms for the different interferents present in blood (0.1 mM ascorbic acid, 10 µM insulin, 5 mM glucose, 0.5 mM uric acid, 0.1 mM sucrose, 0.83 µM threonine, and 78 µM tyrosine). 






Figure 11. Cyclic voltammograms for the different interferents present in blood (0.1 mM ascorbic acid, 10 µM insulin, 5 mM glucose, 0.5 mM uric acid, 0.1 mM sucrose, 0.83 µM threonine, and 78 µM tyrosine).



[image: Sensors 21 05063 g011]







[image: Sensors 21 05063 g012 550] 





Figure 12. Cyclic voltammograms for the pure blood serum and blood serum samples with 2 µM and 5 µM insulin. 
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Figure 13. Cyclic voltammograms for 10 µM insulin in 0.1 M NaOH before and after cycling. Inset: Cyclic voltammograms to measure the stability in 5 mM K3[Fe(CN)6] for 30 cycles (A). Cyclic voltammograms for 5 mM K3[Fe(CN)6 obtained at 1st to 8th day of storage (B). 
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Figure 14. Cyclic voltammograms for 10 µM insulin in 0.1 M NaOH on SPCE/MWCNT/NiO1.5 stored for 72 h at 8 °C (blue line), 22 °C (red line), and 40 °C (black line). 
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Figure 15. Cyclic voltammograms for 10 µM insulin in 0.1 M NaOH and PBS on SPCE/MWCNT/NiO1.5 with various temperature of the analyst’s solution, t1 = 8 °C (blue line), t2 = 20 °C (black line), and t3 = 45 °C (red line). 
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Table 1. Comparison of the sensing properties of different insulin determination methods from the literature with SPCE/MWCNT/NiO1.5.
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	Electrode
	Linear Range
	Limit of Detection
	Sensitivity
	Method
	Refs.





	AgNF/rGO/MDEA
	1 µm–1 mM
	50 µM
	-
	Impedance spectroscopy
	[19]



	NiNP/CNT/CFME
	2 µM–20 µM
	270 nM
	1.11 nAµM−1
	Cyclic voltammetry
	[26]



	MWCNT/DMF/CE
	250 nM–1.6 µM
	-
	-
	Cyclic voltammetry
	[29]



	NiOx/guanine/GC
	Up to 4 µM
	22 pM
	100.9 pApM−1
	Cyclic voltammetry
	[30]



	Ni(OH)2 NP/Nafion-MWCNT/GC
	Up to 10 µM
	85 nM
	5.0 AµM−1cm−2
	Amperometry
	[31]



	IrOx film electrode
	0.05–0.5 µM
	20 nM
	35.2 nAµM−1
	Amperometry
	[32]



	CHIT-CNT/GC
	0.1–3 µM
	30 nM
	135 mAM−1cm−2
	Amperometry
	[33]



	RuOx/CNT/CE
	10–800 nM
	-
	541 nAµM−1
	Flow-injection amperometry
	[34]



	Si-CPE
	90–1400 pM
	36 pM
	107.3 pApM−1
	Amperometry
	[22]



	3D gold nanoparticles pillars/ITO
	100 pM–50 nM
	35 pM
	-
	Raman spectroscopy
	[9]



	WGE800
	-
	35 pM
	-
	Whispering gallery mode
	[10]



	SPCE/MWCNT/

NiO1.5
	600 nM–10 µM
	19.6 nM
	7.06 µAµM−1
	Amperometry
	This work
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