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Abstract 19 

The present work describes for the first time the use of a hydrophobic natural deep eutectic 20 

solvent (H-NADES) as a dispersant for carboxylated nanotubes for the design and construction 21 

of an electrochemical sensor for the assay of α-glucosidase and its inhibitors. In this work, we 22 

used as the electrochemical probe the product of the enzymatic reaction, which consists of two 23 

redox groups and generates the analytical signal. The combination of de carboxylic multi-24 

walled carbon nanotubes (MWCNTc) and the H-NADES of thymol and lactic acid (TLa) 25 

increases the electroactive surface area and promotes electron transfer of the electrode modified 26 

with carbon nanotubes. The electrochemical sensor enabled the detection of α-glucosidase in a 27 

range of 0.004-0.1 U mL–1 with a detection limit of 0.0013 U mL–1, which is lower than most 28 

existing methods. In addition, two α-glucosidase inhibitors, acarbose and quercetin, and two 29 

plant extracts, Schinus molle and Eugenia uniflora, were evaluated to assess the feasibility of 30 

screening potential antidiabetic drugs, and the IC50 values were 5.37 µg mL–1 and 5.28 µg mL–31 

1. Thus, this sensing strategy represents the beginning of the incorporation of NADES in the 32 

development and design of novel sensors and their application in electrochemistry and medical 33 

analysis. 34 

 35 

Keywords: carbon nanotubes; response surface methodology; electrochemical sensors; H-36 

NADES; α-glucosidase; medicinal plants 37 

 38 
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1. Introduction 40 

Since the 12th century, type 2 diabetes mellitus (T2DM) has become one of the major 41 

global health emergencies [1]. T2DM is a metabolic disorder characterized by high blood 42 

glucose levels due to impaired insulin secretion by the pancreas [2]. It is estimated that 43 

approximately 425 million people (20-79 years of age) worldwide suffer from T2DM, and it 44 

this number is predicted to increase to approximately 629 million by 2045 [1]. 45 

The enzyme α-glucosidase is considered a therapeutic target for the treatment of T2DM 46 

because it plays an important role in carbohydrate metabolism [3-5]; it converts starch and 47 

disaccharides into absorbable monosaccharides such as glucose, which is why it is responsible 48 

for the increase in blood glucose levels [6]. Inhibition of this enzyme could slow carbohydrate 49 

digestion and ultimately the absorption of monosaccharides, leading to a decrease in 50 

postprandial plasma glucose levels [7]. 51 

Two main methods can be used to determine α-glucosidase activity: an animal model for 52 

in vivo screening and an enzyme inhibitor model for in vitro screening [8, 9]. However, in vivo 53 

screening involves lengthy experiments and high costs, whereas the model of enzyme 54 

inhibition based on the use of para-nitrophenyl-α-D-glucopyranoside (p-NPG) as a substrate 55 

has limited sensitivity, since the activity of α-glucosidase inhibitors is usually quantified by 56 

measuring the absorbance of 4-nitrophenol (p-NP) released by p-NPG at 400 nm [10], so, in 57 

certain cases, the absorbance of the inhibitor may coincide with that of p-NP, directly affecting 58 

the measured value [11]. 59 

To overcome the drawbacks of the above methods, many efforts have been made to detect 60 

the activity of this enzyme by fluorescence [12] and electrochemistry [5, 13-16]. Remarkably, 61 

the development of an electrochemical method is characterized by its high sensitivity and ease 62 

of use, and has attracted much attention in the field of detection of α-glucosidase activity. 63 

However, most of the available electrochemical sensors are not reusable, which limits their 64 
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application. Therefore, it is very important to develop a reusable, sensitive, and effective 65 

method to detect enzyme activity in order to develop new and more effective α-glucosidase 66 

inhibitors. 67 

During the development of an electrochemical method, several authors have proposed 68 

different ways to modify the composition of bare carbon paste electrodes (CPGEs) to improve 69 

their electrochemical properties [17, 18]. Carbon nanotubes (CNTs) are the most commonly 70 

used materials in electrochemical sensors due to their high conductivity, chemical stability, 71 

flexibility, and low-cost [19]. However, one of the most common problems limiting their 72 

application is the agglomeration of these nanomaterials [20]. Therefore, good dispersibility of 73 

CNTs can be achieved by chemical functionalization, e.g., with -COOH [21], -OH [22], and -74 

NH2 [23], with the addition of a suitable solvent to obtain a stable and homogeneous dispersion. 75 

According to the principles of green analytical chemistry (GAC) [24], the use of 76 

conventional solvents must be reduced. In this scenario, the use of natural deep eutectic 77 

solvents (NADES) appears as a green alternative because their components are natural 78 

metabolites such as organic acids, sugars, amino acids, sugars, alcohols, and amines with 79 

different groups capable of intermolecular interactions; they form when hydrogen bond 80 

acceptor and hydrogen bond donor compounds are mixed at graded temperatures with constant 81 

stirring. There are hydrophobic NADES (H-NADES) in which the predominant driving forces 82 

are the π-π interactions between aromatic rings [25]. In contrast to hydrophilic NADES, H-83 

NADES exhibit lower viscosity because the Coulombic charge interactions are omitted [26].  84 

Few works describe the use of NADES in electrochemistry, as a supporting electrolyte [27, 85 

28], to form a composite [29], to generate biopolymer electrolytes [30], and as conducting 86 

ligands for glassy carbon electrode (GCE) modification, due to their attractive properties, 87 

including good conductivity, low vapor pressure, and high chemical stability [31] . 88 
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The use of the chemometric tool allows the researcher to find the optimal experimental 89 

conditions and reduce the number of experiments [32]. In the field of electrochemistry, this 90 

tool is not yet regularly used, which means that the possibility of founding the best experimental 91 

combination of factor is lost. In the present work, the combination of electrochemical methods 92 

and chemometric tools was used to optimize the dispersion and measurement conditions. 93 

In this work, the properties of H-NADES as a dispersant CNT-COOH were analyzed for 94 

the first time. Moreover, this is the first time that a NADES has been used for enzymatic 95 

determination. This novel platform was used to determine p-NP, the product released by the 96 

enzymatic action of α-glucosidase, by differential pulse voltammetry (DPV). This sensor is 97 

ideal for the simple and rapid search for enzyme inhibitors in extracts from various plant 98 

species. 99 

 100 

2. Material and method 101 

2.1. Reagents 102 

Carboxylic Multi-walled carbon nanotubes (MWCNTc) were supplied from Dropsens. 103 

Lactic acid, thymol, p-nitro phenol (p-NP), NaH2PO4, Na2HPO4 and ethanol (EtOH) were 104 

purchased from Cicarelli (San Lorenzo, Argentina). Acarbose, p-nitrophenyl α-D-105 

glucopyranoside (p-NPG) and α-Glucosidase from Saccharomyces cerevisiae were purchased 106 

from Sigma (Sigma–Aldrich Inc, St Louis, USA). Phosphate buffer solution (PB) 0.100 M pH 107 

6.8 was employed as supporting electrolytes. All the experiments were conducted at room 108 

temperature. Ultrapure water ( = 18 M cm) from a Millipore-MilliQ system was used for 109 

preparing all the solutions.  110 

 111 

2.2. Preparation of hydrophobic natural deep eutectic solvent (H-NADES) 112 
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The H-NADES was prepared following the recommendation of Dazat et al. [33]. Briefly, 113 

the component of the H-NADES, thymol and lactic acid (TLa), were placed into a glass baker 114 

at a molar ratio of 1:2, respectively. The baker was heated at 60 °C under magnetic stirring at 115 

250 rpm until the crystal disappeared and continued stirring for another 15 min. 116 

 117 

2.2. Apparatus and software 118 

The electrochemical measurements were performed with an µStat-i 400s potentiostat 119 

Metrohm DropSen (Asturias, España). The electrodes were inserted into the cell (BAS, Model 120 

MF-1084) through holes in its Teflon cover. A platinum wire and Ag/AgCl, 3 M NaCl (BASI, 121 

Model RE-5B) were used as counter and reference electrodes, respectively. All potentials are 122 

referred to as the reference electrode. Sonication treatments were carried out either with an 123 

ultrasonic bath (TESTLAB, model TB04) of 40 kHz frequency and 160 W of nominal power.  124 

UV-Vis experiments were performed with a Lambda UV-Vis spectrometer (Perkin Elmer, 125 

Massachusetts, U.S.A.). Sonication treatments were carried out either with an ultrasonic bath 126 

(TESTLAB, model TB04) of 40 kHz frequency and 160 W of nominal power. 127 

For the extract concentration, a Rotavapor BÜCHI Labortechnik R-114 (Flawil, 128 

Switzerland) was used. 129 

The experimental design building and the posterior analysis were carried out by Design 130 

Expert 8.0.0.  131 

For the spectrophotometric enzyme assays, a 96-well microplate reader at 405 nm by 132 

microplate reader (Thermo Fisher FC Multiskan) was usedThe IC50 was calculated with a 133 

four-parameter logistic curve estimated using Graph Pad Prism 8.0.1 The samples were 134 

examined with a Scanning Electron Microscope, Zeiss brand, CrossBeam 350 model. 135 

Observations were made under secondary electron imaging mode using an accelerating voltage 136 

of 2 kV. 137 
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2.3. Experimental design and statistical analysis 138 

2.3.1. Central composite design (CCD) for the sensor optimization 139 

In optimizing the sensor, a ½-fraction CCD was created with five factors and 30 140 

experimental runs (see Table SM1). The factors affecting the design of the sensor were 141 

analyzed together,on the one hand (A) the mass of nanotubes between 0.1 –1.0 mg, (B) the 142 

percentage of TLa between 2.5 – 15.0% and the sonication time between 5.0 – 30.0 min, and 143 

on the other hand the factors of electropolymerization,  (D) the accumulation time between 10 144 

– 120 sec and the potential between –1.0 to –0.5 V were analyzed together. The values of each 145 

factor correspond to the construction entering the factor range with respect to alpha. Finally, a 146 

½-turn two-block design (α = 2) was created with 2 central points per block. The response 147 

analyzed was the peak current. 148 

 149 

2.3.2. One-factor design for the optimum incubation time optimization 150 

To define the optimum incubation time, a one-factor design was built. Table SM2 shows 151 

the eight experimental times analyzed. As response, the peak current was analyzed.  152 

 153 

2.4. Preparation of the dispersions  154 

The dispersion was prepared by weighing 0.300 mg MWCNTc and adding 2.5% of TLa in 155 

1 mL of ethanol, followed by 10 minutes of sonication. Control dispersions were prepared by 156 

a similar procedure, i.e., a dispersion of 0.300 mg MWCNTc to in 1 mL ethanol and 2.5% of 157 

TLa in 1 mL ethanol, both sonicated for 10 minutes. 158 

 159 

2.5. Preparation of GCE modified with the dispersions  160 

Before modification, the GCEs were polished with alumina slurries of 1.0, 0.30, and 0.05 161 

µm for 2 minutes each. Then, the GCEs were modified by dropping 20 µL of the TLa-162 
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MWCNTc dispersion onto the surfaces followed by evaporation of the solvent at room 163 

temperature (TLa-MWCNTc/GCE). A similar protocol was used to prepare GCEs modified 164 

with MWCNTc (MWCNTc/GCE) and HNADES (TLa/GCE) using the dispersion described 165 

above. 166 

 167 

2.6. Standard solutions 168 

Stock solutions were prepared individually with a mass of 10.32 mg acarbose, 4.83 mg 169 

quercetin, 1.5 mg p-NPG, and 0.69 mg p-NP and diluted in 1.00 mL BP 0.100 M pH 6.8 to 170 

obtain concentrations of 16 mM for acarbose and quercetin and 5 mM for p-NPG and p-NP. In 171 

addition, the enzyme stock solution was prepared with a mass of 0.4 mg α-glucosidase enzyme 172 

and diluted in 2.00 mL BP 0.100 M pH 6.8 to obtain 6.2 U mL–1. 173 

During the experimental period, the stock solution of p-NP and p-NPG was prepared every 174 

day. 175 

 176 

2.7. Procedure  177 

Electrochemical experiments were performed in PB. Voltammetric profiles were recorded 178 

at 0.100 V s–1 cyclic voltammetry (CV). 179 

DPV parameters were as follows: pulse height of 0.004 V, pulse amplitude of 0.050 V, 180 

period of 200 ms, and potential range between –0.6V and 0.3 V. The voltammetric profiles 181 

shown were obtained after subtracting background currents. All measurements were performed 182 

at room temperature. 183 

 184 

2.8. α-Glucosidase activity assay. 185 

The assay for α-glucosidase activity was performed by measuring different concentrations 186 

of the enzyme at a fixed concentration of the substrate. The different concentrations of α-187 
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glucosidase were prepared by dissolving the stock concentration of 6.20 U mL–1 with 0.100 M 188 

PBS (pH = 6.8). 40.0 μL of 5.00 mM p-NPG was added into different concentration of α-189 

glucosidase to form a total volume of 200 μL for the reaction system generating a final 190 

concentration of α-glucosidase and p-NPG of 0.004, 0.006, 0.008, 0.010, 0.025, 0.050, 0.100, 191 

0.200, 0.400, 0.600 and 0.800 U mL–1 and 1.00 mM, respectively. 192 

Then the resulting mixture was incubated for 20 min at 37 °C. Subsequently, the DPV from 193 

−0.6 V to 0.5 V was conducted in the reaction solution. During the detection, two oxidation 194 

peaks associated with the oxidation of the nitro group and hydroxyl group coming from p-NPG 195 

(before and after enzymatic hydrolysis, respectively) were recorded on the TLa-196 

MWCNTc/GCE. 197 

To verify the feasibility of the development method, the reference method 198 

(spectrophotometric enzyme assays) was carried out in the same conditions of concentrations 199 

and incubation time.  200 

 201 

2.9. Screening of α-glucosidase inhibitors. 202 

As a proof of concept, the inhibitory efficiency of a variety of compounds was performed: 203 

acarbose and quercetin. 204 

The acarbose was selected due to is a common anti-diabetes drug and the quercetin was 205 

selected following the bibliography [34]. The inhibition assay was performed with the different 206 

concentration of acarbose and quercetin (8.0, 4.0, 3.0, 2.0, 1.0, 0.50, 0.30, 0.10, 0.05, 0.025, 207 

0.01, 0.008, 0.006 and 0.004 mM) and a fixed concentration of enzyme and substrate. The 208 

procedure was followed, firstly different volumes of acarbose and quercetin stock solution (16 209 

mM) were added to obtain different concentrations (0.004 to 8 mM), mixed with 20 μL of α-210 

glucosidase. After mixture pre-incubation (15 min at 37◦C), 40 μL of p-NPG was added into 211 

the mixed solution to form a total volume of 200 μL reaction system. 212 
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As result, the final concentration of p-NPG and α-glucosidase were 1.00 mM and 0.05 U 213 

mL–1, respectively. Subsequently, the resulting mixture was incubated for 20 min at 37◦C. 214 

Finally, the electrochemical response was recorded by DPV in a potential range of −0.6 to 0.5 215 

V. Subsequently biosensing method was also applied to evaluate the inhibition efficiency of 216 

different vegetable extracts. 217 

The inhibitory ratio (%) of acarbose and vegetable extracts with α-glucosidase was 218 

calculated as follows:  219 

Inhibitory ratio (%) =
(𝐼−𝐼∗)

(𝐼)
× 100%        (1) 220 

where 𝐼 was the oxidation current from the hydroxyl group in the presence of α-glucosidase 221 

and substrate alone, 𝐼∗ was the oxidation current from the hydroxyl group in the presence of α-222 

glucosidase, substrate and inhibitor. 223 

 224 

2.10. In vitro α-glucosidase inhibitory assay  225 

α-Glucosidase inhibitory activities were determined using a 96-well microtiter plate with 226 

p-nitrophenyl-α-D-glucopyranoside (PNPG) as the substrate following a slightly modified 227 

method described by Feng et al. [35]. Briefly, 20 µL of the enzyme solution (0.5 U mL–1 α-228 

glucosidase in PB) and 80 µL of the sample solution were mixed, and preincubated at 37 °C 229 

before the initiation of the reaction by adding the substrate. After pre-incubation (15 min), the 230 

p-NPG solution (40 µL) (5.0 mM p-NPG in PB) was added and then incubated at 37 °C for 231 

another 20 min in a final volume of 200 µL. The amount of p-NP released was quantified at 232 

405 nm and compared to a control which had 80 µl of PB in place of the extract. The α-233 

glucosidase inhibitory activity was expressed as inhibition % and was calculated as follows: 234 

Inhibition (%)  =  [
𝐴𝑏𝑠𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − (𝐴𝑏𝑠𝑆𝑎𝑚𝑝𝑙𝑒 − 𝐵𝑆𝑎𝑚𝑝𝑙𝑒)

𝐴𝑏𝑠𝐶𝑜𝑛𝑡𝑟𝑜𝑙
⁄ ] ∗ 100   (2) 235 
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where 𝐴𝑏𝑠𝐶𝑜𝑛𝑡𝑟𝑜𝑙 is the absorbance of the plate of the control sample, i.e., without inhibitor, 236 

𝐴𝑏𝑠𝑆𝑎𝑚𝑝𝑙𝑒 is the absorbance of each sample plate, i.e., sample plus inhibitor plus substrate plus 237 

enzyme and 𝐵𝑆𝑎𝑚𝑝𝑙𝑒 is absorbance of the inhibitor control, i.e., inhibitor plus PB.  238 

 239 

2.11. Analytical parameters 240 

To define the linear range and the limits of detection (LOD) and quantification (LOQ), 241 

according to the recommendation of Gegenschatz et al [36], a calibration curve of 11 point at 242 

0.004 to 0.8 U mL–1 by triplicated were established.  243 

 244 

2.12. Preparation of herbal plant extracts 245 

Schinus molle (Aguaribay) and Eugenia uniflora (Ñangapirí) plant leaves were collected 246 

from the Rural Extension Agency of the National Institute of Agricultural Technology in Ángel 247 

Gallardo, Santa Fe, Argentina (31.55°S, 60.68°W). The plant leaves were washed and dried in 248 

a circulating air oven at 60 °C for 3 hours and subsequently ground by using a mill. The Soxhlet 249 

extraction method was used for preparation of aqueous plant extracts. In this method, about 2.0 250 

g of powder was extracted with 210 ml of ultrapure water. The extract was concentrated to 251 

dryness under a controlled temperature 30-35°C by making use of a Rotavapor and preserved 252 

in a refrigerator till further use.  253 

The stock solutions of the plant extracts were prepared dissolving 1.00 mg in 1.00 ml of 254 

PB. 255 

 256 

3. Results and Discussion 257 

 258 

3.1. Optimization of the experimental parameters 259 

 260 
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3.1.1. Optimization of the sensor development 261 

After the building of the experimental design, some experiments were carried out (data not 262 

shown) to define the values of the factors and the characteristics of the system, e.g., the need 263 

to accumulate or not. 264 

According to the analysis, the model that best describes the least squares response (LS) is 265 

the linear model with double interaction (2FI). As a result, the model was significant (p-value 266 

< 0.0001) and with non-significant lack of fit (p-value 0.1012), demonstrating the goodness of 267 

the model. In addition, the R2 and R2
adj show acceptable results (0.700 and 0.615, respectively). 268 

In the optimization, the response was maximized, and the best combination corresponds to 269 

0.300 mg MWCNTs, 2.5% TLa, 10 min sonication, 30 sec of accumulation at a potential of –270 

0.60 V. Figure 1 shows the response surface plot corresponding to the TLa% vs potential, where 271 

the value of the other factors was set to the optimal combination. 272 
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 273 

Figure 1. Response surface countour plot for the combined central composite design (CCD). 274 

The plot described the %H-NADES vs Potential when the other parameters are fixed at the 275 

optimum conditions.  276 

 277 

3.1.2. Optimization of the incubation time 278 

A one factor design was built to define the best incubation time. After the analysis, a cubic 279 

model resulted significant (p-value = 0.0007) with a non-significant lack of fit probability (p-280 

value 0.3825). During the optimization step, the incubation time was minimized, and the 281 

response was maximized, resulting in a final incubation time of 20.0 min. 282 

 283 
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3.2. Characterization of TLa-MWCNTc/GCE dispersion 284 

 285 

3.2.1. Electrochemical behavior of the modified electrode TLa-MWCNTc/GCE  286 

To evaluate the electrochemical behavior of the TLa-MWCNTc/GCE, p-NP and p-NPG 287 

before and after enzymatic hydrolysis was used. Experiments were performed using CV with 288 

a potential range of 0.9 to −1.2 V in 0.100 M PB (pH = 6.75). As shown in Fig. SM1, the CV 289 

correspond to p-NPG (1.0 mM), p-NPG (1.0 mM) with α-glucosidase (0.050 U mL–1) after 290 

enzymatic hydrolysis and p-NP (1.0 mM).  291 

On the TLa-MWCNTc/GCE, is observed the presence of an oxidation peak of p-NPG in 292 

the absence of α-glucosidase at −0.09 V (red dotted line), which is associated with the oxidation 293 

of the nitro group; in green line, two peaks are observed, the first at −0.09 V corresponding to 294 

the oxidation of the nitro group, which occurs both before and after the hydrolysis of p-NPG 295 

by α-glucosidase. In addition, in the CV of p-NPG after the addition of α-glucosidase (green 296 

line), a new oxidation peak at 0.1 V appears, which corresponds to the oxidation of the hydroxyl 297 

group resulting from the p-NPG being hydrolyzed by α-glucosidase. The curve blue dash-298 

dotted line shows the voltammetric profile corresponding to p-NP. Two anodic current peaks 299 

are observed associated with the oxidation of the nitro group at −0.09 V, which occurs at the 300 

same potential as for p-NPG, and a second anodic process associated with the oxidation of the 301 

hydroxyl group at 0.1 V. The oxidation peaks of p-NP and p-NPG with α-glucosidase after 302 

enzymatic hydrolysis are electrochemically separated on TLa-MWCNTc/GCE, therefore, this 303 

surface can serve as an efficient platform to study the enzyme activity of α-glucosidase and the 304 

capacity inhibitory of different plant extracts. 305 

For this reason, p-NP was used as an electrochemical probe for the following studies related 306 

to the optimization of the final sensor. 307 
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p-NPG is hydrolyzed by α-glucosidase enzyme in the presence of PB solution (pH 6.8) to 308 

release p-NP as can be seen in Fig. 2A [37], due α-glucosidase can cleave specifically α-1,4 309 

glycosidic bonds, resulting in the removal of glucose unit.  310 

The DPVs were carried out on PB containing 1.0 mM p-NP in a potential range of −0.4 V 311 

to 0.3 V. The arisen oxidation peak at −0.1 V corresponds to the oxidation of the nitro group 312 

and the peak that appears at 0.1 V is the oxidation of the hydroxyl group of the p-NP (Fig. 2B. 313 

Right inset). 314 

The electrochemistry properties of the different sensor platforms were characterized by 315 

DPV. Figure 2B depicts the voltammetric profiles for GCE (blue curve), TLa/GCE (orange 316 

curve), MWCNTc/GCE (red curve) and TLa-MWCNTc/GCE (violet curve) using 1.0 10−3 M 317 

p-NP as probe. In the right inset, the voltammetric profile (DPV) obtained before subtracting 318 

background currents is shown. Comparatively, to evaluate the electrochemical behavior of the 319 

different sensor platforms, the peak at 0.1 V is shown, which corresponds to the hydroxyl group 320 

oxidation, which was later used as a redox signal to follow the enzymatic reaction, since it is 321 

the same potential oxidation peak of p-NP oxidation peak of nitro group and hydroxyl group. 322 
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 323 

Figure 2. A) Reaction scheme of hydrolysis of colourless p-nitrophenyl-α-d-glucopyranoside 324 

to coloured p-nitrophenol by α-glucosidase. B) Differential pulse voltammograms of 1.00 mM 325 

p-NP in 0.100 M PB (pH = 6.8) on the GCE (blue dotted line), TLa/GCE (yellow dash-dotted 326 

line ) MWCNTc/GCE (red dots) and TLa-MWCNTc/GCE (violet solid line). Right inset: 327 

shown the voltammetric profile (DPV) obtained before subtracting background currents. Left 328 

insert: the DPVs of GCE (blue dotted line), and MWCNTc/GCE (yellow dash-dotted line) were 329 

magnified. Potential range of  −0.4 V to 0.3 V. The voltammetric profiles were obtained after 330 

subtracting background currents. 331 
 332 

Figure 3 shows the variation of the potential and current of the peak associated with the 333 

hydroxyl group. When the GCE surface is modified, the peak current increases, being 15, 150 334 

and 600 times higher for TLa/GCE, MWCNTc/GCE and TLa-MWCNTc/GCE respectively. 335 

Regarding the peak potential, a slight shift to more positive potential is observed when GCE is 336 

modified with TLa, than when GCE is modified with CNTs (MWCNTc/GCE), which has a 337 

lower overpotential than GCE. Moreover, when TLa and CNTs are incorporated into the 338 

platform (TLa-MWCNTc/GCE) a shift to more positive potential is again observed than 339 
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MWCNTc/GCE, but less than when it is only modified whit TLa. When TLa is present, an 340 

increase in oxidation potential is observed, indicating that the hydrophobic nature of NADES 341 

slows down electron transfer. Therefore, this suggests that CNTs are the main responsible for 342 

the improvement in electron transfer. In the case of TLa-MWCNTc/GCE, an increase in the p-343 

NP oxidation current of 4 and 40 times greater than for MWCNTc/GCE and TLa/GCE is 344 

observed, clearly showing a synergistic effect between CNT and TLa, which may be due to the 345 

fact that the TLa allowed a better dispersion of the carbon nanotubes and therefore increased 346 

their electroactive area supports CNTs, clearly showing the importance of H-NADES as a 347 

dispersing agent for MWCNTc, since the predominant driving forces are the π-π interactions 348 

[22] between aromatic rings between H-NADES and CNTs, in addition to the hydrophobic 349 

interactions that make them excellent candidates for the generation of dispersions of different 350 

carbon nanomaterials. These results suggest that TLa-MWCNTc not only enlarges the 351 

electroactive surface area of the electrode, but also promotes the electron transfer. 352 

 353 
Figure 3. Shows the variation of the potential and current of the peak associated with the 354 

oxidation of the hydroxyl group of the p-NP generated on different surfaces, GCE, TLa/GCE, 355 

MWCNTc/GCE and TLa-MWCNTc/GCE  356 

 357 
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3.2.2. Effect of scan rate 358 

Figure SM2 shows the effect of different scan rates on the peak oxidation current of p-NP 359 

on TLa-MWCNTc/GCE using VC. The intensity of the anodic currents increased with the 360 

increase of the scan rate (from 10–200 mV s–1), and the potential of the oxidation peaks shifted 361 

positively. The linear relationship between oxidation peak currents of p-NP and the scan rate 362 

was observed in the inset of Fig. SM2 and the linear regression equation can be expressed as 363 

follow: 𝑦 = 21.119 + 1808.854 𝑥 with R2=0.998. These results are indicative that the 364 

electrooxidation of p-NP on TLa-MWCNTc/GCE is an adsorptive process. 365 

 366 

3.2.3. Accumulation  367 

Since p-NP shows that the redox processes on the modified electrode surface are controlled 368 

by adsorption, the accumulation conditions on TLa-MWCNTc/GCE were studied to optimize 369 

the sensor by experimental design. Subsequently, the DPV with potential from −0.6 V to 0.3 370 

V was conducted in the reaction solution (see Figure SM3) without accumulation (blue dotted 371 

line) and accumulated under optimal conditions (red line). It can be seen that the peak currents 372 

at 0.1 V, increase by 2.5 times after accumulation compared to the peak currents without prior 373 

accumulation. 374 

 375 

3.2.4. Scanning Electron Microscopy (SEM) characterization  376 

SEM was used to study the surface morphology of MWCNTc and TLa-MWCNTc. The 377 

images from SEM are shown in Fig. 4.  378 

Figure 4A(1-3) shows SEM images of glassy carbon surfaces modified with MWCNTc, 379 

while Fig. 4B(1-3) shows images of glassy carbon surfaces modified with TLa-MWCNTc. 380 

Comparison images with different magnifications are shown for both surfaces: 1) 4.43 KX 381 

(3µm), B) 24 KX 3µm and 52.61 KX (300nm). 382 
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When GCE is modified with the dispersion of MWCNTc, the surface is completely covered 383 

with MWCNTc, although the coverage is layered with different terraces, planes, and domains, 384 

where it can be seen that the surface is not flat and the aggregates can be observed in different 385 

areas. The addition of TLa leads to a very uniform and homogeneous distribution of the deposit, 386 

the size of the domains increases and shows less pronounced areas and a flattened and more 387 

homogeneous topography. From the comparison of Figures 4A3 and 4B3, it is clear that the 388 

CNTs modified with TLa are thicker and more dispersed due to the coating of CNTs with H-389 

NADES, which is responsible for breaking the interactions between CNTs to create and 390 

enhance the dispersion of the nanomaterial, in contrast to what was observed for MWCNTc 391 

dispersion. Thus, the presence of TLa is critical for complete and homogeneous coverage of 392 

the GCE surface. 393 

The homogeneous morphology of TLa-MWCNTc/GCE can improve the surface contact 394 

area with the product of enzymatic reaction while enabling fast electronic transfer for 395 

electrochemical reactions. 396 

 397 
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 398 

Figure 4. A) shows SEM images of glassy carbon surfaces modified with MWCNTc and B) 399 

TLa-MWCNTc. Comparative images with different magnifications are shown for both 400 

surfaces: 1) 4.43 KX (3um), B) 24 KX 3um and 52.61 KX (300nm). 401 

 402 

3.2.5. UV-Vis 403 

Figure SM4 show the spectra of a solution of thymol at 5%, TLa at 5%, MWCNTc 404 

dispersion and TLa-MWCNTc dispersion. 405 

In the MWCNTc dispersion, congruently, an absorbance peak appears at 265 nm, due to 406 

the individual nanotubes strongly absorb at 265 nm due to the π-π* transition of aromatic sp2 407 

Jo
urn

al 
Pre-

pro
of



21 
 

and the increase of the absorbance given by the dispersion of the CNT aggregates [38-41]. For 408 

thymol solution, a characteristic band is observed at 293 nm, which is present both in the TLa 409 

and in the TLa-MWCNTc dispersion. Additionally, a slight shoulder at approximately 265 nm 410 

is also observed in TLa-MWCNTc dispersion, due to the π-π* transition of aromatic sp2 from 411 

carbon nanotubes, this signal is not observed in thymol and TLa solutions, concluding the 412 

presence of TLa and MWCNTc in the dispersion used to modified the vitreous carbon 413 

electrodes to build the sensor platform. Moreover, the ultrasonic treatment to which they are 414 

subjected does not greatly modify their natures.  415 

 416 

3.3. Analytical performance  417 

To define the linear range and the detection limit, a calibration curve was made varying on 418 

the sensor platform TLa-MWCNTc/GCE. Figure 5 represents the calibration plot between the 419 

value of peak current at 0.100 V corresponding to oxidation of the hydroxyl group of the p-NP 420 

generated by enzymatic cleavage and different α-glucosidase concentrations (from 0.004 to 0.8 421 

U mL–1). After the analysis, the linear range of the electrochemical method corresponds to 422 

0.004 to 0.10 U mL–1. In these conditions, the LOD and LOQ resulted 0.0013 and 0.0035 U 423 

mL–1, respectively (see Table SM3). Furthermore, a comparison was made with the 424 

spectroscopic enzyme assays, and it was found that the linear range corresponded to the same 425 

obtained by the electrochemical method, but with higher LOD and LOQ (0.0019 and 0.0054 U 426 

mL–1, respectively). 427 
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 428 

Figure 5. Plots of Peak current vs concentration of α-glucosidase: A) electrochemical method 429 

and B) reference method. The insert corresponds to the linear range in each case. 430 

 431 

3.4. Determination of the activity of α-glucosidase 432 

The activity of α-glucosidase was firstly investigated on the TLa-MWCNTc/GCE. A 433 

comparison between the analytical performance of the present method and those reported in 434 

the literature is shown in Table 1.  435 

  436 
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Table 1. A comparative of the method with previously reported ones. 437 

System Sample Inhibitors 
Detection 

limit (U mL–1) 
Reusability Reference 

AuNPs modified with 

ATP aptamer and pAPG 
Cell lysates. IPEC-J2 cell 

3-

propylidenephthalide 
0.005 

Yes – five 

times 
[14] 

AgNPs/DA and 

MNPs/pAPG with 

PBA/GE 

Cell medium. IPEC-J2cells 
Gallic acid and 

quercetin 
0.1 No [42] 

CNHs/GCE Mulberry bark extracts Acarbose 0.00056 
Yes – ten 

times 
[43] 

MWCNTs-α-glucosidase-

PNPG-PVA 

Tebengau (Ehretis laevis), Cemumar 

(Micromelum pubescens), and Kedondong 

(Spondias dulcis) plant leaves 

Acarbose 5 No [5] 

TLa-MWCNTc/GCE  
Acarbose, quercetin, 

gallic acid and rutin 
0.0013 

Yes – at 

least 15 

times 

The 

present 

work 

AuNPs: gold nanoparticles; AgNPs: sliver nanoparticles; pAPG: 4-aminophenyl-α-d-glucopyranoside; MNPs: magnetic nanoparticles; PBA: 438 

pyrene boric acid; PVA: freeze-thawed polyvinyl alcohol; PNPG: p-nitrophenyl-α-D-glucopyranoside; GE: graphite electrode; GCE: glassy carbon 439 

electrodes; CNH: carbon nanohorns; MWCNTc: Carboxylic Multi-walled carbon nanotubes; MWCNT: Multi-walled carbon nanotubes 440 

 441 
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 442 

The results show that the proposed method has an excellent detection limit (see Table 443 

SM3). It is important to note that most of the results shown in Table 1, are mostly less sensitive 444 

than the present method, i.e., the TLa-MWCNTc/GCE method presents LOD better than the 445 

other reported methods [5, 14, 42]. Another remarkable fact is that the sensor was reused at 446 

least 15 times, resulting in an excellent option for a routine analysis. 447 

Moreover, during the validation, the development method was compared with the reference 448 

methos (spectrophotometric enzyme assay). In this sense, only in this work, a complete 449 

verification of the data obtained by the electrochemical sensor vs the reference was performed. 450 

This comparison clearly shows that the reported sensor has one of the most competitive 451 

performances and offers many advantages for the determination of α-glucosidase and its 452 

inhibitors, such as the simplicity of electrode preparation, not only in terms of sensitivity and 453 

detection limits achieved, but also in terms of average reproducibility and repeatability.  454 

 455 

3.5. Measurement of the inhibitory activities of the synthetic drug (acarbose) and quercetin by 456 

DPV. 457 

In order to demonstrate the practicability of the developed method to screen α-glucosidase 458 

inhibitors, two compounds (acarbose and quercetin) have been chosen. In the presence of 459 

inhibitors, the enzymatic reaction between the p-NPG and α-glucosidase exhibits a lower peak 460 

current of released p-NP. Acarbose, which is a common anti-diabetes drug and along with 461 

quercetin which is probably one of the major components of plant extracts were selected as the 462 

examples to evaluate the ability of screening α-glucosidase inhibitors. As result, increasing 463 

acarbose concentration from 0.05 to 8.00 mM, the oxidation peak currents of hydroxyl group 464 

gradually decreased showing the ability of acarbose to inhibit enzyme activity. In Fig. SM5A, 465 

the inhibition effect of acarbose on α-glucosidase activity can be observed. The maximum 466 
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inhibition of acarbose is 86% with an IC50 value of (3 ± 1) mM, and it has been reported that 467 

acarbose is a competitive inhibitor of α-glucosidase [34]. Figure SM5B shows the inhibition 468 

effect of quercetin in the range from 0.004 to 1.0 mM on α-glucosidase activity. For quercetin, 469 

the maximum inhibition ratio is 99% with an IC50 value of (0.015 ± 0.004) mM. Different 470 

from acarbose, quercetin can noncompetitively and anticompetitively inhibit α-glucosidase 471 

activity [44, 45]. 472 

During the validation, studies of the inhibition effect of quercetin were also carried out 473 

using spectrophotometric enzyme assays (Fig. SM5B). Due to quercetin presents a yellow 474 

coloration, values greater than 0.10 mM cannot be detected by the spectrophotometric assay, 475 

presenting the maximum detectable inhibition ratio as 75% with the IC50 value of (0.011 ± 476 

0.003) mM. 477 

As a result, the electrochemical method is more sensitive for measuring the antidiabetic 478 

potential of medicinal plants than the colorimetric method. These facts confirm that the 479 

proposed method can be successfully used for the inhibitor screening in the medium containing 480 

the enzyme. 481 

 482 

3.6. Study of the inhibitory activities of plant extracts by electrochemical method 483 

To define the use of the present method in real samples, the analysis of the feasibility of 484 

the use of plant extract as inhibitor was carried out. The experiments were carried out using 485 

concentrations of p-NPG and α-glucosidase at 1.00 mM and 0.05 U mL–1, respectively.  486 

Moreover, to verify the specificity of the present method vs the reference inhibitory 487 

capacity of the extracts, they were determined by spectrophotometric enzyme assays. Figure 488 

5A shows a photo of the spectrophotometric enzyme assays microplates for the different 489 

inhibition assays.  490 
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Two different plants extracts (Schinus m. and Eugenia u.) (from 1.52 to 400 µg mL–1) were 491 

used to measure the inhibition potential through DPV on TLa-MWCNTc/GCE using the 492 

equation by Eq. 1 to obtain a result.  493 

 494 

Figure 6. A) Photograph of a 96-well microplate used for the spectrophotometric assays to 495 

determine the inhibition of glucosidase. The line (a) and (b), correspond to Schinus molle 496 

extract at different concentrations (1.52 to 400 µg mL–1) with enzyme and substrate (n = 2); (c) 497 

correspond to Schinus molle extract as blank at the same concentration as above. (d) correspond 498 

to Eugenia uniflora extract at different concentrations (1.52 to 400 µg mL–1) with enzyme and 499 

substrate and (e) correspond to the blank. The line (f) corresponds to the control (without 500 

inhibitor) (n = 3). Increasing concentrations correspond to columns I to IX (in descending 501 

order). B) Differential pulse voltammograms of 1.00 mM p-NPG with 0.05 U mL–1 α-502 

glucosidase in the presence of different concentrations of Eugenia u. (extracts) (from 1.52 to 503 

400 µg mL–1) in 0.100 M PB (pH = 6.8) on the TLa-MWCNTc/GCE. C) Inhibitory effect of 504 

Eugenia u. and Schinus m. extracts ranging from 1.52 to 400 µg mL–1 on α-glucosidase activity. 505 

x-axis in log [concentration]. D) Comparative graph of IC50 values between quercetin and the 506 

studied plant extracts. All measurements were performed with a concentration of p-NPG and 507 

α-glucosidase of 1.00 mM and 0.05 U mL–1, respectively. 508 

 509 
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The corresponding plots in Fig. 6B show that the increase in the extract concentration of 510 

Eugenia uniflora generates an inhibition increase, as a consequence of the signal decrease 511 

associated with the oxidation of the released p-NP hydroxyl group. The maximum inhibition 512 

of Schinus molle extract was (91 ± 3) % for a concentration of 12.5 µg mL–1 with the IC50 513 

value of 5.37 µg mL–1, the inhibited released p-NP. For the Eugenia uniflora extract, the 514 

maximum inhibition was (81 ± 2) % for a concentration of 12.5 µg mL–1 and the IC50 was 5.28 515 

µg mL–1 (Fig. 6C). 516 

In presence of plant extracts, the enzymatic reaction between the p-NPG and α-glucosidase 517 

exhibits a lower peak current of released p-NP, that is, when the extract was added as an 518 

inhibitor, the oxidation peak currents of the released p-NP decreased as compared to those of 519 

the control (Fig. 6B). 520 

During the analysis by spectrophotometric enzyme assays, as the extracts are colored, the 521 

inhibitory capacity of the extracts cannot be determined, since a clear interference is observed, 522 

so the curves lose sensitivity and there are also several concentrations in which the 523 

measurements are not detectable. Therefore, the developed electrochemical method is 524 

appropriate and highly sensitive and selective to determine inhibition in complex and colored 525 

samples. 526 

Figure 6D shows the comparison of the IC50 values of the inhibitor’s quercetin and the 527 

extracts of Schinus molle and Eugenia uniflora, it can be seen that the extracts present higher 528 

inhibitor efficiency. 529 

The above discussion clearly shows that the TLa-MWCNTc/GCE sensor platform be used 530 

for sensitively detecting α-glucosidase activity and screening the anti-diabetic drug and but 531 

also suggests that the sensor is suitable for the monitoring of antidiabetic potential compounds 532 

present in plants as well as the synthetic commercial drugs. 533 

 534 
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3.7. Selectivity, reproducibility and reusability of the proposed sensor. 535 

First, the different extracts were measured with the sensor platform under the test 536 

conditions and no analytical signals were observed in the potential range studied, so the extracts 537 

do not present components that could interfere with the analytical signal under study. In 538 

addition, several potential interfering compounds including various metal ions (K+, Ca2+, Na+, 539 

Mg2+ and Fe3+) and common amino acids as well as simple and complex carbohydrates 540 

(glucose, fructose, dextrose and sucrose) were investigated by DPV under the same conditions. 541 

The possible interferents were separately added into a reaction solution containing 1.00 mM p-542 

NPG and 0.05 U mL–1 α-glucosidase and a final concentration of 2 mM, which is 2 and 250 543 

times than the minimum concentration of acarbose and quercetin that shows inhibition. As 544 

result, these compounds did not show an effect on the inhibitory efficiency (data not shown). 545 

Therefore, the result demonstrates that the developed detection methods based on TLa-546 

MWCNTc/GCE possess excellent selectivity towards α-glucosidase inhibitor, owing to high 547 

inhibition of acarbose and quercetin towards α-glucosidase activity. 548 

Moreover, the reproducibility and stability of the electrochemical sensor were investigated. 549 

A series of 6 modified electrodes were prepared under the same conditions to evaluate the 550 

reproducibility of this sensor and the relative standard deviation (RSD) was 7.1%, suggesting 551 

a good reproducibility. 552 

The reusability of the fabricated sensor was studied through at least 15 successive DPV 553 

measurements. As result, the variability of the peak current of p-NP was least than 5%, which 554 

suggested an excellent reusability of our proposed sensor. The above results proved that the 555 

present electrochemical sensor has a good reproducibility and reusability.  556 

 557 

4. Conclusions 558 
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In this work, we have fabricated a reusable, stable, and simple electrochemical sensor based 559 

on carbon nanotube and hydrophobic NADES-modified glassy carbon electrode to detect 560 

activity assay, inhibitor screening and screening of potential anti-diabetic medicine. 561 

The use of TLa is proposed for the first time and in an innovative way to disperse carbon 562 

nanostructures, fulfilling two fundamental roles, dispersing nanomaterials and increasing their 563 

electrochemical response. 564 

The applicability of the method has also been confirmed by the results obtained from 565 

detection of the extracts of Schinus molle and Eugenia uniflora and different commercial 566 

inhibitors with high sensitivity and selectivity. It was also validated by the reference method 567 

(spectrophotometric enzyme assays) widely showing the superior efficiency, accuracy and 568 

confidence of the developed method, it presents several advantages compared to the reference 569 

spectroscopic method, in terms of linear range, LOD and interference in detection, it can be 570 

used to measure colored interferents and complex matrices. 571 
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Figure captions 578 

Figure 1. Response surface countour plot for the combined central composite design (CCD). 579 

The plot described the %H-NADES vs Potential when the other parameters are fixed at the 580 

optimum conditions.  581 

 582 

Figure 2. A) Reaction scheme of hydrolysis of colourless p-nitrophenyl-α-d-glucopyranoside 583 

to coloured p-nitrophenol by α-glucosidase. B) Differential pulse voltammograms of 1.00 mM 584 

p-NP in 0.100 M PB (pH = 6.8) on the GCE (blue dotted line), TLa/GCE (yellow dash-dotted 585 

line ) MWCNTc/GCE (red dots) and TLa-MWCNTc/GCE (violet solid line). Right inset: 586 

shown the voltammetric profile (DPV) obtained before subtracting background currents. Left 587 

insert: the DPVs of GCE (blue dotted line), and MWCNTc/GCE (yellow dash-dotted line) were 588 

magnified. Potential range of  −0.4 V to 0.3 V. The voltammetric profiles were obtained after 589 

subtracting background currents. 590 

 591 

Figure 3. Shows the variation of the potential and current of the peak associated with the 592 

oxidation of the hydroxyl group of the p-NP generated on different surfaces, GCE, TLa/GCE, 593 

MWCNTc/GCE and TLa-MWCNTc/GCE  594 

 595 

Figure 4. A) shows SEM images of glassy carbon surfaces modified with MWCNTc and B) 596 

TLa-MWCNTc. Comparative images with different magnifications are shown for both 597 

surfaces: 1) 4.43 KX (3um), B) 24 KX 3um and 52.61 KX (300nm). 598 

 599 

Figure 5. Plots of Peak current vs concentration of α-glucosidase: A) electrochemical method 600 

and B) reference method. The insert corresponds to the linear range in each case. 601 

 602 

Figure 6. A) Photograph of a 96-well microplate used for the spectrophotometric assays to 603 

determine the inhibition of glucosidase. The line (a) and (b), correspond to Schinus molle 604 

extract at different concentrations (1.52 to 400 µg mL–1) with enzyme and substrate (n = 2); (c) 605 

correspond to Schinus molle extract as blank at the same concentration as above. (d) correspond 606 

to Eugenia uniflora extract at different concentrations (1.52 to 400 µg mL–1) with enzyme and 607 

substrate and (e) correspond to the blank. The line (f) corresponds to the control (without 608 

inhibitor) (n = 3). Increasing concentrations correspond to columns I to IX (in descending 609 

order). B) Differential pulse voltammograms of 1.00 mM p-NPG with 0.05 U mL–1 α-610 

glucosidase in the presence of different concentrations of Eugenia u. (extracts) (from 1.52 to 611 

400 µg mL–1) in 0.100 M PB (pH = 6.8) on the TLa-MWCNTc/GCE. C) Inhibitory effect of 612 

Eugenia u. and Schinus m. extracts ranging from 1.52 to 400 µg mL–1 on α-glucosidase activity. 613 

x-axis in log [concentration]. D) Comparative graph of IC50 values between quercetin and the 614 

studied plant extracts. All measurements were performed with a concentration of p-NPG and 615 

α-glucosidase of 1.00 mM and 0.05 U mL–1, respectively. 616 

 617 

 618 

 619 
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Highlights 

►First time of MWCNTc and H-NADES based electrochemical sensor for of α-

glucosidase and its inhibitors determination.  

►The sensor shows impressive electro-catalytic activity towards enzymatic reaction. 

►Successful estimation of commercial α-glucosidase inhibitors and plant extracts as 

potential antidiabetic drugs. 

►The sensor is highly stable and reproducible. 
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