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Abstract

The present work describes for the first time the use of a hydrophobic natural deep eutectic
solvent (H-NADES) as a dispersant for carboxylated nanotubes for the design and construction
of an electrochemical sensor for the assay of a-glucosidase and its inhibitors. In this work, we
used as the electrochemical probe the product of the enzymatic reaction, which consists of two
redox groups and generates the analytical signal. The combination of de carboxylic multi-
walled carbon nanotubes (MWCNTCc) and the H-NADES of thymol and lactic acid (TLa)
increases the electroactive surface area and promotes electron transfer of the electrode modified
with carbon nanotubes. The electrochemical sensor enabled the detection of a-glucosidase in a
range of 0.004-0.1 U mL* with a detection limit of 0.0013 U mL?, which is lower than most
existing methods. In addition, two a-glucosidase inhibitors, acarbose and quercetin, and two
plant extracts, Schinus molle and Eugenia uniflora, were evaluated to assess the feasibility of
screening potential antidiabetic drugs, and the 1C50 values were 5.37 ug mL~t and 5.28 pg mL~
1. Thus, this sensing strategy represents the beginning of the incorporation of NADES in the
development and design of novel sensors and their application in electrochemistry and medical

analysis.

Keywords: carbon nanotubes; response surface methodology; electrochemical sensors; H-
NADES; a-glucosidase; medicinal plants
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1. Introduction

Since the 12th century, type 2 diabetes mellitus (T2DM) has become one of the major
global health emergencies [1]. T2DM is a metabolic disorder characterized by high blood
glucose levels due to impaired insulin secretion by the pancreas [2]. It is estimated that
approximately 425 million people (20-79 years of age) worldwide suffer from T2DM, and #
this number is predicted to increase to approximately 629 million by 2045 [1].

The enzyme a-glucosidase is considered a therapeutic target for the treatment of T2DM
because it plays an important role in carbohydrate metabolism [3-5]; it converts starch and
disaccharides into absorbable monosaccharides such as glucose, which is why it is responsible
for the increase in blood glucose levels [6]. Inhibition of this enzyme could slow carbohydrate
digestion and ultimately the absorption of monosaccharides, leading to a decrease in
postprandial plasma glucose levels [7].

Two main methods can be used to determine a-glucosidase activity: an animal model for
in vivo screening and an enzyme inhibitor model for in vitro screening [8, 9]. However, in vivo
screening involves lengthy experiments and high costs, whereas the model of enzyme
inhibition based on the use of para-nitrophenyl-a-D-glucopyranoside (p-NPG) as a substrate
has limited sensitivity, since the activity of a-glucosidase inhibitors is usually quantified by
measuring the absorbance of 4-nitrophenol (p-NP) released by p-NPG at 400 nm [10], so, in
certain cases, the absorbance of the inhibitor may coincide with that of p-NP, directly affecting
the measured value [11].

To overcome the drawbacks of the above methods, many efforts have been made to detect
the activity of this enzyme by fluorescence [12] and electrochemistry [5, 13-16]. Remarkably,
the development of an electrochemical method is characterized by its high sensitivity and ease
of use, and has attracted much attention in the field of detection of a-glucosidase activity.

However, most of the available electrochemical sensors are not reusable, which limits their
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application. Therefore, it is very important to develop a reusable, sensitive, and effective
method to detect enzyme activity in order to develop new and more effective a-glucosidase
inhibitors.

During the development of an electrochemical method, several authors have proposed
different ways to modify the composition of bare carbon paste electrodes (CPGES) to improve
their electrochemical properties [17, 18]. Carbon nanotubes (CNTSs) are the most commonly
used materials in electrochemical sensors due to their high conductivity, chemical stability,
flexibility, and low-cost [19]. However, one of the most common problems limiting their
application is the agglomeration of these nanomaterials [20]. Therefore, good dispersibility of
CNTs can be achieved by chemical functionalization, e.g., with -COOH [21], -OH [22], and -
NH2 [23], with the addition of a suitable solvent to obtain a stable and homogeneous dispersion.

According to the principles of green analytical chemistry (GAC) [24], the use of
conventional solvents must be reduced. In this scenario, the use of natural deep eutectic
solvents (NADES) appears as a green alternative—because their components are natural
metabolites such as organic acids, sugars, amino acids, sugars, alcohols, and amines with
different groups capable of intermolecular interactions; they form when hydrogen bond
acceptor and hydrogen bond donor compounds are mixed at graded temperatures with constant
stirring. There are hydrophobic NADES (H-NADES) in which the predominant driving forces
are the m-m interactions between aromatic rings [25]. In contrast to hydrophilic NADES, H-
NADES exhibit lower viscosity because the Coulombic charge interactions are omitted [26].

Few works describe the use of NADES in electrochemistry, as a supporting electrolyte [27,
28], to form a composite [29], to generate biopolymer electrolytes [30], and as conducting
ligands for glassy carbon electrode (GCE) modification, due to their attractive properties,

including good conductivity, low vapor pressure, and high chemical stability [31] .
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The use of the chemometric tool allows the researcher to find the optimal experimental
conditions and reduce the number of experiments [32]. In the field of electrochemistry, this
tool is not yet regularly used, which means that the possibility of founding the best experimental
combination of factor is lost. In the present work, the combination of electrochemical methods
and chemometric tools was used to optimize the dispersion and measurement conditions.

In this work, the properties of H-NADES as a dispersant CNT-COOH were analyzed for
the first time. Moreover, this is the first time that a NADES has been used for enzymatic
determination. This novel platform was used to determine p-NP, the product released by the
enzymatic action of a-glucosidase, by differential pulse voltammetry (DPV). This sensor is
ideal for the simple and rapid search for enzyme inhibitors in extracts from various plant

species.

2. Material and method
2.1. Reagents

Carboxylic Multi-walled carbon nanotubes (MWCNTCc) were supplied from Dropsens.
Lactic acid, thymol, p-nitro phenol (p-NP), NaH2POs, Na2HPO4 and ethanol (EtOH) were
purchased from Cicarelli (San Lorenzo, Argentina). Acarbose, p-nitrophenyl ao-D-
glucopyranoside (p-NPG) and a-Glucosidase from Saccharomyces cerevisiae were purchased
from Sigma (Sigma—Aldrich Inc, St Louis, USA). Phosphate buffer solution (PB) 0.100 M pH
6.8 was employed as supporting electrolytes. All the experiments were conducted at room
temperature. Ultrapure water (p = 18 MQ cm) from a Millipore-MilliQ system was used for

preparing all the solutions.

2.2. Preparation of hydrophobic natural deep eutectic solvent (H-NADES)
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The H-NADES was prepared following the recommendation of Dazat et al. [33]. Briefly,
the component of the H-NADES, thymol and lactic acid (TLa), were placed into a glass baker
at a molar ratio of 1:2, respectively. The baker was heated at 60 °C under magnetic stirring at

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

2.2. Apparatus and software

The electrochemical measurements were performed with an pStat-i 400s potentiostat
Metrohm DropSen (Asturias, Espafia). The electrodes were inserted into the cell (BAS, Model
MF-1084) through holes in its Teflon cover. A platinum wire and Ag/AgCl, 3 M NaCl (BASI,
Model RE-5B) were used as counter and reference electrodes, respectively. All potentials are
referred to as the reference electrode. Sonication treatments were carried out either with an
ultrasonic bath (TESTLAB, model TB04) of 40 kHz frequency and 160 W of nominal power.

UV-Vis experiments were performed with a Lambda UV-Vis spectrometer (Perkin Elmer,
Massachusetts, U.S.A.). Sonication treatments were carried out either with an ultrasonic bath
(TESTLAB, model TB04) of 40 kHz frequency and 160 W of nominal power.

For the extract concentration, a Rotavapor BUCHI Labortechnik R-114 (Flawil,
Switzerland) was used.

The experimental design building and the posterior analysis were carried out by Design
Expert 8.0.0.

For the spectrophotometric enzyme assays, a 96-well microplate reader at 405 nm by
microplate reader (Thermo Fisher FC Multiskan) was usedThe 1C50 was calculated with a
four-parameter logistic curve estimated using Graph Pad Prism 8.0.1 The samples were
examined with a Scanning Electron Microscope, Zeiss brand, CrossBeam 350 model.
Observations were made under secondary electron imaging mode using an accelerating voltage

of 2 kV.
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2.3. Experimental design and statistical analysis
2.3.1. Central composite design (CCD) for the sensor optimization

In optimizing the sensor, a Y.-fraction CCD was created with five factors and 30
experimental runs (see Table SM1). The factors affecting the design of the sensor were
analyzed together,on the one hand (A) the mass of nanotubes between 0.1 —1.0 mg, (B) the
percentage of TLa between 2.5 — 15.0% and the sonication time between 5.0 — 30.0 min, and
on the other hand the factors of electropolymerization, (D) the accumulation time between 10
— 120 sec and the potential between —1.0 to —0.5 V were analyzed together. The values of each
factor correspond to the construction entering the factor range with respect to alpha. Finally, a
Ya-turn two-block design (o = 2) was created with 2 central points per block. The response

analyzed was the peak current.

2.3.2. One-factor design for the optimum incubation time optimization
To define the optimum incubation time, a one-factor design was built. Table SM2 shows

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

2.4. Preparation of the dispersions

The dispersion was prepared by weighing 0.300 mg MWCNT. and adding 2.5% of TLa in
1 mL of ethanol, followed by 10 minutes of sonication. Control dispersions were prepared by
a similar procedure, i.e., a dispersion of 0.300 mg MWCNT¢ to in 1 mL ethanol and 2.5% of

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

2.5. Preparation of GCE modified with the dispersions
Before modification, the GCEs were polished with alumina slurries of 1.0, 0.30, and 0.05

pm for 2 minutes each. Then, the GCEs were modified by dropping 20 uL of the TLa-
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MWCNT. dispersion onto the surfaces followed by evaporation of the solvent at room
temperature (TLa-MWCNT/GCE). A similar protocol was used to prepare GCEs modified
with MWCNT: (MWCNT/GCE) and HNADES (TLa/GCE) using the dispersion described

above.

2.6. Standard solutions

Stock solutions were prepared individually with a mass of 10.32 mg acarbose, 4.83 mg
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
obtain concentrations of 16 mM for acarbose and quercetin and 5 mM for p-NPG and p-NP. In
addition, the enzyme stock solution was prepared with a mass of 0.4 mg a-glucosidase enzyme
and diluted in 2.00 mL BP 0.100 M pH 6.8 to obtain 6.2 U mL™.

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

day.

2.7. Procedure

Electrochemical experiments were performed in PB. VVoltammetric profiles were recorded
at 0.100 V s* cyclic voltammetry (CV).

DPV parameters were as follows: pulse height of 0.004 V, pulse amplitude of 0.050 V,
period of 200 ms, and potential range between —0.6V and 0.3 V. The voltammetric profiles
shown were obtained after subtracting background currents. All measurements were performed

at room temperature.

2.8. a-Glucosidase activity assay.
The assay for a-glucosidase activity was performed by measuring different concentrations

of the enzyme at a fixed concentration of the substrate. The different concentrations of a-
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glucosidase were prepared by dissolving the stock concentration of 6.20 U mL™ with 0.100 M
PBS (pH = 6.8). 40.0 uL of 5.00 mM p-NPG was added into different concentration of a-
glucosidase to form a total volume of 200 pL for the reaction system generating a final
concentration of a-glucosidase and p-NPG of 0.004, 0.006, 0.008, 0.010, 0.025, 0.050, 0.100,
0.200, 0.400, 0.600 and 0.800 U mL and 1.00 mM, respectively.

Then the resulting mixture was incubated for 20 min at 37 °C. Subsequently, the DPV from
—0.6 V to 0.5 V was conducted in the reaction solution. During the detection, two oxidation
peaks associated with the oxidation of the nitro group and hydroxyl group coming from p-NPG
(before and after enzymatic hydrolysis, respectively) were recorded on the TLa-
MWCNTc/GCE.

To verify the feasibility of the development method, the reference method
(spectrophotometric enzyme assays) was carried out in the same conditions of concentrations

and incubation time.

2.9. Screening of a-glucosidase inhibitors.

As a proof of concept, the inhibitory efficiency of a variety of compounds was performed:
acarbose and quercetin.

The acarbose was selected due to is a common anti-diabetes drug and the quercetin was
selected following the bibliography [34]. The inhibition assay was performed with the different
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,
0.01, 0.008, 0.006 and 0.004 mM) and a fixed concentration of enzyme and substrate. The
procedure was followed, firstly different volumes of acarbose and quercetin stock solution (16
mM) were added to obtain different concentrations (0.004 to 8 mM), mixed with 20 uL of a-
glucosidase. After mixture pre-incubation (15 min at 37°C), 40 uL of p-NPG was added into

the mixed solution to form a total volume of 200 pL reaction system.
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As result, the final concentration of p-NPG and a-glucosidase were 1.00 mM and 0.05 U
mL%, respectively. Subsequently, the resulting mixture was incubated for 20 min at 37°C.
Finally, the electrochemical response was recorded by DPV in a potential range of —0.6 to 0.5
V. Subsequently biosensing method was also applied to evaluate the inhibition efficiency of
different vegetable extracts.

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

calculated as follows:

(=)

Inhibitory ratio (%) = D

x 100% (1)

where I was the oxidation current from the hydroxyl group in the presence of a-glucosidase
and substrate alone, I* was the oxidation current from the hydroxyl group in the presence of a-

glucosidase, substrate and inhibitor.

2.10. In vitro a-glucosidase inhibitory assay

a-Glucosidase inhibitory activities were determined using a 96-well microtiter plate with
p-nitrophenyl-a-D-glucopyranoside (PNPG) as the substrate following a slightly modified
method described by Feng et al. [35]. Briefly, 20 pL of the enzyme solution (0.5 U mL™ a-
glucosidase in PB) and 80 puL of the sample solution were mixed, and preincubated at 37 °C
before the initiation of the reaction by adding the substrate. After pre-incubation (15 min), the
p-NPG solution (40 pL) (5.0 mM p-NPG in PB) was added and then incubated at 37 °C for
another 20 min in a final volume of 200 pL. The amount of p-NP released was quantified at
405 nm and compared to a control which had 80 pl of PB in place of the extract. The a-

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

Inhibition (%) — AbScontrot — (AbSSample - BSample)/AbSC t ll % 100 (2)
ontro

10
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where Abs,niror 1S the absorbance of the plate of the control sample, i.e., without inhibitor,

Abssampie 1S the absorbance of each sample plate, i.e., sample plus inhibitor plus substrate plus

enzyme and Bggmpie 1S absorbance of the inhibitor control, i.e., inhibitor plus PB.

2.11. Analytical parameters
To define the linear range and the limits of detection (LOD) and quantification (LOQ),
according to the recommendation of Gegenschatz et al [36], a calibration curve of 11 point at

0.004 to 0.8 U mL* by triplicated were established.

2.12. Preparation of herbal plant extracts

Schinus molle (Aguaribay) and Eugenia uniflora (Nangapirf) plant leaves were collected
from the Rural Extension Agency of the National Institute of Agricultural Technology in Angel
Gallardo, Santa Fe, Argentina (31.55°S, 60.68°W). The plant leaves were washed and dried in
a circulating air oven at 60 °C for 3 hours and subsequently ground by using a mill. The Soxhlet
extraction method was used for preparation of aqueous plant extracts. In this method, about 2.0
g of powder was extracted with 210 ml of ultrapure water. The extract was concentrated to
dryness under a controlled temperature 30-35°C by making use of a Rotavapor and preserved
in a refrigerator till further use.

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

PB.

3. Results and Discussion

3.1. Optimization of the experimental parameters

11
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3.1.1. Optimization of the sensor development

After the building of the experimental design, some experiments were carried out (data not
shown) to define the values of the factors and the characteristics of the system, e.g., the need
to accumulate or not.

According to the analysis, the model that best describes the least squares response (LS) is
the linear model with double interaction (2FI). As a result, the model was significant (p-value
< 0.0001) and with non-significant lack of fit (p-value 0.1012), demonstrating the goodness of
the model. In addition, the R? and R%gj show acceptable results (0.700 and 0.615, respectively).
In the optimization, the response was maximized, and the best combination corresponds to
0.300 mg MWCNTS, 2.5% TLa, 10 min sonication, 30 sec of accumulation at a potential of —
0.60 V. Figure 1 shows the response surface plot corresponding to the TLa% vs potential, where

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

12
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Figure 1. Response surface countour plot for the combined central composite design (CCD).
The plot described the %H-NADES vs Potential when the other parameters are fixed at the
optimum conditions.
3.1.2. Optimization of the incubation time

A one factor design was built to define the best incubation time. After the analysis, a cubic
model resulted significant (p-value = 0.0007) with a non-significant lack of fit probability (p-

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

response was maximized, resulting in a final incubation time of 20.0 min.
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3.2. Characterization of TLa-MWCNTCc/GCE dispersion
3.2.1. Electrochemical behavior of the modified electrode TLa-MWCNT/GCE

To evaluate the electrochemical behavior of the TLa-MWCNTc/GCE, p-NP and p-NPG
before and after enzymatic hydrolysis was used. Experiments were performed using CV with
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
correspond to p-NPG (1.0 mM), p-NPG (1.0 mM) with a-glucosidase (0.050 U mL™?) after
enzymatic hydrolysis and p-NP (1.0 mM).

On the TLa-MWCNTCc/GCE, is observed the presence of an oxidation peak of p-NPG in
the absence of a-glucosidase at —0.09 V (red dotted line), which is associated with the oxidation
of the nitro group; in green line, two peaks are observed, the first at —0.09 V corresponding to
the oxidation of the nitro group, which occurs both before and after the hydrolysis of p-NPG
by a-glucosidase. In addition, in the CV of p-NPG after the addition of a-glucosidase (green
line), a new oxidation peak at 0.1 V appears, which corresponds to the oxidation of the hydroxyl
group resulting from the p-NPG being hydrolyzed by a-glucosidase. The curve blue dash-
dotted line shows the voltammetric profile corresponding to p-NP. Two anodic current peaks
are observed associated with the oxidation of the nitro group at —0.09 V, which occurs at the
same potential as for p-NPG, and a second anodic process associated with the oxidation of the
hydroxyl group at 0.1 V. The oxidation peaks of p-NP and p-NPG with a-glucosidase after
enzymatic hydrolysis are electrochemically separated on TLa-MWCNTc/GCE, therefore, this
surface can serve as an efficient platform to study the enzyme activity of a-glucosidase and the
capacity inhibitory of different plant extracts.

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

to the optimization of the final sensor.

14
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p-NPG is hydrolyzed by a-glucosidase enzyme in the presence of PB solution (pH 6.8) to
release p-NP as can be seen in Fig. 2A [37], due a-glucosidase can cleave specifically a-1,4
glycosidic bonds, resulting in the removal of glucose unit.

The DPVs were carried out on PB containing 1.0 mM p-NP in a potential range of —0.4 V
to 0.3 V. The arisen oxidation peak at —0.1 V corresponds to the oxidation of the nitro group
and the peak that appears at 0.1 V is the oxidation of the hydroxy! group of the p-NP (Fig. 2B.
Right inset).

The electrochemistry properties of the different sensor platforms were characterized by
DPV. Figure 2B depicts the voltammetric profiles for GCE (blue curve), TLa/GCE (orange
curve), MWCNTc/GCE (red curve) and TLa-MWCNTCc/GCE (violet curve) using 1.0 107 M
p-NP as probe. In the right inset, the voltammetric profile (DPV) obtained before subtracting
background currents is shown. Comparatively, to evaluate the electrochemical behavior of the
different sensor platforms, the peak at 0.1 V is shown, which corresponds to the hydroxyl group
oxidation, which was later used as a redox signal to follow the enzymatic reaction, since it is

the same potential oxidation peak of p-NP oxidation peak of nitro group and hydroxyl group.
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Figure 2. A) Reaction scheme of hydrolysis of colourless p-nitrophenyl-a-d-glucopyranoside
to coloured p-nitrophenol by a-glucosidase. B) Differential pulse voltammograms of 1.00 mM
p-NP in 0.100 M PB (pH = 6.8) on the GCE (blue dotted line), TLa/GCE (yellow dash-dotted
line ) MWCNTCc/GCE (red dots) and TLa-MWCNTc/GCE (violet solid line). Right inset:
shown the voltammetric profile (DPV) obtained before subtracting background currents. Left
insert: the DPVs of GCE (blue dotted line), and MWCNTc/GCE (yellow dash-dotted line) were
magnified. Potential range of —0.4 V to 0.3 V. The voltammetric profiles were obtained after
subtracting background currents.

Figure 3 shows the variation of the potential and current of the peak associated with the
hydroxyl group. When the GCE surface is modified, the peak current increases, being 15, 150
and 600 times higher for TLa/GCE, MWCNTc/GCE and TLa-MWCNTCc/GCE respectively.
Regarding the peak potential, a slight shift to more positive potential is observed when GCE is
modified with TLa, than when GCE is modified with CNTs (MWCNTc/GCE), which has a

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

platform (TLa-MWCNTCc/GCE) a shift to more positive potential is again observed than

16



340

341

342

343

344

345

346

347

348

349

350

351

352

353
354

355
356
357

MWCNTCc/GCE, but less than when it is only modified whit TLa. When TLa is present, an
increase in oxidation potential is observed, indicating that the hydrophobic nature of NADES
slows down electron transfer. Therefore, this suggests that CNTs are the main responsible for
the improvement in electron transfer. In the case of TLa-MWCNTCc/GCE, an increase in the p-
NP oxidation current of 4 and 40 times greater than for MWCNTCc/GCE and TLa/GCE is
observed, clearly showing a synergistic effect between CNT and TLa, which may be due to the
fact that the TLa allowed a better dispersion of the carbon nanotubes and therefore increased
their electroactive area supports CNTs, clearly showing the importance of H-NADES as a
dispersing agent for MWCNTc, since the predominant driving forces are the n-m interactions
[22] between aromatic rings between H-NADES and CNTs, in addition to the hydrophobic
interactions that make them excellent candidates for the generation of dispersions of different
carbon nanomaterials. These results suggest that TLa-MWCNTc not only enlarges the

electroactive surface area of the electrode, but also promotes the electron transfer.
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Figure 3. Shows the variation of the potential and current of the peak associated with the
oxidation of the hydroxyl group of the p-NP generated on different surfaces, GCE, TLa/GCE,
MWCNTCc/GCE and TLa-MWCNTc/GCE
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3.2.2. Effect of scan rate

Figure SM2 shows the effect of different scan rates on the peak oxidation current of p-NP
on TLa-MWCNTCc/GCE using VC. The intensity of the anodic currents increased with the
increase of the scan rate (from 10-200 mV s™), and the potential of the oxidation peaks shifted
positively. The linear relationship between oxidation peak currents of p-NP and the scan rate
was observed in the inset of Fig. SM2 and the linear regression equation can be expressed as
follow: y =21.119 4+ 1808.854 x with R?=0.998. These results are indicative that the

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

3.2.3. Accumulation

Since p-NP shows that the redox processes on the modified electrode surface are controlled
by adsorption, the accumulation conditions on TLa-MWCNTc/GCE were studied to optimize
the sensor by experimental design. Subsequently, the DPV with potential from —0.6 V to 0.3
V was conducted in the reaction solution (see Figure SM3) without accumulation (blue dotted
line) and accumulated under optimal conditions (red line). It can be seen that the peak currents
at 0.1V, increase by 2.5 times after accumulation compared to the peak currents without prior

accumulation.

3.2.4. Scanning Electron Microscopy (SEM) characterization

SEM was used to study the surface morphology of MWCNTc and TLa-MWCNTCc. The
images from SEM are shown in Fig. 4.

Figure 4A(1-3) shows SEM images of glassy carbon surfaces modified with MWCNTCc,
while Fig. 4B(1-3) shows images of glassy carbon surfaces modified with TLa-MWCNTCc.
Comparison images with different magnifications are shown for both surfaces: 1) 4.43 KX

(3um), B) 24 KX 3um and 52.61 KX (300nm).
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When GCE is modified with the dispersion of MWCNTCc, the surface is completely covered
with MWCNTec, although the coverage is layered with different terraces, planes, and domains,
where it can be seen that the surface is not flat and the aggregates can be observed in different
areas. The addition of TLa leads to a very uniform and homogeneous distribution of the deposit,
the size of the domains increases and shows less pronounced areas and a flattened and more
homogeneous topography. From the comparison of Figures 4A3 and 4B3, it is clear that the
CNTs modified with TLa are thicker and more dispersed due to the coating of CNTs with H-
NADES, which is responsible for breaking the interactions between CNTs to create and
enhance the dispersion of the nanomaterial, in contrast to what was observed for MWCNTCc
dispersion. Thus, the presence of TLa is critical for complete and homogeneous coverage of
the GCE surface.

The homogeneous morphology of TLa-MWCNTCc/GCE can improve the surface contact
area with the product of enzymatic reaction while enabling fast electronic transfer for

electrochemical reactions.
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Figure 4. A) shows SEM images of glassy carbon surfaces modified with MWCNTc and B)
TLa-MWCNTc. Comparative images with different magnifications are shown for both
surfaces: 1) 4.43 KX (3um), B) 24 KX 3um and 52.61 KX (300nm).
3.2.5. UV-Vis

Figure SM4 show the spectra of a solution of thymol at 5%, TLa at 5%, MWCNTc
dispersion and TLa-MWCNTCc dispersion.

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

the individual nanotubes strongly absorb at 265 nm due to the n-n* transition of aromatic sp?
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and the increase of the absorbance given by the dispersion of the CNT aggregates [38-41]. For
thymol solution, a characteristic band is observed at 293 nm, which is present both in the TLa
and in the TLa-MWCNTCc dispersion. Additionally, a slight shoulder at approximately 265 nm
is also observed in TLa-MWCNTc dispersion, due to the n-r* transition of aromatic sp? from
carbon nanotubes, this signal is not observed in thymol and TLa solutions, concluding the
presence of TLa and MWCNTc in the dispersion used to modified the vitreous carbon
electrodes to build the sensor platform. Moreover, the ultrasonic treatment to which they are

subjected does not greatly modify their natures.

3.3. Analytical performance

To define the linear range and the detection limit, a calibration curve was made varying on
the sensor platform TLa-MWCNTCc/GCE. Figure 5 represents the calibration plot between the
value of peak current at 0.100 V corresponding to oxidation of the hydroxyl group of the p-NP
generated by enzymatic cleavage and different a-glucosidase concentrations (from 0.004 to 0.8
U mL™). After the analysis, the linear range of the electrochemical method corresponds to
0.004 to 0.10 U mLL. In these conditions, the LOD and LOQ resulted 0.0013 and 0.0035 U
mL, respectively (see Table SM3). Furthermore, a comparison was made with the
spectroscopic enzyme assays, and it was found that the linear range corresponded to the same
obtained by the electrochemical method, but with higher LOD and LOQ (0.0019 and 0.0054 U

mL2, respectively).
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Figure 5. Plots of Peak current vs concentration of a-glucosidase: A) electrochemical method
and B) reference method. The insert corresponds to the linear range in each case.

3.4. Determination of the activity of a-glucosidase
The activity of a-glucosidase was firstly investigated on the TLa-MWCNTCc/GCE. A
comparison between the analytical performance of the present method and those reported in

the literature is shown in Table 1.
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437  Table 1. A comparative of the method with previously reported ones.

Detection

System Sample Inhibitors limit (U mL%) Reusability  Reference
AuNPs modified with 3- Yes — five
ATP aptamer and pAPG Cell lysates. IPEC-J2 cell propylidenephthalide 0.005 times [14]
AgNPs/DA and PR
MNPs/pAPG with Cell medium. IPEC-J2cells Gallig@M and 0.1 No [42]
PBA/GE quercetin
CNHs/GCE Mulberry bark extracts Acarbose 0.00056 Y:ism—etsen [43]
MWCNTs-a-glucosidase- Tebengau (Ehretis laevis), Cemumar
(Micromelum pubescens), and Kedondong Acarbose 5 No [5]
PNPG-PVA . .
(Spondias dulcis) plant leaves
Acarbose, quercetin Yes—at The
TLa-MWCNTCc/GCE 00se, 4 ] 0.0013 least 15 present
gallic acid and rutin .
times work

438  AuNPs: gold nanoparticles; AgNPs: sliver nanoparticles; pAPG: 4-aminophenyl-a-d-glucopyranoside; MNPs: magnetic nanoparticles; PBA:
439  pyrene boric acid; PVA: freeze-thawed polyvinyl alcohol; PNPG: p-nitrophenyl-a-D-glucopyranoside; GE: graphite electrode; GCE: glassy carbon
440  electrodes; CNH: carbon nanohorns; MWCNTc: Carboxylic Multi-walled carbon nanotubes; MWCNT: Multi-walled carbon nanotubes

441
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The results show that the proposed method has an excellent detection limit (see Table
SMQ). It is important to note that most of the results shown in Table 1, are mostly less sensitive
than the present method, i.e., the TLa-MWCNTCc/GCE method presents LOD better than the
other reported methods [5, 14, 42]. Another remarkable fact is that the sensor was reused at
least 15 times, resulting in an excellent option for a routine analysis.

Moreover, during the validation, the development method was compared with the reference
methos (spectrophotometric enzyme assay). In this sense, only in this work, a complete
verification of the data obtained by the electrochemical sensor vs the reference was performed.
This comparison clearly shows that the reported sensor has one of the most competitive
performances and offers many advantages for the determination of a-glucosidase and its
inhibitors, such as the simplicity of electrode preparation, not only in terms of sensitivity and

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

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

In order to demonstrate the practicability of the developed method to screen a-glucosidase
inhibitors, two compounds (acarbose and quercetin) have been chosen. In the presence of
inhibitors, the enzymatic reaction between the p-NPG and a-glucosidase exhibits a lower peak
current of released p-NP. Acarbose, which is a common anti-diabetes drug and along with
quercetin which is probably one of the major components of plant extracts were selected as the
examples to evaluate the ability of screening a-glucosidase inhibitors. As result, increasing
acarbose concentration from 0.05 to 8.00 mM, the oxidation peak currents of hydroxyl group
gradually decreased showing the ability of acarbose to inhibit enzyme activity. In Fig. SM5A,

the inhibition effect of acarbose on a-glucosidase activity can be observed. The maximum
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inhibition of acarbose is 86% with an IC50 value of (3 = 1) mM, and it has been reported that
acarbose is a competitive inhibitor of a-glucosidase [34]. Figure SM5B shows the inhibition
effect of quercetin in the range from 0.004 to 1.0 mM on a-glucosidase activity. For quercetin,
the maximum inhibition ratio is 99% with an 1C50 value of (0.015 £ 0.004) mM. Different
from acarbose, quercetin can noncompetitively and anticompetitively inhibit a-glucosidase
activity [44, 45].

During the validation, studies of the inhibition effect of quercetin were also carried out
using spectrophotometric enzyme assays (Fig. SM5B). Due to quercetin presents a yellow
coloration, values greater than 0.10 mM cannot be detected by the spectrophotometric assay,
presenting the maximum detectable inhibition ratio as 75% with the 1C50 value of (0.011 +
0.003) mM.

As a result, the electrochemical method is more sensitive for measuring the antidiabetic
potential of medicinal plants than the colorimetric method. These facts confirm that the
proposed method can be successfully used for the inhibitor screening in the medium containing

the enzyme.

3.6. Study of the inhibitory activities of plant extracts by electrochemical method
To define the use of the present method in real samples, the analysis of the feasibility of
the use of plant extract as inhibitor was carried out. The experiments were carried out using
concentrations of p-NPG and a-glucosidase at 1.00 mM and 0.05 U mL™?, respectively.
Moreover, to verify the specificity of the present method vs the reference inhibitory
capacity of the extracts, they were determined by spectrophotometric enzyme assays. Figure
5A shows a photo of the spectrophotometric enzyme assays microplates for the different

inhibition assays.
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Two different plants extracts (Schinus m. and Eugenia u.) (from 1.52 to 400 pug mL™1) were
used to measure the inhibition potential through DPV on TLa-MWCNTc/GCE using the

equation by Eq. 1 to obtain a result.
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Figure 6. A) Photograph of a 96-well microplate used for the spectrophotometric assays to
determine the inhibition of glucosidase. The line (a) and (b), correspond to Schinus molle
extract at different concentrations (1.52 to 400 pg mL 1) with enzyme and substrate (n = 2); (c)
correspond to Schinus molle extract as blank at the same concentration as above. (d) correspond
to Eugenia uniflora extract at different concentrations (1.52 to 400 ug mL) with enzyme and
substrate and (e) correspond to the blank. The line (f) corresponds to the control (without
inhibitor) (n = 3). Increasing concentrations correspond to columns I to IX (in descending
order). B) Differential pulse voltammograms of 1.00 mM p-NPG with 0.05 U mL? a-
glucosidase in the presence of different concentrations of Eugenia u. (extracts) (from 1.52 to
400 pg mL™) in 0.100 M PB (pH = 6.8) on the TLa-MWCNTCc/GCE. C) Inhibitory effect of
Eugenia u. and Schinus m. extracts ranging from 1.52 to 400 pug mL~ on a-glucosidase activity.
x-axis in log [concentration]. D) Comparative graph of 1C50 values between quercetin and the
studied plant extracts. All measurements were performed with a concentration of p-NPG and
a-glucosidase of 1.00 mM and 0.05 U mL™, respectively.

26



510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

The corresponding plots in Fig. 6B show that the increase in the extract concentration of
Eugenia uniflora generates an inhibition increase, as a consequence of the signal decrease
associated with the oxidation of the released p-NP hydroxyl group. The maximum inhibition
of Schinus molle extract was (91 + 3) % for a concentration of 12.5 pg mL™ with the 1C50
value of 5.37 ug mL™, the inhibited released p-NP. For the Eugenia uniflora extract, the
maximum inhibition was (81 + 2) % for a concentration of 12.5 ug mL~ and the IC50 was 5.28
ug mL (Fig. 6C).

In presence of plant extracts, the enzymatic reaction between the p-NPG and a-glucosidase
exhibits a lower peak current of released p-NP, that is, when the extract was added as an
inhibitor, the oxidation peak currents of the released p-NP decreased as compared to those of
the control (Fig. 6B).

During the analysis by spectrophotometric enzyme assays, as the extracts are colored, the
inhibitory capacity of the extracts cannot be determined, since a clear interference is observed,
so the curves lose sensitivity and there are also several concentrations in which the
measurements are not detectable. Therefore, the developed electrochemical method is
appropriate and highly sensitive and selective to determine inhibition in complex and colored
samples.

Figure 6D shows the comparison of the 1C50 values of the inhibitor’s quercetin and the
extracts of Schinus molle and Eugenia uniflora, it can be seen that the extracts present higher
inhibitor efficiency.

The above discussion clearly shows that the TLa-MWCNTc/GCE sensor platform be used
for sensitively detecting a-glucosidase activity and screening the anti-diabetic drug and but
also suggests that the sensor is suitable for the monitoring of antidiabetic potential compounds

present in plants as well as the synthetic commercial drugs.
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3.7. Selectivity, reproducibility and reusability of the proposed sensor.

First, the different extracts were measured with the sensor platform under the test
conditions and no analytical signals were observed in the potential range studied, so the extracts
do not present components that could interfere with the analytical signal under study. In
addition, several potential interfering compounds including various metal ions (K*, Ca?*, Na*,
Mg?* and Fe®*") and common amino acids as well as simple and complex carbohydrates
(glucose, fructose, dextrose and sucrose) were investigated by DPV under the same conditions.
The possible interferents were separately added into a reaction solution containing 1.00 mM p-
NPG and 0.05 U mL* o-glucosidase and a final concentration of 2 mM, which is 2 and 250
times than the minimum concentration of acarbose and quercetin that shows inhibition. As
result, these compounds did not show an effect on the inhibitory efficiency (data not shown).

Therefore, the result demonstrates that the developed detection methods based on TLa-
MWCNTCc/GCE possess excellent selectivity towards a-glucosidase inhibitor, owing to high
inhibition of acarbose and quercetin towards a-glucosidase activity.

Moreover, the reproducibility and stability of the electrochemical sensor were investigated.
A series of 6 modified electrodes were prepared under the same conditions to evaluate the
reproducibility of this sensor and the relative standard deviation (RSD) was 7.1%, suggesting
a good reproducibility.

The reusability of the fabricated sensor was studied through at least 15 successive DPV
measurements. As result, the variability of the peak current of p-NP was least than 5%, which
suggested an excellent reusability of our proposed sensor. The above results proved that the

present electrochemical sensor has a good reproducibility and reusability.

4. Conclusions
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In this work, we have fabricated a reusable, stable, and simple electrochemical sensor based
on carbon nanotube and hydrophobic NADES-modified glassy carbon electrode to detect
activity assay, inhibitor screening and screening of potential anti-diabetic medicine.

The use of TLa is proposed for the first time and in an innovative way to disperse carbon
nanostructures, fulfilling two fundamental roles, dispersing nanomaterials and increasing their
electrochemical response.

The applicability of the method has also been confirmed by the results obtained from
detection of the extracts of Schinus molle and Eugenia uniflora and different commercial
inhibitors with high sensitivity and selectivity. It was also validated by the reference method
(spectrophotometric enzyme assays) widely showing the superior efficiency, accuracy and
confidence of the developed method, it presents several advantages compared to the reference
spectroscopic method, in terms of linear range, LOD and interference in detection, it can be

used to measure colored interferents and complex matrices.
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Figure captions

Figure 1. Response surface countour plot for the combined central composite design (CCD).
The plot described the %H-NADES vs Potential when the other parameters are fixed at the
optimum conditions.

Figure 2. A) Reaction scheme of hydrolysis of colourless p-nitrophenyl-a-d-glucopyranoside
to coloured p-nitrophenol by a-glucosidase. B) Differential pulse voltammograms of 1.00 mM
p-NP in 0.100 M PB (pH = 6.8) on the GCE (blue dotted line), TLa/GCE (yellow dash-dotted
line ) MWCNTCc/GCE (red dots) and TLa-MWCNTCc/GCE (violet solid line). Right inset:
shown the voltammetric profile (DPV) obtained before subtracting background currents. Left
insert: the DPVs of GCE (blue dotted line), and MWCNTc/GCE (yellow dash-dotted line) were
magnified. Potential range of —0.4 V to 0.3 V. The voltammetric profiles were obtained after
subtracting background currents.

Figure 3. Shows the variation of the potential and current of the peak associated with the
oxidation of the hydroxyl group of the p-NP generated on different surfaces, GCE, TLa/GCE,
MWCNTCc/GCE and TLa-MWCNTc/GCE

Figure 4. A) shows SEM images of glassy carbon surfaces modified with MWCNTc and B)
TLa-MWCNTc. Comparative images with different magnifications are shown for both
surfaces: 1) 4.43 KX (3um), B) 24 KX 3um and 52.61 KX (300nm).

Figure 5. Plots of Peak current vs concentration of a-glucosidase: A) electrochemical method
and B) reference method. The insert corresponds to the linear range in each case.

Figure 6. A) Photograph of a 96-well microplate used for the spectrophotometric assays to
determine the inhibition of glucosidase. The line (a) and (b), correspond to Schinus molle
extract at different concentrations (1.52 to 400 pg mL™) with enzyme and substrate (n = 2); (c)
correspond to Schinus molle extract as blank at the same concentration as above. (d) correspond
to Eugenia uniflora extract at different concentrations (1.52 to 400 pug mL?) with enzyme and
substrate and (e) correspond to the blank. The line (f) corresponds to the control (without
inhibitor) (n = 3). Increasing concentrations correspond to columns | to IX (in descending
order). B) Differential pulse voltammograms of 1.00 mM p-NPG with 0.05 U mL? a-
glucosidase in the presence of different concentrations of Eugenia u. (extracts) (from 1.52 to
400 pg mL™1) in 0.100 M PB (pH = 6.8) on the TLa-MWCNTCc/GCE. C) Inhibitory effect of
Eugenia u. and Schinus m. extracts ranging from 1.52 to 400 pug mL on a-glucosidase activity.
x-axis in log [concentration]. D) Comparative graph of IC50 values between quercetin and the
studied plant extracts. All measurements were performed with a concentration of p-NPG and
a-glucosidase of 1.00 mM and 0.05 U mL?, respectively.
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Highlights

» First time of MWCNTc and H-NADES based electrochemical sensor for of a-
glucosidase and its inhibitors determination.

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

» Successful estimation of commercial a-glucosidase inhibitors and plant extracts as
potential antidiabetic drugs.

» The sensor is highly stable and reproducible.
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