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Highlights 

 New Schiff base Ni complex polymeric film supported on CNTSP electrode 

 Modified electrode with a persistent catalytic activity towards monosaccharide oxidation 

 Conductive polymeric film characterized by CV and UV-Vis spectroelectrochemistry 

 Coupling of electrochemical sensor and chemometric tool (PLSR) 

 Direct determination of glucose and fructose in honey samples 

 

 

 

Abstract 

The determination and quantification of saccharides is of considerable importance in the food 

industry among other fields. In this work, we describe for the first time the preparation of the Schiff 

base Ni complex, NiII-(N,N’-bis(2,3-dihydroxybenzylidene)-1,2-diaminobenzene) (Ni(II)-2,3dhS) 

obtained by reaction of the tetradentate Schiff base ligand containing ortho quinone functional groups 

(N,N’-bis(2,3-dihydroxybenzylidene)-1,2-diaminobenzene) and Ni2+, as well as its application in the 

development of an electrochemical sensor. Coupled to chemometric tools, the sensor allowed the 

direct determination of glucose and fructose in honey, without the need of previous separation steps 

Jo
ur

na
l P

re
-p

ro
of



3 

 

or chromatographic techniques. For this purpose, the new Schiff base Ni complex has been 

electropolymerized onto screen-printed electrodes modified with carbon nanotubes. The 

electropolymerization process has been exhaustively characterized by operando 

spectroelectrochemical techniques to confirm the generation of the desired polymer. The resulting 

modified electrodes present a strong electrocatalytic activity towards the oxidation of glucose and 

fructose in alkaline solution and have been employed in combination with partial least squares 

regression (PLSR) to resolve mixtures of glucose and fructose in a complex matrix, as honey. The 

multivariate model was based on PLSR analysis and showed good predictive capability for the two 

analytes in sample standard honey with an average error of 8% and relative standard deviations below 

9%. 

 

 

KEY WORDS: Schiff base complexes, glucose and fructose direct determination, chemometric 

tools, electrochemical sensor, PLSR.  

 

 1. Introduction 

Ensuring the safety and quality of food has become a major challenge due to the globalization of the 

food supply and the demand for minimally processed food products [1]. One of the potential sources 

of chemical contamination of food is deliberate adulteration with low-quality or unsafe ingredients 

for economic purposes. Controlling these adulterations often requires the application of long 

methodologies and the use of expensive analytical instruments managed by highly trained staff. 

Therefore, there is a continuous demand for new analytical methods that can detect small 

concentrations of chemical substances in complex matrices, such as food, in a cheap, sensitive and 

fast way, without requiring the sample pretreatment and the use of non-destructive techniques. In 

addition, it is very interesting that they can be used directly in the field or in the production lines by 

people with low scientific training [2]. 
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The carbohydrates or saccharides are a large family of substances, which, together with proteins and 

lipids are called the immediate principles. The determination and quantification of these substances 

is of considerable importance in various fields, including the food industry. An example is the 

determination of monosaccharides in honey, such as glucose and fructose. The proportion of these 

sugars in the composition of honey is one of the main factors related to its crystallization, a property 

that is considered undesirable in the handling, processing and marketing of the product [3]. On the 

other hand, the glucose/fructose ratio can also be affected when honey is adulterated with other sugary 

substances, as glucose or fructose from other cheaper sources such as corn, sugar cane or beet [4]. 

Besides, the presence of these external sugars affects the quality of honey and its unique and widely 

known benefits, making it necessary to have quick and effective analysis tools for the control of these 

adulterations and the quality of the final product. 

Among the numerous methods of analysis that exist for the determination of monosaccharides [5-9], 

electrochemical sensors are a very competitive option since they use a simple and inexpensive 

instrumentation, provide high sensitivity, rapid response and the possibility of miniaturization. 

Moreover, they allow the construction of portable devices easy to use at the point of interest. 

However, the slow kinetics of the oxidation of these compounds on most metal substrates commonly 

used in electrochemistry is a major problem [10-12]. Therefore, the development of electrochemical 

sensors based on modified electrodes that allow the direct oxidation of monosaccharides, and 

consequently their determination, is a great challenge from an analytical point of view. In this regard, 

different Ni compounds have been used as modifying agents, recently combined with nanomaterials 

[13-17]. The resulting modified electrodes present interesting catalytic characteristics against the 

electrooxidation of glucose and other saccharides. However, the resulting devices lack selectivity and 

many compounds can give current responses at very close potentials. Therefore, before carrying out 

the individual determination of each monosaccharide it is usually necessary to couple the 

electrochemical platforms to previous separation techniques. To overcome this drawback, it is 

necessary to develop new electrochemical methodologies that allow the simultaneous determination 
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of monosaccharide in complex matrices such as honey. In this sense, there is a great variety of 

chemometric tools that can help to easily solve the problem of highly overlapping current/voltage 

electrochemical responses, representing a very attractive working possibility [18]. 

Chemometric tools have been demonstrated to be very valuable to deconvolve overlapping signals 

[19-20]. Among them, those that have proved to be most useful in the field of electrochemistry are 

multivariate curve resolution-alternating least squares (MCR-ALS) [21], principal component 

regression (PCR) [22] and partial least squares regression (PLSR) [23,24]. 

Partial least squares regression (PLSR) is a well-known first-order multivariate calibration 

methodology. It has been widely applied for different types of instrumental data (i.e. spectroscopic, 

chromatographic, electrochemical, etc.) [25]. This method involves a two-step procedure. The first 

step consists of the construction of a calibration model, where the relation between instrumental 

signal and reference molecules concentrations is established from a set of standard samples or a 

reference method. The second one is a prediction step, in which the calibration model is employed to 

estimate the component concentrations in unknown samples from its instrumental profile [26].  

On the other hand, the combination of the concentration levels of the binary solutions can be obtained 

by a statistical procedure in which several factors are simultaneously varied. This multivariate 

approach reduces the number of experiments and improves statistical interpretation of results [27]. 

In this work, we describe for the first time the preparation of the Schiff base Ni complex NiII-(N,N’-

bis(2,3-dihydroxybenzylidene)-1,2-diaminobenzene) (Ni(II)-2,3dhS) obtained by reaction of the 

tetradentate Schiff base ligand containing ortho quinone functional groups (N,N’-bis(2,3-

dihydroxybenzylidene)-1,2-diaminobenzene) and Ni2+, as well as its application in the development 

of an electrochemical sensor. Coupled to chemometric tools, the sensor allowed the direct 

determination of glucose and fructose contain in a honey sample. For this purpose, the new Schiff 

base Ni complex was electropolymerized onto screen-printed electrodes modified with carbon 

nanotubes. The electropolymerization process has been exhaustively characterized by operando 

UV/Vis absorption spectroelectrochemistry in order to determine the best experimental conditions to 
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modify the electrode surface with this new material. The resulting modified electrodes present a 

strong electrocatalytic activity towards the oxidation of glucose and fructose in alkaline solution and 

combined with the PLS-1 variant (a PLSR model for each determination) have been used to obtain 

the calibration models. The application of PLS-1 algorithm to the electrochemical data allowed the 

determination of both analytes without the need of additional separation techniques.  

 

2. Experimental section 

2.1 Reagents 

Nickel(II) nitrate and acetone was supplied from Scharlau. 2,3-dihydroxybenzaldehyde, 1,2-

diaminobenzene, glucose (GLU), fructose (FRU) and sodium hydroxide pellets (NaOH) were 

purchased from Sigma-Aldrich Co. Standards and honey samples were prepared daily. Ultrapure 

water (resistivity 18.2 MΩ cm) obtained from a Milli-Q system (Millipore) was used for all aqueous 

solutions. 

2.2 Apparatus 

Cyclic voltammetric measurements of GLU and FRU were carried out in 0.1 M NaOH with a 

Metrohm-Autolab potentiostat PGSTAT 302N using integrated single walled carbon nanotubes 

modified screen-printed electrodes (CNTSPEs, DRP-110SWCNT, Metrohm-DropSens) that include 

a carbon counter electrode and a silver pseudoreference electrode.  

UV/Vis absorption spectroelectrochemistry (SEC) experiments were performed with a customized 

SPELEC device (Metrohm-DropSens) controlled by DropView SPELEC software (Metrohm-

DropSens) coupled with a reflection UV/Vis probe (DRP-RPROBE, Metrohm-DropSens). All 

UV/Vis SEC experiments were carried out in normal configuration in a near-normal reflection mode 

[28] with a cell specially designed for this configuration (DRP-REFLECELL, Metrohm-DropSens) 

using screen-printed gold electrodes (AuSPE, DRP-220AT, Metrohm-DropSens).  

UV–Vis absorption spectra were performed using PharmaSpec UV-1700 series spectrometer 

(Shimadzu Corp.). 
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Glucose and fructose were analyzed by HPLC using a 920LC liquid chromatograph with a PL-ELS 

2100 Ice detector from Varian. HPLC separation was carried out on an Asahipak NH2P-50-4E 

column (Shodex) operating at 30ºC.  The mobile phase used was a gradient of Milli-Q water (A) and 

acetonitrile (B). Elution was performed at a flow rate of 1.2 ml min-1 with a gradient of A/B (%) as 

follows: 0 min, 15/85; 14 min, 15/85; 25 min, 35/65; 30 min, 45/55; 35 min, 15/85; 40 min 

15/85.  Detector conditions: misting and evaporation temperature was 30 ºC and gas flow was 1.6 ml 

min-1.  

2.3 Methods  

2.3.1 Synthesis of Ni(II)-2,3dhS 

The ligand, N,N’-bis(2,3-dihydroxybenzylidene)-1,2-diaminobenzene (2,3-dhS), was synthetized as 

we described previously via solid state reaction of the precursors in the absence of solvents [29]. To 

prepare solutions of the Ni complex (Ni(II)-2,3dhS), Ni(NO3)2 crystals were added under stirring into 

a solution of 2,3-dhS in acetone. The formation of the complex is evidenced by a color change of the 

solution from yellow to light red. From spectrophotometric experiments the stoichiometry and the 

formation constant were calculated to be 1:1 and 1.2 x 108, respectively. 

2.3.2 Preparation of screen-printed electrodes modified with Ni(II)-2,3dhS 

The preparation of Ni(II)-2,3dhS/CNTSPE was carried out following the next procedure: The 

CNTSPE was immersed in 0.1 M NaOH solution containing 5.0x10-5 M Ni(II)-2,3dhS; then, the 

potential was scanned 25 times between +0.30 V and +0.70 V at a scan rate of 0.10 V s-1. Afterwards, 

the modified electrode was rinsed with deionized water and the potential was cycled from +0.30 V to 

+0.70 V at a scan rate of 0.10 V s-1 for about 10 min in 0.1 M NaOH to stabilize the modified 

CNTSPE. 

For UV/Vis absorption spectroelectrochemical studies, the electropolymerization of Ni(II)-2,3dhS 

was carried out using AuSPE because the reflectance of the gold surface is significantly higher than 

that of the carbon nanotube electrode. The modification of the gold electrode was performed by 15 

consecutive potential cycles, sweeping the potential between +0.30 and+0.70 V at a scan rate of 0.01 
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V s-1. During this cyclic voltammetric experiment, the simultaneous evolution of UV-Vis spectra has 

been registered between 210 and 960 nm.  

2.3.3 Determination of monosaccharides in honey 

GLU and FRU were determined in honey sample using the developed sensor. Honey (Apisol) was 

purchased from Spanish market and was analyzed without any pre-treatment other than dilution in 

0.1 M NaOH. 1 ± 0.0001 g of the honey sample were dissolved in Milli-Q water. After that, 

appropriate dilutions of the honey solution in 0.1 M NaOH were made for measurements. Cyclic 

voltammograms from +0.30 to +0.70 V were recorded at 0.005 V s-1 scan rate. Results were compared 

with those obtained using a HPLC method.  

2.3.4 Chemometric calculations  

2.3.4.1 Preparation of standards 

For building and validation of the PLSR model, standard solutions were prepared by mixing aliquots 

of different concentrations of GLU (cGLU
∗ ) and FRU (cFRU

∗ ) in 0.1 M NaOH (Table 1). Their 

concentrations were established through an experimental central composite design (CCD) for two 

factors, of type 22 + star, rotatable, and central points, for both, calibration and validation sets. 

Samples 1-11 were designed to obtain the calibration set in the range from 3.2 x 10-5 to 1.30 x 10-4 

M.  Samples 12-20 were designed to obtain the validation set in the range from 4.0 x 10-5 to 1.10 x 

10-4 M. All samples were randomly measured by triplicate. Finally, four samples of standards honey 

were measured by HPLC and by implementing the model obtained by PLSR. 

Table 1. Concentrations of GLU and FRU, prepared in 0.1 M NaOH, used as calibration 

and validation sets in the PLSR model. 

Sample 

Calibration (M) x 10-6 

Sample 

Validation (M) x 10-6 

GLU FRU GLU FRU 

1 78 78 12 100 100 

2 78 25 13 50 50 
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3 78 130 14 50 100 

4 123 32 15 75 110 

5 123 123 16 75 40 

6 130 78 17 110 75 

7 32 123 18 100 50 

8 78 78 19 40 75 

9 25 78 20 75 75 

10 78 78    

11 32 32    

 

2.3.4.2 Validation of results 

The model validation is possibly the most important step in the model building sequence. To evaluate 

the quality of quantitative predictions of concentrations obtained from the PLS-1, the root mean 

square error (RMSE) between nominal and estimated concentrations for each analyte and relative 

errors of predictions (%REP) were calculated by applying equations (1) and (2), respectively: 

RMSE = √
∑ (cî−ci)2n

i=1

n
      (1) 

 

REP(%) =
100

cmean

√
∑ (cî−ci)2n

i=1

n
    (2) 

where cî and ci are the estimated and nominal concentrations, respectively, n is the number of samples 

and cmean is the mean of nominal concentrations. 

In addition, as the slope and the intercept are not statistically independent and there is always some 

degree of correlation between them, we evaluated whether the concentrations estimated by PLS-1 

methods differ statistically from the nominal concentrations and if both HPLC and PLS-1 methods 

differ statistically among them [30]. This involves drawing the elliptical region of the joint confidence 

(EJCR) for the slope and intercept of the linear plot, and checking whether the ideal point (slope = 1, 
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intercept = 0) is included in the ellipse. If the result is satisfactory, the method is considered accurate. 

Moreover, the size of the ellipse denotes the precision of the analytical method, so the smaller the 

size the higher the precision [31]. 

2.3.4.3 Limits of detection and quantitation  

The limit of detection (LOD) and the limit of quantification (LOQ) calculated by PLS-1 approach, 

have been suggested to be available in the form of a range of values, whose lower limits for LOD and 

LOQ are given by equations (3) and (4), respectively [32]: 

𝐿𝑂𝐷𝑚𝑖𝑛 = 3.3√
𝑣𝑎𝑟(𝑥)(1+ℎ0𝑚𝑖𝑛)

‖𝛽‖2 + ℎ0𝑚𝑖𝑛 𝑣𝑎𝑟(𝑐𝑐𝑎𝑙)                                         (3) 

 

𝐿𝑂𝑄𝑚𝑖𝑛 = 10√
𝑣𝑎𝑟(𝑥)(1+ℎ0𝑚𝑖𝑛)

‖𝛽‖2 + ℎ0𝑚𝑖𝑛 𝑣𝑎𝑟(𝑐𝑐𝑎𝑙)                                         (4) 

where β is the vector of regression coefficients and indicates the norm or vector length, var(x) is the 

variance in the instrumental signal, var(ccal) is the variance in calibration concentrations, and h0min 

(equation 5) is the minimum value of the leverage at the blank level.  

ℎ0𝑚𝑖𝑛 =
𝑐𝑐̅𝑎𝑙

2

∑ (𝑐𝑐𝑎𝑙−𝑐𝑐̅𝑎𝑙)2𝐼
𝑖=1

                                                            (5) 

Multivariate calibration (MVC) was performed with MATLAB 7.8 [33] using the MatLab toolbox 

MVC1 for first-order multivariate calibration, which includes the estimation of figures of merit. 

 

2.3.4.4 Pretreatment and data arrangement. 

Besides the problem raising from the presence of severely overlapping analyte profiles, in the present 

study may occur sample-to-sample potential shifts in the CVs, which are common in electrochemical 

studies. To overcome the potential shifting drawback the CVs were aligned towards a target signal 

using correlation optimized warping (COW). The COW algorithm was introduced by Nielsen et al. 

[34] as a method to correct for shifts in discrete data signals. It is a piecewise or segmented data 

preprocessing technique that uses dynamic programming to align a sample signal towards a reference 
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signal by stretching or compression of sample segments using linear interpolation. First, the segment 

and slack were optimized using a simplex-like optimization routine and then the mean voltammogram 

was selected as target “signal” [35]. Thus, the output data matrix from COW can be used directly in 

chemometric analysis.  

 

3. Results and discussion 

3.1 Electrode modification with Ni(II)-2,3dhS complex  

The electrochemical modification of the CNTSPE was carried out by cyclic voltammetry in 0.1 M 

NaOH, following the procedure depicts in Scheme I. It is described in the literature that CNTs 

increase the specific surface area, improve the electrical conductivity and help in avoiding the fouling 

of the electrode surface in the amperometric monitoring of NADH [36]. We have also proved it in a 

previous paper concerning the electrocatalytic oxidation of insulin at Ni(OH)2 nanoparticles modified 

electrodes [37]. Somehow, the presence of CNTs reduces the accumulation of reaction products or 

intermediates at the electrode surface, promoting the electrocatalytic oxidation of the analytes. The 

Ni(II)-2,3dhS polymeric film acts as electrocatalyst for the electrooxidation of monosaccharides.  

Fig. 1 shows the CVs obtained for 25 consecutive potential cycles from +0.30V to +0.70V in 0.1 M 

NaOH containing 5.0x10-5 M Ni(II)-2,3dhS at 0.10 V s-1. As shown, during the first scan no 

electrochemical response is observed. From the second scan, a redox couple attributed to the 

Ni(II)/Ni(III) couple appears. Moreover, peak currents increase gradually with continuous scans, 

suggesting the growth of an electroactive polymeric film onto the electrode surface as previously 

reported for similar complexes [38, 39].  

 

SCHEME I 

FIGURE 1 
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In situ spectroelectrochemical studies were employed to study deeply the formation of the Ni complex 

based polymeric film. For this purpose, first, the UV-vis absorption spectrum of the Ni based complex 

was recorded. Ni(II)-2,3dhS complex shows three absorption bands in the visible and ultraviolet 

region in acetone solution (Fig. S1, line b, in Supporting Information). The maximum at 265 nm is 

associated to π π* and nπ* electronic transitions between conjugated π electrons present in the 

aromatic rings of the molecules. In addition, an absorption band at 360 nm, which corresponds to the 

π→π* transition of the electrons present in the azomethine group, is observed [40]. This band is red 

shifted if compared to the ligand absorption band (332 nm) (Fig. S1, line a). Finally, a broad 

absorption band due to metal to ligand charge-transfer transition appears.  

As it was stated above, normal configuration in near-normal reflection mode was used in 

spectroelectrochemical measurements, selecting AuSPEs due to its higher reflectivity allowing us to 

obtain more defined and reliable spectral signals. 

The cyclic voltammograms of 1.0x10-4 M of Ni(II)-2,3dhS at AuSPE in 0.1 M NaOH show an anodic 

and a cathodic peak at +0.57 V and +0.50 V, respectively, that increase during the synthesis of the 

Ni-complex-polymer (Fig. S2). As indicated above for CNTSPE, this pair of peaks is ascribed to 

Ni(II)/Ni(III) couple, and as they grow with the number of cycles they indicate that more polymer is 

deposited on the electrode surface cycle by cycle. The similarity of the two cyclic voltammograms at 

the two surfaces, CNTs and gold, indicates that the process is similar on the two types of electrodes 

and, therefore, the electrodeposited polymer is comparable.  

More information about the process occurring at the electrode surface can be obtained by the analysis 

of the charge evolution (Fig. 2). It shows a continuous growth during the whole electropolymerization 

process, in the potential window where the polymerization process takes place, between +0.45 and 

+0.70 V, however between +0.30 and +0.45 V the charge remains almost constant in each cycle, 

indicating that no electrochemical process occurs. The linear relationship (R2 = 0.9987, Fig. S3 (a)) 

found between the charge consumed during the anodic scan and time, plotting the charge at the vertex 
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potential (+0.70 V) at the end of each anodic scan vs the number of cycles, gives the growth rate of 

the polymer on the gold electrode surface: 4.4x10-5 C/cycle. This relationship (R2 = 0.9989, Fig. S3 

(b)) is also found in the cathodic scan, plotting the charge at the starting potential (+0.30 V) at the 

end of each potential cycle. The slope is equal to that found in the anodic scan, indicating that the 

electrochemical signal is only related to the electropolymerization process and that after each cycle 

the same amount of polymer has been generated on the electrode surface.  

 

FIGURE 2 

 

Simultaneously to the measure of the electrochemical signal, the evolution of UV-Vis spectra was 

registered (Fig. 3(a)), observing the evolution of different absorbance bands related to the 

electropolymerization process. The main absorption band in the visible spectral range peaks at 640 

nm (Fig. 3(b)), where it is observed a linear increase of absorbance on increasing the number of cycles 

(Inset of Fig. 3(b)). There are other much less intense absorption bands at 810 and 910 nm that 

decrease their absorbance cycle after cycle. All of them are related to different oxidation states of the 

polymer electrogenerated on the gold electrode surface.  

 

FIGURE 3 

 

The absorbance of the most intense and most important band, peaking at 640 nm, increases during 

the anodic scan, reaching its maximum value at the vertex potential, while it decreases during the 

cathodic one, as can be observed in the cyclic voltabsorptogram (Fig. 4(a)); all these changes occur 

in the potential range at which the anodic and cathodic peaks were observed in the cyclic 

voltammogram (Fig. S1). This is better observed by plotting superimposed the cyclic voltammogram 
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and the corresponding derivative cyclic voltabsorptogram at 640 nm, at the last cycle. As it is depicted 

in Fig. 4(b), the anodic and cathodic peaks in the two signals, electrochemical (blue line) and 

spectroscopic one (orange line), emerges at the same potentials, ca. +0.57 V the anodic, and ca. +0.50 

V the cathodic. Therefore, both signals are related to the same process and this wavelength, 640 nm, 

is related to the oxidation and reduction of the polymer film deposited on the electrode surface. 

 

FIGURE 4 

 

Electrochemical and UV/Vis spectroelectrochemical results confirm that the electrode is modified 

with a polymer electrosynthesized from the Ni(II)-2,3dhS complex. This polymer, fixed on the 

electrode surface, is electroactive and shows a characteristic absorption band at 640 nm related to its 

oxidation and subsequent reduction. 

3.2 Electrochemical characterization of the modified electrode 

In order to test the adherence and stability of the resulting film, the voltammetric response of the 

modified electrode (Ni(II)-2,3dhS/CNTSPE) after several cycles was examined. Fig. 5 shows the 

cyclic voltammetric response of Ni(II)-2,3dhS/CNTSPE in 0.1M NaOH solution after 25 potential 

cycles from +0.30 to +0.70 V at 0.10 V s-1. In scan 25th, a pair of well-defined redox peaks ascribed 

to the typical response of the Ni(II)/Ni(III) redox couple with a formal potential of +0.52 V and a 

peak potential separation of 70 mV was observed. On the other hand, the ratio between the anodic 

and cathodic charges is close the unity indicating that the process is chemically reversible. 

 

FIGURE 5 

 

The influence of Ni(II)-2,3dhS concentration and the number of potential cycles is crucial on the 

formation and the stability of the resulting film. Therefore, it was evaluated. The best results in terms 
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of film stability under continuous potential scans in 0.1 M NaOH were obtained when 25 potential 

cycles were carried out in the presence of 5.0x10-5 M of complex. Under these conditions the 

electrochemical response of the Ni(II)-2,3dhS/CNTSPE remains constant for several days suggesting 

a strong adherence of the film to the electrode surface, confirming that the electrode surface is covered 

with a stable Ni(II)-2,3dhS electroactive film. 

The influence of scan rate in the voltammetric response of the Ni(II)-2,3dhS/CNTSPE was also 

investigated. Peak currents present a linear dependence with the square root of the scan rate over the 

range of 0.01-0.20 V s-1, which indicates a diffusion-controlled process (Inset Fig. 5). This behavior 

has been observed with another Ni based complex deposited on the electrode surface [41] and 

suggests that counter-ion transport (OH-) is the limiting step. The change of the Ni redox-state inside 

the film should involve the diffusional transport of the counter-ion into/out of the film necessary to 

maintain electroneutrality [42]. 

3.3 Electrocatalytic oxidation of monosaccharides at Ni(II)-2,3dhS/CNTSPE 

The ability of some nickel complexes to act as catalysts in the electrooxidation of saccharides in 

alkaline media is well described in the literature [14]. Therefore, the ability of modified CNTSPE 

electrodes with Ni(II)-2,3dhS electroactive films to catalyze the electrooxidation of two 

monosaccharides (glucose and fructose) has been investigated. For this purpose, the electrochemical 

response of Ni(II)-2,3dhS/CNTSPE was studied in the absence and presence of the monosaccharides. 

In Fig. 6 it can be observed that in the absence of monosaccharide, the cyclic voltammetric response 

obtained in 0.1 M NaOH at 0.005 V s-1 is the characteristic of the Ni(II)/Ni(III) redox process. 

However, in the presence of GLU a significant increase in the anodic current is observed, with a 

maximum at the potential (+0.55 V) where Ni(II)/Ni(III) oxidation takes place. Concomitant, a 

decrease in the cathodic process is also observed. This behavior is characteristic of an electrocatalytic 

process. It should be noted that the electrocatalytic oxidation of GLU at Ni(II)-2,3dhS/CNTSPE 

occurs in both anodic and cathodic scans, as it is usual for the electrocatalytic oxidation of hydroxyl 
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containing compounds, such as saccharides or small alcohols, at electrodes modified with nickel 

compounds in alkaline media. This fact is due to the electrode fouling caused by the deposition of 

reaction intermediates or products, preventing GLU from oxidizing completely in the forward scan 

and continuing in the reverse scan [14, 43-45]. Similar behavior is observed in the case of FRU.  

Based on the results described above and those reported in the literature, the electrocatalytic oxidation 

of monosaccharides occurs according to the following mechanism: 

poly-Ni(II)-2,3dhS(OH)2 + OH- ↔ poly-Ni(III)-2,3dhS(OOH) + H2O + e-    (1) 

Ni(III)-2,3dhS(OOH) + Monosaccharide → Ni(II)-2,3dhS(OH)2 + Product   (2) 

In the reaction (1) after the formation of the polymer electrosynthesized from the Ni(II)-2,3dhS 

complex in the presence of OH− ions, Ni(II) is oxidized to Ni(III) at the electrode surface. In the 

presence of the monosaccharide, the resulting Ni(III) is reduced back to Ni(II), according to reaction 

(2), which is re-oxidized at the electrode surface starting a new catalytic cycle and giving rise the 

corresponding electrocatalytic current.  

The electrocatalytic efficiency may be affected by the thickness of the polymeric film. Therefore the 

electrode was modified using different concentration of the Ni(II)-2,3dhS complex (from 1.0 x 10-5 

to 2.0 x 10-4 M ) cycling the potential from 5 to 100 times. No significant differences were observed. 

Hence, it can be concluded that the thickness of the polymeric film mainly affects to its stability as it 

is indicated above. 

When the electrochemical response of GLU and FRU at Ni(II)-2,3dhS/CNTSPE is compared, Fig. 6 

shows a highly overlapped voltammogram. Therefore, if GLU and FRU are present in the sample 

(See Fig. 6(d)) only an electrocatalytic curve is observed. This drawback can be overcome by 

applying to data a first-order multivariate calibration method, such as PLSR.  

 

FIGURE 6 
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3.4 PLS-1 Calibration and prediction of GLU and FRU 

For the generation of PLS-1 models, the pre-processed data COW was used. Oxidation currents of 

cyclic voltammograms for the set of calibration, validation and the honey samples in 0.1 M NaOH, 

before and after applying COW were employed (Fig. S4). In PLS-1 calibration, two data sets were 

used. Thus, a calibration set employed to build the regression model (Fig. S4(d)) and a validation set 

(Fig. S4(e)) to check the prediction ability of the PLS-1 model after all calibration parameters have 

been optimized. In the PLS-1 version, all parameters of model are optimized for the determination of 

one analyte at a time. During the model-training step, the calibration data are decomposed by an 

iterative algorithm, which correlates the data with the calibration concentrations using a so-called 

‘inverse’ model [19]. Thus, current vs concentration relationships of GLU and FRU were analyzed 

by PLS-1 through MVC1.  

A basic assumption for application of multivariate calibration model is the data bi-linearity, which 

may be compromised by possible interactions between analytes or analytes with the electrochemical 

surface. However, the use of aligned data and flexible latent variables in PLS-1 allows considering 

slight deviations of the bi-linearity, when sufficient information is provided in the calibration phase 

of the algorithm. Results of the PLS-1 model application to validation set obtained to predict GLU 

and FRU concentrations are given in Table S1. It is noteworthy that the optimum number of PLS-1 

latent variables in the modeling was two, in accordance with the theoretically expected value for two 

analytes, GLU and FRU. 

In addition, Fig. 7 shows the corresponding elliptical joint confidence regions (EJCR) analyses for 

GLU and FRU in the validation set, respectively. Results obtained for the two analytes by the PLS-1 

method include the ideal point, whereby the first-order calibration model exhibits an adequate 

predictive capability for the quantification of these analytes. The statistical results shown in Table 

S1, with adequate values for RMSEP and REP (%) for GLU and FRU, also support this conclusion. 

Table 2 shows the analytical parameters for the determination of both analytes by PLS-1 Algorithm. 
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FIGURE 7 

 

Table 2. Figures of merit for the determination of GLU and FRU with the PLS-1 model. 

Figures of merit Analyte 

GLU FRU 

Analytical sensitivity / (M) x 10-6 1.0 0.30 

LOD / (M) x 10-5 1.2 1.6 

LOQ / (M) x 10-5 3.6 4.8 

Linear range/ (M) x 10-5 3.6-13.0 4.8-13.0 

 

3.5 Analysis of GLU and FRU in honey  

The developed analytical method was applied to determine GLU and FRU in standard honey with 

different concentration levels. The corrected currents (Fig. S4(f)) were used to generate the first-order 

data and were implemented in the PLS-1 model. Table 3 shows results obtained for different samples 

of honey (M1 to M4) with the corresponding standard deviations and relative errors. The REP (%) 

obtained was 7.4% and 4.2%, somewhat lower than that obtained for the validation set. Possibly this 

is due to a matrix effect not contemplated in the calibration and validation sets, but acceptable due to 

the use of calibration standards in the absence of the matrix. The average relative standard deviations 

(RSD) for each sample analyzed was about 7% and 9% for GLU and FRU, respectively. As a 

comparison, results obtained by chromatography (reference method) were also included. 

 

Table 3. Determination of GLU and FRU in honey samples. 

Sample Analyte 

HPLC method / (M) 

x 10-6 

Developed sensor/ (M) 

x 10-6 

Standard 

deviation/ 

(M) x 10-6 

Relative 

error / % 

M1 GLU 49.7 42 6 15.5 
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M2 GLU 73.4 75 1 -2.2 

M3 GLU 99.4 107 7 -7.6 

M4 GLU 121.7 127 8 -4.4 

M1 FRU 54.2 50 7 7.7 

M2 FRU 80.6 82 7 -1.7 

M3 FRU 107.2 105 7 2.1 

M4 FRU 130.3 137 8 -5.1 

 

In order to compare results obtained with the developed sensor and those achieved with the 

chromatographic method, the elliptical joint confidence region (EJCR) test was applied. Fig. 8(a) and 

(b) shows the regression of predicted concentrations by PLS-1 vs HPLC obtained values based on 

weighted least squares (WLS) method corresponding to GLU and FRU in samples of honey, 

respectively. 

Fig. 8(c) shows the corresponding ellipse obtained from EJCR analyses for the chromatographic 

method and the developed sensor. Considering that the ellipse includes the ideal point, it is concluded 

that the predicted (proposed method) and nominal (reference method) values do not present 

significant difference at a 95% confidence level. Hence, by combining a sensitive electrochemical 

sensor with chemometric tools, direct determination of GLU and FRU in a complex matrix as honey 

has been successfully carried out. 

Table 4 shows different methods employed for the simultaneous determination of GLU and FRU in 

honey. As can be observed, most of these methods require a previous separation step to achieve 

differentiation between the amount of both monosaccharides contained in the sample. However, the 

method described in this work does not require of a previous separation step to give the amount of 

GLU and FRU present in the sample. In this aspect, it represents a great advance on work already 

published. Concerning the limits of detection and linear ranges, the methods with significant better 

values than those provided by the present work need a previous separation step and more 
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sophisticated instruments (capillary electrophoresis). Among the methods similar to the one described 

in the present work, based on the use of modified electrodes, that do not employ previous separation 

and do not achieve differentiation between GLU and FRU, we can find several giving even worse 

quantification limits than the one described here. The method based on modified electrodes that 

achieves differentiation between analytes without previous separation and gives better detection 

limits and wide linear ranges than the developed method requires the use of three enzymes and two 

successive electrochemical measurements to obtain each data. Hence, we can affirm that the method 

described without a previous separation step compares well, in terms of sensitivity and linear 

response, with others ones that are more sophisticated. 

FIGURE 8
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Table 4. Determination of glucose (GLU) and fructose (FRU) in honey samples. 

Detection system Techniques 
Previous 

separation 

Differentiation 

between  

saccharides 

LOQ  

(M) x10-6 

Linear range  

(M) x 10-6  

Refer

ence 

NiO(Nanoparticles)/Carbon paste 

electrode 

Capillary electrophoresis 

with amperometric detection 
Yes Yes 

GLU: 1.0 

FRU: 1.0 

GLU: 1-103 

FRU: 1-103 
[46] 

Gold microwire 
Capillary electrophoresis 

with cyclic chronopotentiometry detection 
Yes Yes 

GLU: 4.7 

FRU: 11.7 

GLU: 3-103 

FRU: 6- 2·103 
[47] 

Diode array detector (254 nm) Capillary electrophoresis Yes Yes 
GLU: 104 

FRU: 104 

GLU: 104-105 

FRU: 104-105 
[48] 

Diode array detector (254 nm) Capillary electrophoresis Yes Yes 
GLU: 539 

FRU: 489 

GLU: 103-2·104 

FRU: 103-2·104 
[49] 

Diode array detector (245 nm) Ligand exchange capillary electrophoresis Yes Yes 
GLU: 117 

 
- [50] 

Barrel plating nickel electrode HPLC with amperometric detection Yes Yes 
GLU: 0.48 

FRU: 1.02 

GLU: 0.48-103 

FRU: 1.02-103 
[51] 

Photo multiplier tube 
Chemiluminescence 

on microchip 
No No 

GLU: 2.2 

FRU: 2.3 

GLU: 9-1750 

FRU: 80-1750 
[52] 

Nickel nano-flowers/Carbon screen 

printed electrode 
Chronoamperometric No No 

GLU: 8 

 
GLU: 25-103 [16] 

Cu nanoparticles/ Carbon screen printed 

electrode 
Chronoamperometric No No GLU: 0.57 GLU: 1–104 [53] 

Ni Nanowires/Carbon Screen printed 

electrodes 
FIA amperometric detector No No 

GLU: 180 

FRU: 111 

GLU: 50-103 

FRU: 50-103 
[54] 

nickel-copper nanowires/Carbon Screen 

printed electrodes 
FIA amperometric detector No No 

GLU:  250 

FRU: 120 

GLU: 50-103 

FRU: 50-103 
[54] 

Nickel-chromium (80:20) Electrode HPLC with amperometric detection Yes Yes GLU: 0.17 GLU: 0.1-103 
[55] 

 

Cu wire HPLC with amperometric detection Yes Yes 
GLU: 1.3 

FRU: 2.0 

GLU: 1.3-143.0 

FRU: 2.0-143.0 
[56] 

Au electrode 
High performance anion exchange 

chromatography- IPAD detector 
Yes Yes 

GLU: 4.8·10-3 

FRU: 8.8·10-3 

GLU: 0.1- 40 

FRU: 0.1-40 
[57] 

On-line single quadrupole mass 

spectrometer 

High performance anion exchange 

chromatography-MS 
Yes Yes 

GLU: 6.0·10-2 

FRU: 4.8·10-2 

GLU: 0.1-40 

FRU: 0.1-40 
[57] 

Diaphorase, Glucose dehydrogenase, 

Fructose dehydrogenase/ Pt electrode 
Cronoamperometry No* Yes 

GLU: 0.33 

FRU: 0.33 

GLU: 5- 200 

FRU: 5- 200 
[58] 

Ni(II)-2,3dhS/CNTSPE Cyclic Voltammetry with PLSR model NO YES 
GLU: 36 

FRU: 48 

GLU: 36-130 

FRU: 48-130 

This 

work 

*Two successive electrochemical measurements are required. 
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4. Conclusions 

Glucose and fructose contents in honey were determined directly using an electrochemical sensor and 

by applying PLSR model for the analysis of the electrochemical data. The electrochemical sensor 

was prepared by the electropolymerization of a new Schiff base Ni complex onto carbon nanotube 

modified screen-printed electrodes. Characterization by cyclic voltammetry and UV-Vis 

spectroelectrochemistry confirmed the presence of conductive polymeric film that presents a high 

adherence to the electrode surface. In alkaline solutions, the modified electrodes showed a stable 

cyclic voltammetric respose and presented a potent and persistent electrocatalytic activity towards 

glucose and fructose oxidation. The modeling of cyclic voltammetric data through the 

implementation of PLS-1 has been successfully used to the direct determination of glucose and 

fructose content in honey samples without any separation steps. The multivariate model was based 

on PLSR analysis and showed good predictive capability for the two analytes in honey sample with 

an average error of 8% and relative standard deviations below 9%. 
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Figure captions 

Scheme I. Sensor development. 

Fig. 1. Cyclic voltammograms of 5.0x10-5 M Ni(II)-2,3dhS complex at CNTSPE in 0.1 M NaOH 

during the modification of the electrode surface. 25 cycles. Scan rate 0.10 V s-1. 

Fig. 2. Charge vs potential registered in an UV/Vis spectroelectrochemical experiment during the 

electropolymerization of 1.0x10-4 M Ni(II)-2,3dhS in 0.1 M NaOH at AuSPE. Scan rate 0.01 V s-1. 

15 cycles. 

Fig. 3. (a) Absorbance contour plot registered during UV/Vis spectroelectrochemical study of the 

electropolymerization of 1.0x10-4 M Ni(II)-2,3dhS in 0.1 M NaOH at AuSPE. (b) Spectra at the 

vertex potential (+0.70 V) at the end of each anodic scan. Inset: relationship between the absorbance 

at 640 nm at +0.70 V vs the number of cycles. Scan rate 0.01 V s-1. 15 cycles. 

Fig. 4. (a) Cyclic voltabsorptogram at 640 nm and (b) superimposed cyclic voltammogram and 

derivative cyclic voltabsorptogram at 640 nm related to 15th potential cycle of the 

electropolymerization process of 1.0x10-4 M Ni(II)-2,3dhS in 0.1 M NaOH at a AuSPE. Inset: 15 

cyclic voltabsorptograms at 640 nm. Scan rate 0.01 V s-1.  

Fig. 5. Cyclic voltammogram of Ni(II)-2,3dhS/CNTSPE obtained after 25 electropolymerizing scans 

in 0.1 M NaOH. Scan rate 0.10 V s-1. Inset: Peak current vs v1/2. 

Fig. 6. Cyclic voltammograms of Ni(II)-2,3dhS/CNTSPE in 0.1 M NaOH in the absence (a) and in 

presence of 1.0x10-4 M (b) GLU or (c) FRU and (d) a mixture of both. Scan rate 0.005 V s-1. 

Fig. 7. EJCR (at a 95% confidence level) of the results obtained for GLU (red) and FRU (blue) by 

PLS-1 for the validation set. 

Fig. 8. (a) Regression of predicted GLU concentrations by the electrochemical method vs HPLC 

method corresponding to honey samples. (b) Regression of  predicted FRU concentrations by the 

electrochemical method vs HPLC method corresponding to honey samples (c) EJCR (at a 95% 

confidence level) of the results obtained for GLU (red) and FRU (blue) by PLS-1 for honey samples. 
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Scheme I.  
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Fig. 1.  
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Fig. 2.  
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Fig. 3.  

  

Jo
ur

na
l P

re
-p

ro
of



37 

 

 

Fig. 4. 
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Fig. 5.  
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Fig. 6.  
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Fig. 7.  
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Fig. 8.  

 

 

 

 

Jo
ur

na
l P

re
-p

ro
of


