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Abstract: Herein, a screen—printed diamond electrode (SPDE) coupled with a “point-of-care” platform
(30 pL-drop concepts, single-drop-detection approach) was successfully applied for the electrochem-
ical determination of pterostilbene (PTS). Cyclic voltammetry identified irreversible oxidation of
PTS, where oxidation peak was shown to be strongly dependent on the pH of the working envi-
ronmental. Although the proposition of the detailed electrochemical oxidation mechanism of PTS
goes out of the scope of the present research, we have determined the most probable reactive site
of our analyte, by utilizing DFT-based reactivity descriptors (Fukui functions). For electrochemical
quantification of PTS, oxidation peak at 0.32 V (vs. Ag/AgCl) was followed in presence of 0.5 mol L~
of Briton—Robinson buffer solution (pH = 9). Coupled with the optimized parameters of differential
pulse voltammetry (DPV), SPDE detected PTS in two linear ranges (first range was from 0.011 to
0.912 umol L~; second range was from 0.912 to 4.420 umol L~'), providing the LOD and LOQ on
a nanomolar level (3.1 nmol L~! and 10.0 nmol L}, respectively). The selectivity of the optimized
DPV method was found to be excellent, with the current changes of less than 7%, in the presence
of ten times higher concentrations of the certain interferences. The practical applicability of the
SPDE and single-drop-detection approach in dietary supplements (with a declared PTS content of 50
mg/tablet), with the recovery values ranging from 95 to 102%, shows that the developed method
has high potential for precise and accurate PTS detection, as well as exceptional miniaturization
possibilities of relevant equipment for on-site sensing.

Keywords: electrochemical determination; dietary supplements; “point-of-care” platform; pterostilbene;
screen-printed diamond electrode; single-drop-detection approach; density functional theory; DFT;
Fukui functions; BBLYP

1. Introduction

Pterostilbene (PTS) is a 3,5-dimethoxy analogue of resveratrol, and the primary antiox-
idant component of blueberries. Because of the conjugated double bond between phenol

Chemosensors 2023, 11, 15. https:/ /doi.org/10.3390/chemosensors11010015

https:/ /www.mdpi.com/journal /chemosensors


https://doi.org/10.3390/chemosensors11010015
https://doi.org/10.3390/chemosensors11010015
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://orcid.org/0000-0001-6172-6612
https://orcid.org/0000-0002-0545-1578
https://orcid.org/0000-0003-1388-6245
https://orcid.org/0000-0002-0394-0503
https://orcid.org/0000-0002-9588-8609
https://orcid.org/0000-0001-7465-1373
https://doi.org/10.3390/chemosensors11010015
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com/article/10.3390/chemosensors11010015?type=check_update&version=1

Chemosensors 2023, 11, 15

20f16

and methoxy resorcinol moiety, PTS has a planar structure. Multiple studies have demon-
strated the antioxidant activity of PTS in both in vitro and in vivo models, illustrating
both preventative and therapeutic benefits. PTS acts through various mechanisms and
shows anti-oxidant [1], neuroprotective [2], anti-inflammatory [3], anti-tumor [4], lipid-
lowering [5], and hypoglycemic [6] activities. Although the precise mechanism of how
PTS induces cancer cell death remains unclear, it has been discovered that generation of
the reactive oxygen species (ROS) plays a significant role in the apoptotic mechanism in
pterostilbene-treated breast and prostate cancer cells [7,8]. PTS is characterized with much
better bioavailability than resveratrol and other stilbenes due to two methoxy groups, which
cause it to exhibit increased lipophilic and oral absorption. In animal studies, PTS was
shown to have an 80% bioavailability compared to 20% for resveratrol, suggesting that it is
a superior choice. Although all scientific studies concerning PTS show promising results
relevant for both general health care and medicine, this compound has been significantly
less examined than resveratrol. It is important to mention that PTS belongs to the group of
molecules that stimulate the AMP-activated protein kinase (AMPK), which is a master reg-
ulator of cellular energy homeostasis. AMPK is one of the two catabolic signaling systems,
works together with sirtuins in a feedback loop, and as a result, serve as signal nutrient
scarcity [9]. These systems are part of our energy metabolism, and deregulation of this
system is thought to be one of the reasons we age. For all these reasons, the development
of a rapid, low-cost, and reliable detection system of PTS in dietary supplements, as well as
more complex matrices, such as food and clinical samples, is of great importance.

Liquid chromatographic and spectrophotometric methods have found a wide application
in the quantification and/or evaluation of antioxidative activity of PTS in food /drinks [10,11]
and pharmaceuticals [11,12]. Moreover, these methods were used in preclinical treat-
ment [13] for the explanation of PTS bioavailability and distribution in certain animal
tissues [14,15], as well as for evaluation of the biochemical kinetics mechanism [16]. On
the other hand, electrochemical methods emerged as one of the most convenient methods
for simple drug analysis, due to its various advantages, such as its cost-effective instru-
mentation, fast-response and time-saving characteristics, and its simple operation. Most
importantly, these methods provide high sensitivity, precision, accuracy, and good or sat-
isfactory selectivity during drug sensing [17-19]. Screen-printing technology (thick film
technology) is widely used for large-scale production of disposable electrochemical sensors,
with its low cost, high reproducibility [20], and a possibility of miniaturization. In recent
years, screen-printed electrodes are experiencing an expansion in electrochemical analy-
sis, where the possibility of their simple modification, and fabrication of analyte-specific
sensors, significantly extends their application in biological/clinical research [21,22], food
analysis [23], and environmental [24,25] and pharmaceuticals [22,26] fields. In addition to
carbon- and metal-printed electrodes, certain papers examine the performance of printed
sensors with boron-doped diamond (BDD) electrodes [27,28]. Conventional BDD electrodes
have been widely used in electrochemical analysis, due to their unique properties, such
as wide “potential windows” in both aqueous and non-aqueous media, high chemical
stability, excellent biocompatibility, low background current, resistance to passivation and
corrosion, as well as high thermal conductivity [18]. The application of BDD electrodes in
electroanalytical determination is depicted in several review articles [29,30]. Screen-printed
diamond electrodes (SPDE) are commonly prepared directly on a silicon wafer substrate
using chemical vapor deposition, yet this technique is expensive, and as such, not suit-
able for the large-scale production of this type of sensor [31,32]. An alternative method
of fabrication for disposable SPDEs involves the use of BDD powder ink, unconducive
organic binder, and inexpensive carriers [31]. According to our best knowledge, only one
paper, dealing with the electrochemistry of PTS, exists in the literature [33]. Authors used a
cathodically pretreated boron-doped diamond electrode (CP-BDD), and found that PTS
provides a well-defined oxidation peak at +0.78 V (vs. Ag/AgCl) in 0.1 mol L1 HNO3
solution containing cationic surfactant. Using the square-wave adsorptive anodic stripping
voltametric method, the linear working range from 0.02 to 3.90 pmol L~! was obtained, and
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the detection limit was calculated to be 4.30 nmol L. The authors successfully applied
this method for the analysis of real samples of dietary supplements [33].

“Point-of-care” diagnostic systems have proven to be very applicable for the early de-
tection of diseases at curable stages (cancer especially). Electrochemical sensors represent a
very convenient platform for the “point-of-care” technology. The coupling of miniaturized
detection systems with electrochemical devices offers a unique capability for the detection
and monitoring of various diseases. “Point-of-care” platform-based portable devices, with
further development and investment, are expected to accelerate disease diagnosis, making
valid analytical results available within minutes [34,35]. Although an electrochemical
method for the quantification of PTS already exists, with similar electroanalytical perfor-
mances to our work, the aim of this study is the application of “point-of-care” testing
on the SPDE. We are aiming to tune the conditions and augment the general properties
of the method and hopefully later transfer this technology from laboratory conditions,
and bulky equipment, to commercial use, with miniaturized analytical systems (at line
sensing). The application of printed three-electrode systems, which require a minimum
sample amount of approximately 30 uL, enables the detection of analytes in "one drop".
With the method developed in this way, we are paving the way to satisfy one of the leading
modern analytical requirements, which is the transfer of technology from laboratory tests
to commercial use.

In this present work, we present the first use of a screen-printed sensor for the deter-
mination of PTS. In addition, all electrochemical measurements were conducted using a 30
uL drop of PTS-analyzed solution (single-drop-detection approach), in order to achieve the
miniaturization of the detection system, its simplicity, and to ensure its minimal consump-
tion of analytes and chemicals. Practical application of developed method was tested in the
analysis of dietary supplements. We have enriched our experimental work with theoretical
insights, provided by density functional theory (DFT) [36]. DFT represents an indispensable
modeling toolbox, capable of investigating, explaining, and most importantly, predicting
the physicochemical properties of both organic and inorganic molecules. DFT-based re-
activity descriptors, such as Fukui functions [37], were widely used to predict the most
probable reactive sites without the actual calculations of the corresponding potential energy
surface [38,39]. In this regard, using the condensed form of local Fukui functions, we have
theoretically determined the most reactive center of PTS and opened a door for a more
straightforward exploration of the complete oxidation mechanism.

2. Materials and Methods
2.1. Chemicals and Reagents

All chemicals used in this study were of analytical grade. Pterostilbene (PTS) [>97%, HPLC
grade, solid] was supplied by Merck (Darmstadt, Germany). Sulfuric acid [95.0-98.0 wt.% in
H,O], phosphoric acid [85 wt.% in H,O], and boric acid [>99.5%, solid], used for the
preparation of the Britton—Robinson buffer solution (BRBS), were supplied by Alfa Aesar
(Haverhill, MA, USA).

Acetonitrile (ACN) [anhydrous, 99.8%], sodium hydroxide [>98%, pellets] and in-
terferences (glucose [>99.5%, solid], dopamine hydrochloride [>98%, powder], ascorbic
acid [99%, solid], caffeic acid [>98.0%, HPLC, solid], uric acid [>99%, crystalline], parac-
etamol [>97%, HPLC, solid], sodium chloride [>99.0%, solid], calcium chloride [>97%,
anhydrous, powder], potassium chloride [99.0%, solid], and sodium nitrite [>97.0%, solid])
were supplied by Merck (Darmstadt, Germany).

A standard solution of PTS (1 mmol L~!) was prepared by the dissolving of the
appropriate amount of powder in a mixture of ultra-pure water and ACN (80:20, v/v).
Although the analyte is soluble in other organic solvents, we have chosen ACN in order to
reduce the organic solvent requirement and ensure a good solubility of the analyte in the
dominantly water-based mixture.

BRBS was prepared by first dissolving boric acid in 1000 cm® of ultra-pure water,
and then carefully adding concentrated acetic (17 mol L~ 1)and phosphoric (18 mol L1
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acids in the initial solution, until the final concentration of each component in the resulting
solution was set to 0.04 mol L~!. Acidic pH = 1 of BRBS was obtained by the addition of
0.5mol L~! HCL

Conventionally available PTS capsules were purchased at a local pharmacy. According
to the drug information leaflet, each capsule contained 50 mg of PTS (without any other
additive drug indicated) and fillers, such as rice flour and hidroxypropyl methylcellulose.

2.2. Measurements and Instrumentation

In this study, a screen-printed diamond electrode (SPDE) [Thick-Film Boron Doped
Diamond Electrodes, model DRP-BDD10, DropSens, Oviedo (Asturias) Spain] was used
as a working electrode, with printed Ag/AgCl and printed carbon as the reference and
auxiliary electrodes, respectively. “Point-of-care” methodology and single-drop-detection
approach have been achieved by applying 30 uL of the solution (supporting electrolyte,
analyte, real sample depending on the experiment) on the surface of the SPDE (Scheme 1).
All electrochemical measurements were carried out on 30 pL-drop concepts.

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were performed
at potentiostat/galvanostat Autolab PGSTAT 302 N (MetrohmAutolab B.V., Utrecht, The
Netherlands) controlled by Metrohm Nova 2.0 software.

The pH meter (Orion 1230), equipped with combined glass electrode (Orion 9165BNWP,
Waltham, MA, USA), was used for all pH measurements.

y

drop of

T°10.5 mm 30 }IL

Screen printed diamond electrode ""Point-of-care'' methodology
(SPDE)

Scheme 1. Schematic illustration of “point-of-care” methodology.

2.3. Real Sample Preparation

PTS capsules, for dietary supplementation, were used as a real sample in this study,
to present the analytical application of the developed electroanalytical method. Firstly,
15 capsules were opened and their contents were mixed. Then, 1 mg of the obtained
powder was transferred into 50 mL-voltametric dark flask and dissolved in the ultra-pure
water:ACN (80:20, v/v) mixture. After an ultrasonication period of 60 min, the content of
the flask was diluted 100 times with BRBS (pH = 9) supporting electrolyte (solution A).
Standard addition method was used for determination of PTS content in real samples. For
that purpose, 10 mL of solution A was spiked with different volumes of 1 mmol L' PTS
standard solution (10, 15, 25 and 40 pL). For each standard addition, individual 10 mL of
solution A were used. The final PTS concentration of the standard addition was 1 pmol L~}
(solution B), 1.5 umol L1 (solution C), 2.5 umol L~ (solution D), and 4 umol L~ (solution
E). All samples were directly analyzed.

2.4. Computational Details

All theoretical results are obtained through the Orca [40] electronic structure program
suite (Program Version 5.0.2) by using the DFT approach. All calculations have been carried
out on the B3LYP [41,42] level of theory, coupled with def2-TZVP orbital basis set with the
dispersion correction on the D3BJ-level [43]. All molecular structures of interest have been
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fully optimized. To make calculations as realistic as possible, the solvation effects of water
have been included using the conductor-like polarizable continuum model (C-PCM) [44].

3. Results and Discussion
3.1. Study of Electrochemical Behaviour of PTS on the SPDE
3.1.1. Electrochemical Behavior of PTS on the SPDE and the Influence of pH

To acquire the most favorable experimental conditions for selective and sensitive
determination of PTS, CV study was executed in BRBS, at pH range from 1 to 11 (Figure 1).
CV measurements were applied in potential range from —0.1 V to 1.2 V, with scan rate of
25 mV s~!, while concentration of PTS was 13 umol L~!. All measurements were performed
in triplicates. As it can be noticed from Figure 1laj, the oxidation of PTS on the SPDE
surface causes the appearance of partially separated peaks in the acidic media (pH =1 to
pH = 4). The oxidation peaks of PTS occur at 0.66 V (main peak) and 0.78 V (1" peak) at pH
=1, while pH = 4 provided PTS oxidation at 0.58 V (main peak) and 0.69 V (1’ peak). The
partial separation of the main oxidation peaks in BRBS from pH = 1 to pH=4 is explained
in Section 3.3. Quantum chemical calculations and theoretical modeling of the experiment.
In the pH range from 1 to 4, two oxidation peaks for PTS oxidation appear (Figure 1ay).
Those two peaks merge into one oxidation peak in the pH range of 5 and 8 (Figure 1ay).
At the pH values of the supporting electrolyte from 9 to 11, the formation of an additional
oxidation peak, which occurs at a constant potential of approximately 0.85 V, is noticeable
(Figure 1ag). The nature of that peak requires additional research and is not taken into
account in this work; it can be related to the pKa value for PTS, which is 9.5. Moreover,
Figure 1a,a3 demonstrates the CV records for PTS on the SPDE with the most distinctive
voltametric profile (highest magnitude and the lowest background current) achieved in
BRBS pH =9, where oxidation peak of PTS appears at 0.32 V. Therefore, pH = 9 of BRBS
was chosen as optimal and used in further measurements. Slightly high pH of supporting
electrolyte and redox processes at lower potential are very suitable for minimizing the
impact of interfering substances.

Figure 1. (a) Cyclic voltammograms of 13 umol L
from pH = 1 to pH = 4; (ap) from pH = 5 to pH = 8; (a3) from pH = 9 to pH = 11. Scan rate 25 mV s~ .
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In addition, Figure 2 shows a strong pH dependence of PST oxidation on the SPDE.
Each data point of current in Figure 2 represents the average value of the three measure-
ments, and the error bars correspond to their standard deviations (SD). The PTS oxidation
peaks at pH =1 occur at 0.66 V and 0.78 V, while pH = 11 provided peak potential at 0.25 V.
High dependence between pH and peak potential is also present in the pH range from 1 to
4, observing both PTS oxidation peaks. Linear dependence of peak potential (Ep) on the
pH, observed for the main peak (in pH range from 1 to 11), can be described by equation
(1), where a slope of —46 mV /pH units is close to the theoretical value of —59 mV and
indicates the exchange of an equal number of electrons and protons during the reaction.
Although the proposition of the detailed electrochemical oxidation mechanism of PTS goes
out of the scope of present research, we have determined the most probable reactive site of
our analyte, by utilizing DFT-based reactivity descriptors—Fukui functions (Section 3.3.
Quantum chemical calculations and theoretical modeling of the experiment).

E,(V) = 0.758 — 0.046 pH, r = —0.980 1)
—@—current of main peak —(—current of 1" peak
@ potential of main peak & potential of 1" peak
T T T T T T T T T T T
0.8
1.8x107
07
1.6x107
0.6 G
=
=
7 o
a 1 4107 o5 4'
— <
, 04 =
1.2x107 =
-0.3
1.0x107
0.2

Figure 2. Dependence of the peak current, I (with corresponding error bars, n = 3) and peak potential
(E) against pH.

3.1.2. Effect of Scan Rate

In order to determine the nature of the oxidation process on the SPDE and mass trans-
port in the diffusion layer, cyclic voltametric assays, at different scan rates, were applied.
CV measurements were carried out three times. Figure 3a shows cyclic voltammograms of
6.5 pmol L~! PTS in 0.1 mol L~ BRBS (pH = 9) at scan rates ranging from 2.5 to 200 mV s~ 1.
A slight shift of the peak to more positive potentials is noticeable and represents a typical
indicator of irreversible processes on the electrode surface [18]. A similar behavior of PTS
was also evidenced by Yigit et al. over a commercially available bulk BDD electrode [33].
Figure 3b shows a dependence of the peak current (I) of the scan rate (v). This linear
dependence is expressed by equation (2) and confirms that PTS oxidation on the SPDE is
controlled by the adsorption rather than diffusion. In order to examine the nature of the
occurring PTS oxidation process on the SPDE, the log I vs. log v dependence was provided
in Figure 3c. The regression line for the scan rate in the range from 2.5 to 200 mV s~!
(Figure 3c) is expressed by equation (3). The achieved slope of 0.60, for this dependence
suggests the dual-controlled nature of PTS oxidation, where bot adsorption and diffusion
processes have a significant contribution. These results are in accordance with the studies
for structurally similar compounds [45,46]. A slight change in the peak potential, towards
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more positive values, with a change in the scan rate, is assumed to be caused by a fast redox
electrode reaction, and also indicates the adsorption contribution in its nature.

I(A) =246107° + 16710~ v(mVs"), r = 0.998 @)
log I (A) = —7.92 +0.60 logv (mv s*l), r = 0.990 3)
(a) 35x107 4 ___ Bascline J
—_—25mVs
3.0x10" | e s v 5!
—10mVs'
25x1079 _30mvs’
—35mVs'
2.0x10" —— 50 my "
—~ —75mVs’
L 15107 —— 100 mvs’
= e 150 MV ™
1.0x107 200mVs?
5.0x107
0.0
T T T T T T T
02 0.0 0.2 0.4 0.6 0.8 1.0
E (V) vs. Ag/AgCl
64
(b) 35x107 (0 2
7 -6.6 -
3.0x10" o
6.8 4
2.5x10° A
- 2.0x10" 4 - 701 3
= 15x10" g 2 3
1.0x10" 44
5.0x10" 764 @
oo T T T T T T T T T 7.8 T T T T T T T T
[+ 25 50 75 100 125 150 175 200 03 06 09 1.2 15 1.8 241 24
v(mVs") log v

Figure 3. (a) CV records for 6.5 pmol L~! PTS in BRBS (pH = 9) over SPDE, after applying different
scan rates. (b) The dependence of I vs. v (error bars represent SD between three measurements).
(c) log I vs. log v graph with corresponding error bars (1 = 3).

3.2. Analytical Performance Evaluation

The DPV procedures have been developed to improve the sensitivity and selectiv-
ity of the method during PTS determination on the SPDE. The optimization of the DPV
parameters is necessary in order to achieve a well-defined, sharp, and narrow oxidation
peak of the analyte. This kind of voltammogram peak profile is particularly important in
the complex matrices, since it ensures the separation of the analyte peak from potential
interferences, and thus affects the resolution and selectivity. Certain DPV parameters were
optimized in order to establish an electroanalytical method suitable for the quantification of
PTS. Although the electrochemical behavior of PTS on the SPDE was also monitored using
square wave voltammetry (SWV), the DPV method provided much better electrochemi-
cal response (Figure S1) (higher sensitivity and sharper oxidation peak for the identical
PTS concentration).
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3.2.1. Optimization of DPV Experimental Parameters

The optimization of the modulation amplitude and modulation time, as well as the
interval time of DPV method, was carried out using 0.65 pmol L~! of PTS in the BRBS
(pH = 9). The electrochemical responses of PTS on the SPDE were followed in the potential
range from —0.5 to 1.0 V. The modulation time and interval time were applied in the range
from 10 to 80 ms and 300 to 700 ms, respectively. The modulation time and interval time
were optimized at 50 ms and 500 ms, respectively (data not showed). These values of
modulation and interval time provided a well-defined and narrow oxidation peak of PTS,
with minimal background current. The modulation amplitude was applied in a range from
25 to 105 mV, while the modulation time and interval time were set at optimized values. As
depicted in the DP voltammograms, shown in Figure S1, an alteration of the modulation
amplitude in the range of 25 to 85 mV indicated the increase of the current responses of
PTS with a slight shift of their peak maximums to the less positive potential values and
negligible background current. Further, the modulation amplitudes of 95 and 105 mV did
not lead to a significant change in the current response compared to the PTS oxidation peak
at 85 mV (Figure S2). Therefore, the modulation amplitude of 85 mV was considered as the
most suitable, providing the highest current response of PTS from the SPDE. Finally, the
optimized modulation amplitude of 85 mV, modulation time of 50 ms, and interval time of
500 ms were used in all further DPV measurements.

3.2.2. Calibration Curve and Analytical Parameters

The feasibility of the developed DPV procedure was investigated by the construc-
tion of a calibration curve. In this regard, the important electroanalytical parameters
(linearity, limit of quantification (LOQ), and limit of detection (LOD)) were assessed by
examining the oxidation peak current as a function of the PTS concentration, under the opti-
mized experimental and instrumental conditions (BRBS (pH = 9), modulation amplitude of
85 mV, modulation time of 50 ms, and interval time of 500 ms). The volume of the analyzed
solution was 30 pL. Figure 4a shows the respective DP voltammograms, where the SPDE
recorded oxidation of PTS in a wide concentration range (from 0.011 to 4.420 umol L~1). The
PTS calibration was performed in triplicate. The calibration curves, with the corresponding
error bars (SD between measurements, n = 3), are shown in the Figure 4b, where two
linear ranges are clearly observed. In the first linear segment, the peak current increased
proportionally with the PTS concentration from 0.011 to 0.912 umol L~! and yield a linear
calibration plot described by Equation (4). The second linearity area was observed starting
from 0.912 and going to 4.420 pmol L1, and is described by Equation (5). It is assumed that
the appearance of the two segments originates from the differences in the electrode surface
coverage of PTS in the low and high concentrations of the analyte. In the first segment of
linearity, where the calibration curve is constructed from the values of lower concentrations,
the PTS oxidation takes place via a PTS monolayer. On the other hand, in the second linear
segment multilayer, adsorption of PTS occurs due to accumulation process of PTS onto the
SPDE, causing a trapping effect, where the further oxidation of the analyte takes place via
the adsorbed layer [47,48]. The LOD and LOQ of the proposed electroanalytical method
(calculated from first linear segment) were 3.1 nmol L' and 10.0 nmol L™, respectively.

I(A) = 8.84-1078 + 8.60-10 8 C(umol L_l), r = 0.9970 @)

I(A) = 129107 +3.75.10~8 C(pmol L*l), r = 0.9981 ®)
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Figure 4. (a) DPV records for the different concentrations of PTS in BRBS (pH = 9.0) on the the SPDE
using “point-of-care” methodology and the single-drop-detection approach. The optimized DPV
parameters are: modulation amplitude of 85 mV; modulation time of 50 ms; interval time of 500 ms.
(b) Calibration plot with corresponding error bars.

In order to gain data about the intra-day repeatability, three PTS concentrations were
followed in five replicates under DPV-optimized conditions using a disposable SPDE. The
relative standard deviation (RSD) for PTS concentrations of 0.011 umol L™, 0.912 umol L1
and 4.420 umol L~! (lowest, middle, and highest concentration of the working concentra-
tion range) were 5.75%, 2.93%, and 1.80%, respectively. Then, the PTS concentration of
0.912 pmol L~! was analyzed under optimized conditions using five independent elec-
trodes to evaluate the precision of the SPDE; the RSD between measurement was 5.70%. In
addition, the PTS concentration of 0.912 pumol L~! was followed within five consecutive
days to the examined lifetime of the SPDE. The lifetime of the SPDE after the selected period
was not below 76%. These results indicated good precision of PTS determination with the
SPDE in an examined period. Therefore, the SPDE, with “point-of-care” methodology and
single-drop-detection approach, has proven to be the appropriate electrochemical platform
for the sensitive and precise determination of PTS under the selected experimental and
instrumental conditions.

As mentioned above, there is only one paper related to the electrochemical determina-
tion of PTS [33]. The comparison of the important electroanalytical parameters of published
research with our results is given in Table 1, where similar values can be observed. This
was expected, considering that the similar active type of surface (boron-doped diamond
electrode) was used. However, under optimized instrumental and experimental conditions,
the SPDE shows a lower sensitivity than a commercially available bulk BDD, which is the
main drawback of our method. On the other hand, the applied “point-of-care” platform and
single-drop-detection approach (drop of 30 uL) in this study ensures simplicity, equipment
miniaturization, and a minimum requirement for solvents and other chemicals.

Table 1. Comparison of electroanalytical performances of this study with the PTS sensor reported in
the literature.

Sensor

Method

LOQ
(nmol L-1)

LOD
(nmol L-1)

Conc. Range *
(umol L—1)

Sensitivity

(UA (umol L-1)-1) Reference

CP-BDD **
SPDE

DPV

SWV %%

14
10

0.02-3.90
0.011-4.420

43
3.1

5.47
0.09

[33]
this study

* Conc. Range—concentration range; ** CP-BDD—cathodically pretreated boron-doped diamond electrode;
*** SWV—square wave voltammetry.
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3.2.3. Examination of Selectivity

In order to investigate the potential of the developed electroanalytical method for the
application in the quantification of PTS in food, food supplements, and pharmaceutical
products, the effect of different sugars, vitamins, metabolites, alkaloids, drugs, and certain
cations/anions as interferences was examined. For this purpose, we used glucose (Glu),
dopamine (Dop), ascorbic acid (AA), caffeic acid (CA), uric acid (UA), paracetamol (Par),
sodium (Na*), calcium (Ca®*), potassium (K*), chloride (C1~), and nitrite (NO, ") ions.
The Glu, Dop, AA, Ca, UA, and Par were applied in the concentration of 2.4 umol L1
while each cation/anion was applied in a concentration of 40 umol L. The DPV behavior
of the 0.208 umol L~! of PTS in BRBS (pH = 9.0), in presence of listed interferences, was
followed by the SPDE, under optimized instrumental conditions. Figure S3 represents the
effects of the selected compounds at the determination of PTS. As it can be seen, the overall
response of PTS changes by a maximum of 7% after the introduction of interference in a
concentration ten times higher than the analyte. Considered together, the presented results
are an indication of the high selectivity of the SPDE and the proposed DPV method, in a
complex matrix application, with negligible or no matrix effect.

3.2.4. Application on Real Samples. Validation of Developed Method

After the testing of analytical performances and selectivity, the practical application
of the developed DPV method and “point-of-care” methodology was investigated in PTS
capsules (dietary supplements). As mentioned, the PTS content of each capsule was
declared to be 50 mg.

For the determination of the PTS content in real samples, the standard addition method
was used. The 30 pL of solution A (see Section 2.3) was applied on the surface of the SPDE
and directly analyzed under the optimized experimental and instrumental parameters.
Then, 30 uL of solution B, solution C, solution D, and solution E were analyzed using an
identical approach (see Section 2.3). The experiments were performed in triplicate, and the
results are summarized in Table 2. Excellent agreement between the declared value and the
obtained PTS content indicates a high accuracy and precision during PTS determination,
i.e., the developed method with a “point-of-care” platform can be successfully applied for
the estimation of the PTS content in dietary supplements.

Table 2. Recovery results of the proposed DVP method in the PTS dietary supplements.

Declared Value (mg) Found Value (mg) Recovery (%)
Probe 1 50 50.9 102
Probe 2 50 48.1 96
Probe 3 50 47.6 95
average £ SD * 49 £2

* SD—standard deviation between probes.

3.3. Quantum Chemical Calculations and Theoretical Modeling of the Experiment

Based on the nature of the electrochemical process, in which the removal/addition of
electrons is involved, we initially aimed to shed a light upon the experimental response of
PTS by theoretically determining its electronic structure. Our goal is also to investigate and
understand the changes in the ground-state electronic structure caused by our experiments.
After the B3LYP- level of theory optimization of the PTS geometry, Mulliken’s [49,50]
atomic charges analysis is utilized to analyze the electronic character of the molecular
regions. As can be seen from Figure 5a, the most intense electronic effect is the activation
of the ortho and para positions (carbon atoms 5, 6, and 11) of the PTS aromatic core,
caused by the electron-donating character of the periphery substituents. We continue our
examination by inspecting the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO). We are focusing on these orbitals due to the fact
that their shape and positioning (distribution) correlate directly with the electrochemical
events. We can expect the removal of an electron to take place within the HOMO orbital
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(whereby a spin-density-based cloud is forming in that region), whereas the addition of
an electron or an electron pair from a donor should have their main impact on the LUMO
orbital. As already mentioned, our electrochemical measurements showed an oxidation
peak (Figure 5a), corresponding to a single-electro oxidation of the phenol moieties [51],
such as the structurally similar resveratrol [52]. The shape and distribution of the HOMO
orbital of PTS (Figure 5c) clearly reveals a larger investment of the phenolic aromatic ring,
and thus, we can expect this ring to be strongly affected by the oxidation process. The
spin-density (generated after one-electron removal) isosurface plot, shown in the Figure 5d,
proves our initial hypothesis. Most importantly, the major portion of the generated spin
density is located in the region of the conjugated double bond, positioned between two
aromatic rings. This takes us to the conclusion that beside the ortho and para positions of
both aromatic rings, the conjugated double bond will probably become highly reactive after
the oxidation process takes place. By looking at the color representation of the generated
spin density, shown in Figure 5b (the numerical values provided in the Supplementary
material, Table S1), two important conclusions can be drawn. First, one would be the
resonant pattern (Figure S4), induced by the oxidation of the phenol OH- group, which
goes through the conjugated double bond and terminates on the other far end of the
molecule. The second would be the dominant accumulation of the density on the carbon
atom 9.

® »
@ @ o ° b
« »d ® 0‘. . ‘} S T
® 5 ) % 9 ®
e ® ® @ ® e e (.' K) #’ ®-o
® ® ¢ /
' BN e SR a!
/
(a) . (b) ‘e
&, »

HOMO

Figure 5. (a) Color representation of the Mulliken charges, obtained for PTS (calculated numeric
values are given in the Supplementary material, Table S1). Red color represents positively charged
atoms, whereas blue represents the negative centers of the molecule. (b) Color representation of the
spin density, generated after one-electron oxidation process (calculated numeric values are given in
the Supplementary material, Table S1). Red color represents the atomic centers with accumulated
spin density. (c) HOMO and LUMO orbitals of PTS. (d) Isosurface plot of the spin- density, generated
after the one-electron oxidation process. (e) Isosurface plot of the Fukui function for a nucleophilic
attack; calculations carried out on the B3LYP-D3B] level of theory.



Chemosensors 2023, 11, 15

12 of 16

Although many valuable insights can be collected from frontier orbitals, as well as
the spin-density visualization, this information cannot tell us much about the reactivity of
different sites within a specific molecule. For this reason, we further augment our research
with the calculation of condensed local Fukui functions, as explained in the Supplementary
material. Three Fukui functions represent reactivity towards electrophiles, nucleophiles,
and radicals. Although the electron-rich skeleton of PTS will be generally susceptible to
the attack of electrophiles, our analyte will be electrochemically oxidized, and as such, is
prone to the nucleophilic attack of the water molecules present in the solution. Here, we
shall not neglect the possibility for the formation of a hydroxyl radical, on the electrode
surface, that will also act as a reactive (radical) species. Although we have calculated
the Fukui functions, even for the neutral PTS (Table S1), we consider this molecular form
as less reactive, and the corresponding oxidized (charged) adducts as reactive moiety.
Our calculations clearly show that after the one-electron oxidation process takes place,
PTS becomes susceptible to both nucleophilic and radical attack primarily on position 9
(Table S1). The less pronounced but almost evenly relevant position would be the attack
of both reactive species on carbon atom 11. Interestingly, these two positions emerge as
the most reactive centers towards electrophilic attack as well. If considered together, our
results assign carbon atom 9 as the most reactive atomic center, of the mono-oxidized PTS.
Finally, it is important to draw attention to a clear correlation between the spin density and
the attack topology/affinity of the reactive species present in the matrix. In this regard, we
also provide an isosurface plot of the Fukui function for a nucleophilic attack (Figure 5e).

The final part of our experimental research, urging for the theoretical assistance, is
the change of PTS behavior relative to the changes in the pH of the working environment.
This change can be observed in the obtained voltammograms (Figure 1), where a clear split
of the oxidation peak appears in the acid medium (pH = 1-4). Namely, according to the
pKa =9.9 [53] value of phenol, we can expect the protonation of PTS to take place at the
approximate value of pH~4. For this reason, we have fully optimized the monoprotonated
PTS, in order to investigate our hypothesis. According to the molecular orbital theory [54],
the HOMO orbital energy represents the electron donating ability of one molecule when
it interacts with others. On the contrary, the LUMO orbital energy denotes the electron-
accepting ability. Taken together, the energy HOMO-LUMO gap represents the energy
which an electron requires in order to move from HOMO to populate the LUMO orbital.
As a result, ELUMO-EHOMO reflects the chemical stability of a molecule, with a higher
value showing more stability. In this regard, we compared the HOMO-LUMO gap energy
for both neutral and protonated PTS (Table S2). As it can be clearly seen, the protonated
adduct PTSH+ (ELUMO — EHOMO = 93.7 Kcal/mol) is energetically more stable than
the neutral PTS (ELUMO — EHOMO = 91.7 Kcal/mol), which can explain the shoulder on
the initial oxidation peak, occurring on the slightly higher potential value of pH = 4. At
all values below this pH equilibrium (50:50 of both species), we can expect the increase of
the protonated adduct concentration, and thus our experiment shows the elevation of the
shoulder relative to the decrease in the pH (Figure 1).

4. Conclusions

The “point-of-care” platform and the single-drop-detection approach (30 uL), coupled
with the SPDE, were successfully applied for the development of the DPV method, utilized
for quantification of PTS. Our miniaturized system detects PTS in a wide concentration
range (0.011 to 4.420 pmol L~1), with nanomolar levels of LOD and LOQ and a high
selectivity in the presence of certain interfering sugars, vitamins, metabolites, alkaloids,
drugs, and certain cations/anions. In addition, “point-of-care” tasting with the SPDE
showed the possibility of replacing bulky instrumentation with miniaturized ones and thus
reducing the use of solution/analyte/real sample volume. In addition, the developed DPV
method provided accurate and precise determination of PTS in dietary supplements with a
high potential for commercial application in these pharmaceutical products.
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Finally, guided by our experiments and encouraged with theoretically collected insight,
we proposed the most reactive center of oxidized PTS moiety and opened a window for
a new chemical point of view. Most importantly, our work resembles a basis for the
further experimental and theoretical examination of PTS, which will hopefully lead to
new breakthroughs related with the chemistry of this extraordinary molecule. It is also
important to mention that this research aimed and successfully created a bridge between
the experimentally observed signals and fundamentally based origin of chemical behavior.
By defining the changes in the electronic structure, caused by the change of the working
environment, we are able to understand the experiment, and hopefully in the future, predict
the result.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
3390/ chemosensors11010015/s1. Figure S1. Electrochemical response of 6 umol L~! PTS in BRBS
(pH =9) at SPDE recorder by DPV (modulation amplitude 25 mV; modulation time 0.05 s; interval
time 0.5 s) and SWV (modulation amplitude 20 mV; frequency 25 Hz). Figure S2. DP voltammograms
for 0.65 umol L~ of PTS in BRBS (pH = 9) recorder at different modulation amplitudes (modulation
time of 50 ms; interval time of 500 ms). Figure S3. Effect of possible interfering compounds for the
detection of PTS by SPDE. All experiments were done under previously optimized experimental
conditions (the optimized DPV parameters: modulation amplitude of 85 mV; modulation time of
50 ms; interval time of 500 ms). Figure S4. Possible resonance hybrid-structures, generated after the
oxidation of phenol OH- group. Table S1. Mulliken charge analysis and calculated Fukui functions
for PTS and corresponding oxidized adduct. Table S2. HOMO LUMO energy of PTS and PTSH+ and
corresponding HOMO-LUMO gap. Refs. [55,56] in Supplementary Materials.
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