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Abstract 

Diabetes mellitus can be considered one of the most widespread diseases globally. Hence, the diabetes 

research is currently focused on developing an effective, low-cost sensor having high stability and 

suitable analytical characteristics. Screen printed carbon electrodes (SPCEs) embody ideal candidates 

for insulin determination due to the small area of the working electrode eliminating the solution 

volume required for the given purpose. Modification of SPCEs by using nanoparticles resulted in an 

increase of the working electrode surface area and formation of a higher number of active species. The 

aim of this paper is to examine the impact of a chitosan membrane on the electrochemical 

determination of insulin on NiO nanoparticles (NiONPs) and multi-walled nanotube (MWCNTs) 

modified SPCE (NiONPs/MWCNTs/SPCE). This study is primarily conceived to compare the 

analytical characteristics and stability of NiONPs/chitosan-MWCNTs/SPCE and 

NiONPs/MWCNTs/SPCE. An electrode modified with chitosan displays a wider linear range, one of 

0.25 µM - 5 µM (R2 0.997); a lower limit of detection, 94 nM; a high sensitivity (0.021 µA/µM) and 

better stability than that of an electrode without chitosan. According to these characteristics, the 

polymer is considered a necessary compound of the electrochemical insulin sensor, improving the 

sensor’s analytical characteristics.  
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1. Introduction  

 Insulin as a main anabolic hormone [1] regulating the blood glucose level in the body [2]. It is 

produced by small spherical structures called islets of Langerhans, located in the pancreas [3-6]. 

Insulin triggers the transport of glucose to cells, mainly to the liver, muscle, and fat tissues [7]. The 

secretion or resistance disorders lead to the widespread disease called diabetes mellitus [8, 9]. 

 The enzymatic glucose sensors currently commercially used to diagnose diabetes [10, 11] 

exhibit some drawbacks arising from the dependence of the used enzyme’s activity on the temperature, 

humidity, and pH [12]. Therefore, insulin determination is intensively studied as one of the alternative 

techniques for diabetes diagnostics [13-15]. In general, insulin determination methods are classified 

into the immune and the non-immune groups. The former set includes radioimmunoassay [16], 

enzyme immunoassay (EIA) [17], and luminescent immunoassay (LIA) [18,19]; the disadvantages 

then comprise low sensitivity, long-running analysis, and pre-treatment of the samples with 

fluorogenic labels [20]. Capillary electrophoresis (CE) and high-performance liquid chromatography 

(HPLC) are non-immune methods requiring a complete pre-treatment stage and expensive 

instrumentation [21]. Thus, a highly sensitive, small, rapid, selective, accurate, and cost-effective 

electrochemical sensor is a much desired component [22]. Using electrochemical assays for insulin 

determination can overcome the shortcomings of the methods mentioned above because 

electrochemical assays display a wide linear concentration range, a low limit of detection, high 

sensitivity, and inexpensive instruments [23].  

 Different carbon electrodes, such as glassy carbon (GCE) [24], carbon paste (CPE) [25], edge 

plane pyrolytic graphite (EPPGE) [26], screen printed carbon (SPCE) [27], and pencil graphite ones 

(PGE) [28] have been extensively used for electrochemical insulin determination. In a previous study, 

the electrochemical determination of insulin on a PGE modified by a combination of chitosan, 

MWCNTs, and Ni nanoparticles and NiONPs was investigated. The PGE modified by MWCNTs, 

chitosan, and NiONPs displayed a low detection limit (260 nM), a wide linear range (0.05 μM – 5 

μM), and good sensitivity (0.123 μA/μM) [28]. The current work is centred on the electrochemical 

determination of insulin on a nanomodified SPCE, used instead of a PGE. SPCEs modified by 

chitosan, MWCNTs, and NiONPs displayed a lower detection limit (94 nm) and better stability 

compared to a PGE modified in the same manner. This was probably caused by additional impurities, 

contained in the PGE. Dropsens-made SPCEs type DS 110 embody one of the most appropriate 

candidates for insulin determination because of the small size of the working electrode (4 mm 

diameter). Miniaturization has also lead to a reduction in the insulin volume necessary for 
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electrochemical measurements. SPCEs have been widely employed in electrochemical assays also due 

to their excellent properties, such as the high chemical stability and low background current [29]. 

Although carbon is considered the optimal electrode material for an electrochemical sensor to 

determine insulin [30], the bare carbon electrode has some drawbacks, including insufficient 

sensitivity and slow kinetics of the electrochemical reaction [22]. In an effort to improve the 

electrochemical characteristics of bare carbon electrodes, dedicated researchers have modified their 

surfaces by using different nanoparticles, such as metal nanoparticles (Ni, Cu, Co) or metal oxide 

nanoparticles (NiO, RuO, CoO), including widely used MWCNTs [27, 22], which enlarge the active 

surface area and create more active sites [31, 32].  Moreover, the catalytic activity of different metal 

(Ni, Cu, Co) or metal oxide (NiO, RuO, CoO) nanoparticles towards insulin oxidation has been 

intensively studied [33]. Ni-based nanoparticles ensure high electrical conductivity, low cost, and 

excellent catalytic activity towards insulin oxidation because of the presence of NiO(OH) active 

species formed in an alkaline solution [27].  

 Also, the utilization of different polymer materials, such as Nafion, chitosan, or polyethylene 

glycol, which formed a polymer membrane on the electrode surface, has been discussed. An 

electrochemical sensor towards insulin oxidation with superior properties has been designed via a 

combination of the polymer membrane, MWCNTs, and metal nanoparticles [27]. Using a polymer 

membrane prevents the occupation of active sites with Cl- ions present in the phosphate-buffered 

saline and fixes the nanoparticles on the electrodes’ surface during the electrochemical measurements, 

thus improving the stability of the electrodes [34].  

 Herein, the impact of chitosan as a polymer material on the electrochemical determination of 

insulin on NiONPs and MWCNTs-modified SPCEs is analysed. The electrochemical properties, 

morphology, and stability of NiONPs/chitosan-MWCNTs/SPCE and NiONPs/MWCNTs/SPCE were 

compared to evaluate the respective impact of chitosan. The morphology of the electrodes was 

examined by transmission electron microscopy (TEM), scanning transmission electron microscopy, 

(STEM), scanning electron microscopy (SEM), and EDX analysis. Cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS), and chronoamperometry were employed to study the 

electrochemical properties of modified SPCEs. All the measurements were carried out in a phosphate- 

buffered saline (PBS) solution simulating the presence of Cl- ions close to their concentration in the 

human body.  Also, the influence of interferences (ascorbic acid, glucose, sucrose, and lactic acid) on 

insulin oxidation was studied via the cyclic voltammetry method. 
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2. Experiments 

2.1 Chemicals and Materials 

The employed Insulin, Human Recombinant (5807.6 g/mol) was purchased from MP 

Biomedicals (France, Illkrich). The MWCNTs (diameter: 3 nm – 10 nm, length: 1 µm - 10 µm) were 

obtained from BOC SCIENCES Creative Dynamics Inc. (USA, New York). The phosphate-buffered 

saline (PBS D8662, sterile filtered), nickel nitrate hexahydrate (Ni(NO)3.6H2O, 99.9%), sodium 

hydroxide (NaOH, 99%), potassium ferrocyanide trihydrate (K4[Fe(CN)6].3H2O, 99.95%), potassium 

ferricyanide trihydrate (K3[Fe(CN)6].3H2O, 99.95%), nitric acid (HNO3, 65%), sulfuric acid (H2SO4, 

96%), ethanol (CH3CH2OH, 99.5%), glucose (C6H12O6, 99.5%), sucrose (C12H22O11, 99.5%), ascorbic 

acid (C6H8O6, 99%), lactic acid (C3H6O3, 98%) and chitosan (from shrimp shells, 75%) were ordered 

from Sigma Aldrich (USA, Missouri). The insulin solutions were freshly prepared by dissolving 

powdered insulin in 0.1 M NaOH in PBS before each electrochemical measurement. Deionized water 

(ρ = 18.2 MΩ.cm) was used to dissolve other chemical substances. All the measurements were 

performed at room temperature and atmospheric pressure. 

2.2 Apparatus 

 All the electrochemical experiment, except for the EIS measurement, were performed by using 

AUTOLAB type IME663 (Metrohm, Switzerland). The EIS measurements were materialized with 

AUTOLAB type PGSTAT302N (Metrohm, Switzerland). In the measurements, we utilized SPCEs 

type DS110 (Dropsens, Spain); these consist of three electrodes (a working electrode (WE) = a carbon 

electrode, an auxiliary electrode (AE) = a carbon electrode, and a reference electrode (RE) = a silver 

electrode) printed on a ceramic substrate (L = 33 mm x W = 10 mm x H = 0.5 mm). The printed 

reference Ag electrode represents a pseudoelectrode and it was not modified prior to the 

electrochemical measurements. Many articles [27, 29] have used the printed Ag electrode as a 

pseudoelectrode because of the simplification it allows for SPCE use without additional pre-treatment. 

The surface morphology of the SPCEs was characterized by a TEM with EDX analysis (FEI Tecnai 

F20 S, CEMAS, Ohio), a STEM (FEI Magellan 400 L, CEMAS, Ohio), and a SEM (Jeol JSM 7000 N, 

Japan). 

2.3 Fabrication of modified SPCEs 

 The bare SPCEs were rinsed with ethanol to remove possible impurities before every 

modification cycle [27].  The MWCNTs were activated in a solution containing nitric acid and 

sulphuric acid at the ratio of 3:1, according to Erdelyi et al. [35]. The powdered chitosan was dissolved 

in a solution containing the PBS and 0.1 M acetic acid with pH = 3. Thereafter, 2 mg of the activated 

MWCNTs were dispersed in 1 ml of the PBS. In the NiONPs/chitosan-MWCNTs/SPCE modification, 
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1 µl of a chitosan solution was also added. Both mixtures were ultrasonicated for 1 hour to produce a 

homogenous suspension. Then, 10 µl of the suspension, with or without chitosan, were dropped on the 

SPCE surface and dried at room temperature [28].  

 The deposition of the NiONPs on the MWCNTs/SPCE or the chitosan-MWCNTs/SPCE was 

performed from a 40 mM Ni(NO3)2.6H2O solution. 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 according 

to Rafiee et al. [27], using an optimized double-pulse sequence of potentials: E1 = 0.4 V (vs. Ag) for t1 

= 0.3 s and E2 = 0.0 V (vs. Ag) for t2 = 2.5 s. To study the mechanism of insulin oxidation on 

NiONPs/chitosan-MWCNTs/SPCE different deposition times of NiONPs were used. In the first case t1 

was 0.3 s and t2 was 2.5 s, secondly t1 was 0.6 s and t2 was 2 s and in the third case t1 was 0.9 s and t2 

was 7.5 s. The prepared electrodes were activated in a 0.1 M NaOH solution via the cyclic 

voltammetry method by potential scanning between + 0.1 V and + 0.7 V at the scan rate of 100 mV/s 

for 10 cycles.  

2.4 Electrochemical measurements  

The active surface area of the NiONPs/MWCNTs/SPCE and the NiONPs/chitosan-

MWCNTs/SPCE was determined by the chronoamperometry method in 1 mM 

K4[Fe(CN)6]/K3[Fe(CN)6] and 1 M KCl at the potential of 0.25 V. The stability measurements were 

executed in the same solution by means of cyclic voltammetry in the potential range from -0.4 V to 0.6 

V during 50 cycles at the scan rate of 100 mV/s. The different insulin concentrations were determined 

in the 0.1 M NaOH and PBS in the potential range from 0 V to 1 V at the scan rate of 100 mV/s. The 

cyclic voltammetry experiments at different scan rates were performed using 2 µM insulin in the 0.1 

M NaOH and PBS at the potential range from 0 V to 1 V. The EIS measurements were recorded at 

0.51 V in the frequency range of 0.1 Hz to 100 kHz in the presence of 2 μM insulin and the 0.1 M 

NaOH in PBS. The solutions with different concentrations of insulin were prepared by dissolving the 

required amount of powdered insulin in a solution containing the PBS and 0.1 M NaOH. Since the 

printed Ag reference electrode was used for all electrochemical measurements, potential values for the 

oxidation and reduction processes can be shifted as compared with Ag/AgCl, but with no influence on 

anodic peak currents corresponding to insulin oxidation. 

 

3. Results and discussion  

3.1 Surface characterization  

 Figures 1 A and B show TEM micrographs of the NiONPs/MWCNTs/SPCE and 

NiONPs/chitosan-MWCNTs/SPCE, respectively. Both of the TEM images (Figure 1 A and B) display 
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MWCNTs with the length of several micrometres and diameter of about 20 nm. In the 

NiONPs/MWCNTs/SPCE (Figure 1A), only smooth MWCNTs lacking polymer material were 

observed. Compared to the NiONPs/MWCNTs/SPCE, the surface of the NiONPs/chitosan-

MWCNTs/SPCE (Figure 1B) displays visible changes. The chitosan is present on the electrode surface 

as a polymer layer on the MWCNTs (Figure 1 B). The chitosan layer on the NiONPs and MWCNTs 

modified SPCE was not completely homogeneous. There are visible dark areas present on the 

NiONPs/chitosan-MWCNTs/SPCE surface, corresponding to a higher chitosan concentration (Figure 

1 B); this effect could be attributed to insufficient chitosan dissolution in the nanotubes suspension.  

 

Figure 1. The TEM image of the NiONPs/MWCNTs/SPCE (A) and NiONPs/chitosan-MWCNTs/SPCE (B). 

Figure 2 shows the detailed SEM image of the NiONPs/chitosan-MWCNTs/SPCE. The spherical 

NiONPs are located mainly on the undulations or endings of the MWCNTs with a diameter of 5 nm – 

10 nm. The NiONPs form nanoparticle aggregates with a size of 50 nm – 100 nm. EDX analysis was 

used to determine the chemical composition of the NiONPs/chitosan-MWCNTs/SPCE, confirming the 

presence of 59 % of carbon (C), 18 % of nickel (Ni), and also additional elements like magnesium 

(Mg), calcium (Ca), silicon (Si), phosphorus (P), and chlorine (Cl). The presence of the additional 

compounds was caused by the use of the PBS for the MWCNTs dispergation.  
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Figure 2. The detailed SEM image of the NiONPs/chitosan-MWCNTs/SPCE. 

 The active surface area of the NiONPs/MWCNTs/SPCE and NiONPs/chitosan-

MWCNTs/SPCE was determined by using the chronoamperometry method in 1 mM 

K4[Fe(CN)6]/K3[Fe(CN)6] and 1 M KCl. The active surface area measured via chronoamperometry 

was calculated using the Cottrell equation: 

  𝐼 =
𝑛𝐹𝐴𝐷1 2⁄ 𝑐

𝜋1 2⁄ 𝑡1 2⁄                  (1) 

where I is the measured current in A; F denotes the Faraday constant; n is the number of exchanged 

electrons; A represents the surface area of the working electrode in cm2; c stands for the concentration 

of K4[Fe(CN)6]/ K3[Fe(CN)6] in mM; D is the diffusion coefficient in cm2s-1; and t denotes the time in 

s. The diffusion coefficient used to compute the surface area equalled 7.6 cm2s-1 [36].  

The plots of the oxidation peak current versus t for the NiONPs/chitosan-MWCNTs/SPCE 

(full line) and the NiONPs/MWCNTs/SPCE (dashed line) obtained in 

1 mM K4[Fe(CN)6]/1 mM K3[Fe(CN)6] in 1 M KCl are shown in Figure 3. The active surface area of 

the NiONPs/MWCNTs/SPCE without the chitosan was determined to be 0.89 cm2, and the active 

surface area of the NiONPs/chitosan-MWCNTs/SPCE corresponded to 0.77 cm2. The use of the 

polymer layer caused a reduction of the active surface area due to the low electrical conductivity of 

chitosan (1.7 x 10-2 S.cm-1) [37]. The experiments were performed three times, with the relative 

standard deviation (RSD) of 5 % for the NiONPs/MWCNTs/SPCE and 4 % for the NiONPs/chitosan-

MWCNTs/SPCE.  
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Figure 3. The plot of the oxidation peak current versus t for the NiONPs/chitosan-MWCNTs/SPCE (full line) and 

NiONPs/MWCNTs/SPCE (dashed line). 

 

3.2 Stability tests  

The stability of the NiONPs/MWCNTs/SPCE and NiONPs/chitosan-MWCNTs/SPCE was 

examined in different ways to confirm the stabilization of the NiONPs with the chitosan on the 

electrode surface during the electrochemical measurements.  

 First, we obtained the EDX spectra for the NiONPs/MWCNTs/SPCE (Figure 4 A, B) and 

NiONPs/chitosan-MWCNTs/SPCE (Figure 4 C, D) before and after one insulin electrochemical 

determination cycle performed in the 0.1 M NaOH and PBS via cyclic voltammetry in the potential 

range of 0 V to 1 V at the scan rate of 100 mV/s. Before the electrochemical measurement, Ni was 

present on both electrodes’ surfaces in approximately the same amount (18 %). After the 

electrochemical experiments, Ni was observed only in the EDX spectrum of the NiONPs/chitosan-

MWCNTs/SPCE (Figure 4 D), where 18 % of Ni was detected. The Ni volume is the same as that 

detected before the electrochemical measurement (Figure 4 C). The presence of Ni was not observed 

on the surface of the NiONPs/MWCNTs/SPCE without the chitosan after the electrochemical 

measurement (Figure 4 B). This effect confirms the ability of the chitosan to stabilize the NiONPs on 

the electrode surface during the electrochemical process.  
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Figure 4. The EDX spectrum of the NiONPs/MWCNTs/SPCE (A, B) and NiONPs/chitosan-MWCNTs/SPCE (C, D) 

before  (A, C) and after (B, D) one insulin electrochemical determination case using the cyclic voltammetry 

method. The insert comprises a detailed part of the EDX spectrum showing the presence of Ni. 

 

The stability of the NiONPs/MWCNTs/SPCE and NiONPs/chitosan-MWCNTs/SPCE was 

also electrochemically determined in 1 mM K4[Fe(CN)6]/1 mM K3[Fe(CN)6] in 1 M KCl by using 

cyclic voltammetry. Since, the electrodes for stability tests were not preconditioned, oxidation 

potentials can be a little shifted.  A decrease of the maximum current value attributed to the oxidation 

of K4[Fe(CN)6] after 50 cycles was observed. Figure 5 shows the cyclic voltammograms of 

1 mM K4[Fe(CN)6]/1 mM K3[Fe(CN)6] in 1 M KCl on the NiONPs/MWCNTs/SPCE (Figure 5 A) and 

NiONPs/chitosan-MWCNTs/SPCE (Figure 5 B). In the NiONPs/MWCNTs/SPCE, a 16 % decrease of 

the maximum current value after 50 cycles was detected (Figure 5 A); this value is higher than the 

maximum current value decrease after 50 cycles on the NiONPs/chitosan-MWCNTs/SPCE (3 %). 

Stability measurements were performed on three different electrodes, with the RSD of 3 % for the 

NiONPs/MWCNTs/SPCE and 2 % for the NiONPs/chitosan-MWCNTs/SPCE. These measurements 

demonstrated better electrochemical stability of the NiONPs/chitosan-MWCNTs/SPCE as well as 

improved RSD, and they confirmed the results obtained from the EDX analysis. The presence of the 
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chitosan on the electrode surface enhanced the electrochemical stability of the electrode and stabilized 

the nanoparticles on the electrode surface during the electrochemical measurement.  

 

Figure 5. The cyclic voltammograms of 1 mM K4[Fe(CN)6]/1 mM K3[Fe(CN)6] in 1 M KCl on the 

NiONPs/MWCNTs/SPCE (Figure 5 A) and NiONPs/chitosan-MWCNTs/SPCE (Figure 5 B) display the 1st (full line) 

and 50th (dashed line) measurement cycles. 

 

3.3 Insulin oxidation  

 Insulin is a polypeptide hormone whose structure comprises 51 amino acids divided 

into A and B chains. These chains are composed of 21 and 30 residues, respectively, linked by 

two disulphide bridges at positions A7 – B7 and A20 – B19 [38]. Three regions of the A 

chain, namely, residues 1 – 3, 12 – 17, and 19, are important for the insulin structure and its 

function. Similarly, in the B chain the active insulin region includes residues 8–25 [39]. These 

active regions of the insulin molecule are highlighted in Figure 6 (red frame). Another study 

proposes that tyrosine (Tyr) and tryptophan (Thr) are the only two amino acids with the 

possibility of oxidizing on the carbon electrode surface [40]. Considering this argument, we 

can exclude Thr oxidation because Thr is not located in the active part of the insulin molecule. 

These results then promote the theory of Tyr oxidation in the insulin molecule on a carbon 

surface because three Tyr molecules are located in the active regions of insulin (Figure 6, 

green frame).  
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Figure 6. The structure of human insulin. 

 

3.3.1 Mechanism of insulin oxidation on the NiONPs-modified SPCE 

 To examine the insulin oxidation mechanism, the electrochemical behaviour of the 

NiONPs/chitosan-MWCNTs/SPCE (Figure 8 A, full line) and chitosan-MWCNTs/SPCE (Figure 8, 

dashed line) under insulin oxidation in the 0.1 M NaOH and PBS was studied via the cycling 

voltammetry method (CV) in the potential window ranging from 0 V to 1 V and at the scan rate of 100 

mV/s. As shown in the related voltammograms, the current response towards the oxidation on the 

chitosan-MWCNTs/SPCE (Figure 8 A, dashed line) is lower, and there is no apparent peak for the 

oxidation, confirming that the SPCE without the NiONPs has no electrocatalytic activity towards the 

insulin oxidation in alkaline solutions. Conversely, the insulin oxidation process on the 

NiONPs/chitosan-MWCNTs/SPCE occurred in two steps, and thus two oxidation peaks were observed 

(Figure 8 A, full line). The first anodic peak at the potential E = 0.20 V, detailed within the inset in 

Figure 8 A, is attributed to the oxidation of NiO to NiO(OH) (peak I.) according to Equation 2 [27]. 

This oxidation process is controlled by the adsorption of the OH- ions from the alkali solution. The 

second oxidation peak at the potential E = 0.51 V is assigned to the direct oxidation of insulin (peak 

II.) according to Equation 3 [27]. Tyr is an insulin molecule aminoacid whose oxidation occurs at the 

carbon electrode, and the relevant mechanism is shown in Figure 7.  

NiO + OH− → NiO(OH) + e−         (2)   

insulin → 𝑒− + oxidized form of insulin       (3)   
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Figure 7. The oxidation of tyrosine. 

The reduction peak at the potential E = 0.24 V corresponds to the reaction described by Equation 4 

[41] due to the extremely high sensitivity of NiO(OH) to electron exposure. 

NiO(OH) + 𝑒− → NiO + OH−          (4)   

The distance between the oxidation and the reduction peaks E = 0.26 V indicates an irreversible 

electrochemical process.  

In an effort to study oxidation and reduction peak at potential E = 0.20 V and E = 0.24 V, respectively 

attributed to the oxidation of NiO to NiO(OH) and its consecutive reduction, blank experiments in 

alkaline solution with NiONPs/chitosan-MWCNTs/SPCE were done. Three different modified 

NiONPs/chitosan-MWCNTs/SPCEs were prepared using double pulsed method as was mentioned in 

part 2.3 but different deposition times of NiONPs were used. Figure 8 B shows cyclic voltammograms 

of the 0.1 M NaOH in PBS without insulin on NiONPs/chitosan-MWCNTs/SPCEs. As indicate in 

these voltammograms oxidation peak (E = 0.20 V) corresponding to Ni to NiO(OH) oxidation 

(Equation 2) increased with the prolonged deposition time. The same trend was observed for 

mentioned reduction peak which confirms that this peak is attributed to reduction of NiO(OH) in 

alkaline solution (Equation 4).   
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Figure 8. The cyclic voltammograms of the 2 μM insulin in the 0.1 m NaOH and PBS on the chitosan-

MWCNTs/SPCE (dashed line) and NiONPs/chitosan-MWCNTs/SPCE (full line). Peak  I. NiO to NiOOH oxidation 

and peak II. direct insulin oxidation. Inset: a detail of peak II at the potential 0.20 V (Figure 8 A). Cyclic 

voltammograms of 0.1 M NaOH in PBS on NiONPs/chitosan-MWCNTs/SPCE prepared by different deposition 

time of NiONPs (Figure 8 B). 

 

3.3.2 Insulin oxidation on the NiONPs/MWCNTs/SPCE and NiONPs/chitosan-MWCNTs/SPCE 

 The electrochemical behaviour of the NiONPs/MWCNTs/SPCE and NiONPs/chitosan-

MWCNTs/SPCE towards the insulin oxidation in the 0.1 M NaOH and PBS was studied by using the 

cycling voltammetry method in the potential window ranging from 0 V to 1 V at the scan rate of 100 

mV/s. The impact of the chitosan on the electrochemical insulin determination was examined. Figure 9 

A shows the cyclic voltammograms recorded in the 0.1 M NaOH and PBS for the NiONPs/chitosan-

MWCNTs/SPCE (Figure 9 A, dashed line) and NiONPs/MWCNTs/SPCE (Figure 9 A, full line) in the 

presence of the 2 μM insulin. As indicated in these voltammograms, the current response towards the 

oxidation of the 2 μM insulin on the NiONPs/MWCNTs/SPCE (Figure 9 A, full line) is higher 

compared to the current response towards the insulin oxidation on the NiONPs/chitosan-

MWCNTs/SPCE (Figure 9 A, dashed line). The lower current response towards the oxidation on the 

NiONPs/chitosan-MWCNTs/SPCE is due to the reduced conductivity after polymer application. This 

effect was also confirmed by examining the active surface area, which decreased in the NiONPs-

modified SPCE after application of the chitosan.  

The lower conductivity of the NiONPs/chitosan-MWCNTs/SPCE was also confirmed by 

electrochemical impedance spectroscopy (EIS), an important electrochemical method used to 

investigate the resistance of the NiONPs/MWCNTs/SPCE and NiONPs/chitosan-MWCNTs/SPCE 

surfaces. According to Ohm’s law, resistance is indirectly dependent on conductivity. Figure 9 B 
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shows the Nyquist plots recorded at 0.51 V in the frequency range of 0.1 Hz to 100 kHz in the 

presence of the 2 μM insulin and 0.1 M NaOH in PBS and fitted with the most suitable equivalent 

circuit shown in Figure 9 B; in the electrochemical system presented therein, RS is the solution 

resistance, Rct is the charge transfer reaction resistance, and CPE denotes the constant phase element.  

As shown in Figure 9 B, a higher Rct value (Rct = 3.02x1010 Ω) was observed for the 

NiONPs/chitosan-MWCNTs/SPCE (Figure 9 B, b), where the chitosan application caused an increase 

in the Rct. The higher conductivity and lower Rct (Rct = 1177 Ω) were achieved by modifying the SPCE 

via the NiONPs and MWCNTs without the chitosan (Figure 9 B, a).  

 

Figure 9. The cyclic voltammograms of the 2 μM insulin in the 0.1 m NaOH and PBS on the 

NiONPs/MWCNTs/SPCE (A, full line) and NiONPs/chitosan-MWCNTs/SPCE (A, dashed line), and the Nyquist 

plots of the NiONPs/MWCNTs/SPCE (B, a line) and NiONPs/chitosan-MWCNTs/SPCE (B, b line) in the presence 

of 2 µM insulin in the 0.1 M NaOH and PBS. The applied potential equalled 0.51 V, and the frequency range was 

from 0.1 Hz to 100 kHz. Inset: the equivalent circuit used for the data fitting. 

 

3.3.3 Kinetics of insulin oxidation on the NiONPs/MWCNTs/SPCE and NiONPs/chitosan-

MWCNTs/SPCE 

 The 2 μM insulin oxidation kinetics were studied via the cyclic voltammetry method in the 0.1 

M NaOH and PBS at various scan rates from 10 mV/s to 200 mV/s. Figure 10 shows the cyclic 

voltammograms for the 2 μM insulin in the 0.1 M NaOH and PBS on the NiONPs/chitosan-

MWCNTs/SPCE (Figure 10 A) and NiONPs/MWCNTs/SPCE (Figure 10 B) at various scan rates with 

different linear regression (Figure 10 C – D). Figure 10 also shows the dependence of the maximum 

current value corresponding to the insulin oxidation (I) on the scan rate (v) in the NiONPs/chitosan-

MWCNTs/SPCE (Figure 10 C) and NiONPs/MWCNTs/SPCE (Figure 10 D). Figures 10 E and F 

show the dependence of log I on log v in the NiONPs/chitosan-MWCNTs/SPCE (Figure 10 E) and 
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NiONPs/MWCNTs/SPCE (Figure 10 F), fitted with a linear function. Both of the dependences were 

fitted with a linear function. The peak current increased linearly with the scan rate (R2 = 0.999) in the 

NiONPs/chitosan-MWCNTs/SPCE and (R2 = 0.971) for the NiONPs/MWCNTs/SPCE; therefore, the 

dependence of log I on log v was plotted and fitted with a linear function (Figure 10 E, F). The linear 

dependences of log I on log v with linear regression equations were I = 0.931v – 2.37 and I = 0.701v - 

1.71 for the NiONPs/chitosan-MWCNTs/SPCE and NiONPs/MWCNTs/SPCE, respectively. The 

obtained linear regression equations indicate that the processes are controlled by adsorption on the 

NiONPs/chitosan-MWCNTs/SPCE and diffusion on the NiONPs/MWCNTs/SPCE. All the 

measurements were carried out on three different electrodes, exhibiting the excellent RSD of 3 % for 

the NiONPs/MWCNTs/SPCE and 1 % for the NiONPs/chitosan-MWCNTs/SPCE. 
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Figure 10. The cyclic voltammograms of the 2 μM insulin in the 0.1 m NaOH and PBS at various scan rates from 

10 mV/s to 200 mV/s (a-i) with the NiONPs/chitosan-MWCNTs/SPCE (A) and NiONPs/MWCNTs/SPCE (B). The 

dependence of the insulin oxidation-related maximum current value on the scan rate for the NiONPs/chitosan-

MWCNTs/SPCE (C) and NiONPs/MWCNTs/SPCE (D). The dependence of the insulin oxidation-related maximum 

current value log on the log scan rate in the NiONPs/chitosan-MWCNTs/SPCE (D) and NiONPs/MWCNTs/SPCE 

(E). 
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3.4 Analytical characteristics 

The analytical characteristics of the NiONPs/chitosan-MWCNTs/SPCE and 

NiONPs/MWCNTs/SPCE were studied via the CV method in the 0.1 M NaOH and PBS at the scan 

rate of 100 mV/s (Figure 11). Figure 11 shows the effect of the various insulin concentrations (0.25 

µM – 5 µM) on the anodic peak current (0.51 V) for the NiONPs/chitosan-MWCNTs/SPCE (Figure 

11 A) and NiONPs/MWCNTs/SPCE (Figure 11 D) in the 0.1 M NaOH and PBS. The maximum 

current value in the insulin oxidation on the NiONPs/chitosan-MWCNTs/SPCE increased linearly by 

raising the hormone’s concentration (Figure 11 B); the effect was confirmed through determining the 

correlation coefficient (R2 = 0.997) and residuals analysis, where R2 was 0.997 (Figure 11 C).  The plot 

of the current response versus the insulin concentration on the NiONPs/chitosan-MWCNTs/SPCE is 

linear over the wide concentration range of 0.25 µM – 5 µM (Figure 11 B, C). The sensitivity of the 

NiONPs/chitosan-MWCNTs/SPCE determined from the calibration plot with the correlation 

coefficient of 0.997 corresponded to 0.021 µA/µM. The detection limit of the NiONPs/chitosan-

MWCNTs/SPCE, evaluated at the signal-to-noise ratio of 3:1 and calculated according to Equation 5 

[42], was found to be 94 nM. 

𝐿𝑂𝐷 =  
3𝑥 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 𝑒𝑟𝑟𝑜𝑟

𝑠𝑙𝑜𝑝𝑒
              (5)  

 Also, the insulin oxidation (0.25 µM - 5 µM) in the 0.1 M NaOH and PBS on the 

NiONPs/MWCNTs/SPCE (Figure 11 D) was studied. No linear dependence was observed, and the 

correlation coefficient of the dependence of the maximum current value according to the insulin 

oxidation on the NiONPs/MWCNTs/SPCE in the concentration range from 0.25 μM to 5 μM could 

not be established (Figure 11 E). The unlinear dependence was confirmed also with residuals analysis 

(Figure 11 F) with R2 of only 0.285.  

 Moreover, the sensitivity and limit of the NiONPs/MWCNTs/SPCE detection could not be 

calculated because of the absolutely unlinear dependence of the maximum current value on the insulin 

concentration in the NiONPs/MWCNTs/SPCE; therefore, this electrode is not convenient for the 

insulin determination within the concentration range required to facilitate such a procedure in the 

human blood.  

Hence, the application of the chitosan membrane on the NiONP/MWCNTs/SPCE improved 

the analytical characteristics of the discussed electrode and is a precondition for the insulin 

determination. The detection limit, sensitivity, and linear calibration plot for the determination in the 

NiONPs/chitosan-MWCNTs/SPCE are comparable with those of the other common modified 

electrodes [11, 30, 43] summarized in Table 1. Compared to the PGE modified with the 
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NiONPs/chitosan-MWCNTs and SPCE modified with MWCNTs-Nafion/NiONPs [27] a lower 

detection limit (only 94 nm) was achieved [28]. Also, the linear range (0.25 µM – 5 µM) in the 

NiONPs/chitosan-MWCNTs/SPCE proved to be wider than that of the chitosan-CNTs/GCE (0.1 µM – 

3 µM) [45]. 

A prominent advantage of the prepared NiONPs/chitosan-MWCNTs/SPCE consists in using 

the SPCE for the modification because of the small area of the working electrode; this property makes 

the given SPCE type an ideal candidate for insulin detection in real samples. Unlike other commonly 

used carbon electrodes employed in the electrochemical procedure, such as the GCE [44, 45] or PGE 

[28], the SPCE facilitates rapid system miniaturization while the amount of the analyte required for the 

determination is reduced from the approximately 50 ml needed to enable the procedure in the GCE 

[44, 45] or PGE [28] down to only 50 μl. Further, no complex equipment has to be acquired to run the 

process in the NiONPs/chitosan-MWCNTs/SPCE, and the measurements do not need to be realized in 

a three-electrode electrochemical cell, because all the electrodes (WE, AE, RE) are pre-printed on a 

ceramic substrate. Therefore, no complicated pre-measurement preparation is required.  

Also, compared to other methods commonly used for the determination [18, 19, 20], the 

electrochemical procedure on a nanomodified SPCE is considered a suitable method because of the 

fast running analysis that lasts only a few seconds. The electrochemical determination of insulin on the 

NiONPs/chitosan-MWCNTs/SPCE did not necessitate sophisticated sample preparation before the 

measurement either. 

Table 1. The analytical insulin determination parameters in the different modified electrodes. 

Electrode material Method Detection 

limit  

Sensitivity Dynamic 

range 

References 

NiONPs/chitosan-

MWCNTs/SPCE 

Cyclic 

voltammetry 

94 nM 0.021 

µA/µM 

0.25 µM –     

5 µM 

This paper 

Chitosan-CNTs/GCE  Amperometry 30 nM 135 mA/mM 0.1 µM –      

3 µM 

[44] 

MWCNTs-

Nafion/NiONPs/SPCE 

Amperometry 6.1 nM 1.83 µA/µM 20 nM –    

260 nM 

[27] 

CNTs/GCE Amperometry 14 nM 48 nA/μM - [30] 

NiONPs/Chitosan-

MWCNTs/PGE 

Amperometry 260 nM 0.642 

µA/µM 

0.05 µM -     

5 µM 

[28] 

Ru/Methalodendrimers/GCE Amperometry 2 nM 225 nA/μM 6 nM –      

0.4 μM 

[45] 
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Figure 11. The cyclic voltammograms of 0.25 μM – 5 μM insulin in the 0.1 m NaOH and PBS on the 

NiONPs/chitosan-MWCNTs/SPCE (A) and NiONPs/MWCNTs/SPCE (D). The linear plot of the insulin oxidation 

peak current versus the insulin concentration on the NiONPs/chitosan-MWCNTs/SPCE (B) and 

NiONPs/MWCNTs/SPCE (E). The residuals analysis on NiONPs/chitosan-MWCNTs/SPCE (C) and 

NiONPs/MWCNTs/SPCE (F). 
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3.5 Interference study  

Due to inappropriate analytical characteristics of the NiONPs/MWCNTs/SPCE for the insulin 

determination in real samples, the interference tests were performed only for the NiONPs/chitosan-

MWCNTs/SPCE. In order to study the impact of the interferences present in blood on the insulin 

determination in the NiONPs/chitosan-MWCNTs/SPCE, 2 μM of the hormone was determined in a 

solution consisting of  0.1 mM ascorbic acid, 0.1 mM sucrose, 5 mM glucose, and 0.1 M lactic acid  in 

the 0.1 M NaOH and PBS (Figure 12). Three measurements were executed, with the RSD of only 1 %. 

None of the compounds showed a specific current peak in the potential area related to the insulin 

oxidation on the NiONPs/chitosan-MWCNTs/SPCE, and the cyclic voltammogram was the same as 

that of the 2 μM insulin the in 0.1 M NaOH and PBS. All the electrochemical measurements were also 

performed in the PBS, simulating the concentration of Cl- ions in biological samples.  

 

Figure 12. The cyclic voltammograms of the 2 μM insulin in the solution consisting of 5 mM glucose, 0.1 M 

ascorbic acid, 0.1 M lactic acid, 0.1 M sucrose, and 0.1 m NaOH and PBS on the NiONPs/chitosan-

MWCNTs/SPCE at the scan rate of 100 mV/s. 
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4 Conclusions 

 The impact of chitosan as a polymer membrane on the insulin determination in NiONPs and 

MWCNTs-modified SPCEs was investigated. Although the chitosan layer on the NiONPs and 

MWCNTs-modified SPCE was not completely homogeneous, the polysacharide stabilized the 

NiONPs on the MWCNTs-modified SPCE, increased the sensitivity, and fixed the NiONPs on the 

SPCE during the electrochemical measurements. Thus, the spin-coating method, instead of simple 

dropping of the MWCNTs-chitosan suspensions onto the electrodes, will be studied in the near future 

to eliminate formation of heterogeneous zones on the electrode. This coating procedure is capable of 

producing a thinner layer and accelerating the drying process, as confirmed by the EDX analysis of the 

NiONPs/MWCNTs/SPCE and NiONPs/chitosan-MWCNTs/SPCE before and after the 

electrochemical measurements and also by the electrochemical stability measurements. Even though 

the application of chitosan  decreased the current response towards the insulin oxidation on the 

NiONPs and MWCNTs-modified SPCE, it substantially improved the analytical characteristics. The 

NiONPs/chitosan-MWCNTs/SPCE offers a lower detection limit, higher sensitivity, and sufficient 

linear range for the insulin determination in real samples. Moreover, the electrochemical procedure 

involves fast analysis lasting only a few seconds. Respecting the ion concentrations in real samples, all 

the measurements were performed in PBS to simulate the concentration of Cl- ions in the human 

blood. Having in mind the possible interaction of the substances that can be contained in real samples, 

the influence of the interferences (sucrose, glucose, ascorbic acid, and lactic acid) on the insulin 

determination in the NiONPs/chitosan-MWCNTs/SPCE was studied. The cyclic voltammograms of 

the above-mentioned compounds did not show any measurable interference in the detection. Due to 

the small area of the working electrode in the SPCE and appropriate analytical characteristics of the 

NiONPs/chitosan-MWCNTs/SPCE, further research will focus on the electrochemical determination 

of insulin in the human blood with the NiONPs/chitosan-MWCNTs/SPCE.  
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