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Abstract: This paper presents the development of a cheap and rapid electrochemical sensor for
ascorbic acid detection. In particular, the graphite ink working electrode of screen-printed cells was
covered by a film of elecrosynthesized molecularly imprinted polypyrrole (e-MIP); differential pulse
voltammetry (DPV) was the selected method for the analyte detection. The ascorbic acid molecules
were successfully entrapped in the polypyrrole film, creating the recognition sites. The best results
were obtained after polypyrrole overoxidation and performing the measurements in phosphate
buffer solution 0.05 M/KCl 0.1 M at pH 7.5. A comparison with the bare and the not-imprinted
polypyrrole-modified electrodes showed that the e-MIP-based sensor had the highest selectivity and
reproducibility. The developed method was applied to assess ascorbic acid in farmaceutical products,
obtaining values not significantly different from the declared content.

Keywords: ascorbic acid; electrosinthesized molecularly imprinted polymers; molecularly imprinted
polypyrrole; screen-printed electrodes; voltammetric sensors; chemosensors; analytical chemistry

1. Introduction

The L enantiomer of ascorbic acid (AA), also named vitamin C, is a hydrosoluble
vitamin with well-established antioxidant properties [1]. In fact, all its known physiological
and biochemical actions are due to its behavior as an electron donor, i.e., a reducing
agent [1-4]. Ascorbic acid can be found in many biological systems and foods, such as fresh
vegetables, fruits, and legumes. It is involved in collagen synthesis, iron absorption, and
immune response activation. Moreover, vitamin C participates in osteogenesis and wound
healing; it helps maintain bones, teeth, and capillaries [2—4].

By contrast, ascorbic acid excess can cause gastric irritations, and its metabolite, oxalic
acid, provokes renal problems. Under certain circumstances, excessive quantities of vitamin
C can induce inhibition of natural processes occurring in food, contributing to aroma and
taste deterioration [1].

Ascorbic acid quickly degrades in the presence of some enzymes and atmospheric
oxygen,; its oxidation is also promoted by excessive light, heat, and heavy metal ions [1]. It
is commonly used as an antioxidant in the foodstuff industry to inhibit undesired changes
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in flavor or color. Its antioxidant properties make it an important quality indicator for foods
and drinks [5-7].

Given the crucial role of vitamin C in biochemistry and industrial purposes, monitoring
ascorbic acid concentration during food and drug production and quality control analysis
using rapid, sensitive, and selective methods is very important [1,8].

Old classical methods for ascorbic acid detection include redox titrations with oxi-
dants such as potassium iodate or bromate and dichlorophenol indophenol [9,10]. HPLC
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techniques with amperometric or fluorimetric detection were employed for ascorbic acid
determination in food and biological samples [11-13]. Spectrophotometric and fluorimetric
methods were also frequently applied [14-18]. Significant progress has also been made
in developing electrochemical sensors for ascorbic acid detection [19-27]. Compared to
bulky and expensive instruments, electrochemical methods are often preferred thanks to
the simplicity of the procedures, minimum sample pretreatment, fast response, reasonable
sensitivity, and low cost. The direct electrochemical methods for ascorbic acid detection,
exploiting its irreversible oxidation reaction to dehydroascorbic acid, have suffered from
poor reproducibility and fouling of the electrode surface; moreover, interferences from
electroactive substances often present in biological fluids or drugs, for example, dopamine
and uric acid, make these methods ineffective [28,29]. Several strategies were proposed to
overcome these drawbacks by chemically modifying the surfaces of the electrodes [30-36].
Despite the unquestionable good figures of merit in terms of sensitivity and detection
limits, the need for lengthy and multi-step functionalization procedures, sometimes the
synthesis of the immobilized receptor, and the use of delicate noble metal electrodes that
require deep cleaning prevent their applicability to routine analysis and in non-specialized
laboratories. In other proposed sensors, the selectivity of the methods was improved by
adopting molecular imprinting technology [37-40].

Molecularly imprinted polymers (MIPs) are crosslinked polymers synthesized in the
presence of a target analyte used as a template molecule which, after extraction, leaves
complementary cavities in the polymeric network. These cavities have functional groups in
a “frozen” orientation/conformation that permits the specific recognition of the template.
The rebinding of the target analyte by the MIP is highly selective since the artificial receptors
are shaped by the template [41-43]. MIPs can be seen as synthetic receptors that, contrary
to their natural counterparts, i.e., antibodies, are low-cost, chemically and thermally stable,
can be stored at room temperature without degradation, and are not obtained from animals.

At present, electrochemical sensors are some of the most effectively used MIP-based
devices [41-51], and different strategies have been proposed for integrating MIPs with
the electrodes. Surface imprinting is, so far, the most commonly used approach. The
deposition of a MIP layer directly on the electrode surface represents a suitable method
for obtaining a thin film of the polymer. It can be easily performed by drop casting the
pre-polymeric mixture onto the electrode surface, followed by thermal or UV polymeriza-
tion [51]. Recently, several studies reported on the application of electrosynthesized MIPs
(e-MIPs) for developing electrochemical sensors (see, for example, the interesting review
of L.M. Gongalves [52]). In fact, electropolymerization allows for highly controlled poly-
mer growth on surfaces with a fine tuning of the polymeric film thickness by controlling
experimental conditions [52-54]. Other electrochemical procedures can also be applied to
enhance these e-MIPs. One of them, which is very useful, is overoxidation, performed by
the electrochemical treatment of the MIP film by positive electrode potentials much higher
than those required for the polymerization reaction. Overoxidation is advantageous in
MIPs’ preparation since it allows the formation of carboxyl, carbonyl, and hydroxy groups
able to interact by hydrogen bonds with the template molecule, promoting the formation
of more selective cavities [55].

The most frequently electropolymerized imprinted films are primary polypyrrole,
followed by polyaniline and polythiophene derivatives [56]. The focus on polypyrrole is
due to its water solubility and ease of oxidation; moreover, polypyrrole possesses several
valuable characteristics, such as good environmental stability, conductivity, and redox
properties [57]. When submitted to high positive potentials, it can be overoxidized, and
the incorporation of carbonyl groups into the polymer’s backbone occurs, causing a loss of
electric conductivity but also the filling of pinholes and defects. At the same time, higher
control of the film thickness arises, and the background currents are more stable [52,57-59].

In this context, an electrochemical sensor based on electrosynthesized polypyrrole,
molecularly imprinted with ascorbic acid and overoxidated, was developed. The polymeric
film was electrodeposited on the graphite working electrode of a screen-printed cell, obtain-
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ing a selective and simple method for AA sensing. Differential pulse voltammetry (DPV)
was selected for the analyte detection, and the electrochemical parameters were optimized
by a Design of Experiments (DoE).

Interference tests and trials with drugs were performed to assess the selectivity and
reliability of the proposed method.

Differently from previously proposed and similar e-MIP-based electrochemical sensors
for this analyte [37-40], the highlighted advantages are the low cost of the electrodes and
apparatus, reduced quantity of reagents both for the electrode surface modification and
template removal, unnecessary sample pretreatment, rapid responses, and the possibility
to perform analyses in situ thanks to a portable instrument. The analytical figures of merit
of the method are comparable to those of the previously proposed sensors (see Table 1).
Moreover, the stability of the current signal and the reproducibility of the measurements
were achieved thanks to the polypyrrole overoxidation allowing the reuse of disposable
screen-printed cells for 3-5 analyses without loss of performance.

Table 1. Comparison of the figures of merits of the molecularly imprinted polypyrrole-based elec-
trodes for ascorbic acid detection.

Electrode Method Linear Range (uM) LOD (uM) Ref.
PPy-MIP/ISE ! potentiometry 5-2000 3 [37]
Poly(Py-oPD)-MIP/PGE 2 SWV © 1-1000 0.26 [38]
PPy-MIP/PGE 3 DPV 7 250-7000 74 [39]
PPy-EG-MIP/GCE * DPV 7 500-8000 100 [40]
pp 5 ; 30-2400 8 218 )
y-MIP /SPC DPV 2-100 9 129 This work

1 PPy-MIP/ISE = ion-selective electrode with molecularly imprinted polypyrrole membrane. 2 Poly(Py-
oPD)-MIP/PGE = molecularly imprinted copolymer of pyrrole and o-phenylenediamine on a pencil
graphite electrode. 3 PPy-MIP/PGE = molecularly imprinted polypyrrole on a pencil graphite electrode.
4 PPy-EG-MIP/GCE = molecularly imprinted polypyrrole-exfoliated graphene-modified glassy carbon electrode.
5 PPy-MIP-SPC = molecularly imprinted polypyrrole on the graphite-ink working electrode of a screen-printed
cell. ® SWV = square wave voltammetry. 7 DPV = differential pulse voltammetry. & calibration in 10 mL of solution.
9 calibration in 100 mL of solution.

2. Materials and Methods
2.1. Reagents and Instruments

Pyrrole (98%, Merk Life Science S.r.l., Milan, Italy) was distilled by a Hickman dis-
tillation head until a colorless liquid was obtained and kept in darkness at 4 °C. Lithium
perchlorate (LiClOy4, purum p.a., >98.0%, Merk Life Science S.r.l., Milan, Italy), potas-
sium dihydrogen phosphate (KH;PO,, ACS reagent, >99.0%, Merk Life Science S.rl,,
Milan, Italy), and L-Ascorbic acid (analytical standard, Supelco—Merk Life Science S.r.1,
Milan, Italy) were used as well as received. Phosphate buffer solutions (PBS) were prepared
in double-distilled water, moving the pH to the desired value with HCI or NaOH stan-
dardized solutions (Merk Life Science S.r.l., Milan, Italy). Solutions of potassium chloride,
potassium hexacyanoferrate(Ill), and sodium chloride (Merk Life Science S.r.l., Milan, Italy)
were employed for electrodes’ surface characterization. VIVIN C® tablets (Menarini In-
dustrie Farmaceutiche Riunite S.r.1., Firenze, Italy) and TIOBEC® 400 tablets (Laborest,
Milan, Italy) were purchased from a local pharmacy (Farmacia Fapa, Pavia, Italy).

Three-electrode screen-printed cells with graphite-ink working and counter electrodes
and a Ag/AgCl-ink pseudo-reference electrode were obtained from Topflight Italia S.P.A.
(Vidigulfo, Pavia, Italy).

Voltammetric and EIS (Electrochemical Impedance Spectroscopy) analyses were per-
formed with the instrument EmStat4s (PalmSens BV, Houten, The Netherlands).

2.2. Preparation of the e-MIP and e-NIP Sensors

Before modification, each screen-printed cell (SPC) was washed with ethanol and left
to dry at room temperature under a hood.
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The e-MIP-modified electrode was prepared by electrodeposition on the surface of
the clean SPC using cyclic voltammetry (CV) in the potential range —0.6-0.8 V during five
cycles (scan rate 0.1 V/s) in an aqueous solution of 0.1 M LiClO4, 15 mM pyrrole, and
10 mM ascorbic acid. The polypyrrole-imprinted film was overoxidized by applying a fixed
potential of +1.2 V for 2 min in 0.1 M LiClO4 solution. The extraction of the template was
performed in two steps. Firstly, the modified SPC was placed in PBS solution 0.05 M at pH
7.5 for 20 min, under gentle stirring on an orbital shaker, followed by 10-15 cycles of cyclic
voltammetry, scanning the potential from —1 to +1 V (scan rate 0.1 V/s) in PBS solution
0.05M/KC10.1 M at pH =7.5.

Electropolimerized, not-imprinted polymer films on the working electrode of the
SPC (e-NIPs) were prepared under the same conditions but without adding the template,
i.e.,, AA, in the polymerization solution.

2.3. Characterization of the Working Electrode Surface

The electrochemically active area was measured before and after the working electrode
modification with e-MIP or e-NIP.

It was determined by cyclic voltammetry in an electrochemical probe solution
(5 mM K4Fe(CN)g /0.1 M KCl solution at pH 7), scanning the potential from —1 to +1V,
varying the scan rate from 0.025 to 0.5 V/s.

The intensity of the anodic or cathodic peak was plotted vs. the square root of the
scan rate, and from the slope (K) the effective area was computed by applying the modified
Randles—-Sevick’s equation [60,61]:

A K
©269-105-13/2.D1/2.C

M

D is the diffusion coefficient (3.09-107® cm?/s) and C is the concentration (5 mM) of
the electrochemical probe K4Fe(CN)g; 1 is the number of the electrons acquired for the
reduction of the electrochemical probe (in this case, n = 1).

The double-layer capacitance I of the working electrodes [61-63] before and after
modification was determined by cyclic voltammetry in 0.1 M NaCl solution at different
scan rates, scanning the potential from +0.05 to —0.05 V, i.e., in a potential interval by
which non-faradic current is expected. The difference between the anodic and cathodic
current at 0.02 V was plotted versus the scan rate, and the slope of the straight line obtained
corresponds to the capacitance. Dividing this value by two, the capacitance of the double
layer can be obtained.

Further characterization of the working electrode surface (before and after modifica-
tion) was carried out by Electrochemical Impedance Spectroscopy (EIS), a widespread tech-
nique used to characterize the electrode surfaces and define the electrochemical processes
that occur at an electrolyte—electrode interface [64]. By the EIS technique, the impedance of
a system is measured in relation to ac potential frequency. The data obtained from the EIS
measurements can be modeled by the Randles equivalent circuit, which associates different
electrical components to electrochemical processes [65]; it does not accurately represent
the chemical behavior of the electrode/solution interface but is helpful for a graphical
representation of the system. The impedance results can be graphically represented by
the Nyquist plot, in which the negative imaginary impedance —Z” is plotted vs. the real
part Z’. This plot is typically characterized by two trends: the first, at high frequencies, is a
semicircle that represents the charge transfer processes occurring at the electrode/solution
interface; from the diameter of this semicircle, the charge transfer resistance (Rct) can be
determined; the second part, at lower frequencies, is a straight line that characterizes the
mass-diffusion-limited processes [65].

EIS measurements were here performed for the bare and modified electrodes using
10 mL of K4Fe(CN)g 5 mM and KC1 0.1 M at pH 7.5 as the probe solution. The impedance
was registered in the frequency range of 100 kHz-10 mHz with a sinusoidal potential
modulation of 0.05 V superimposed on a dc potential of 0.2 V.
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2.4. Ascorbic Acid Determination by Differential Pulse Voltammetry (DPV)

Ascorbic acid was detected by differential pulse voltammetry (DPV) in 10 mL of
0.05M PBS/0.1 M KCl solutions at pH 7.5, applying the following experimental condi-
tions, optimized by a Design of Experiments (DoE) approach (described in Section 3.1):
Estart = —05V; Eeng = 03 V; Esep = 0.01 V; Epyse = 0.025 V; toyee = 025 s;
scan rate = 0.02 V/s.

3. Results
3.1. Optimization of the DPV Method for Ascorbic Acid Detection

A full factorial design 2% was applied to optimize the following DPV parameters:
pulse potential (E,, V), pulse time (t, s), and scan rate (v, V/s). Preliminary considerations
are essential before selecting the variable levels, and based on instrumental limits, the
broadening of peaks, and the time of analysis, the experimental domain was selected.

Table 2 reports the minimum and maximum levels of the parameters under investiga-
tion. The slope of the three-point calibration curve was chosen as the response. The open-
source software CAT (Chemometric Agile Tool) [66] was employed for
data processing.

Table 2. Optimization of the DPV parameters by a full factorial design 23: level definitions for the
parameters considered, keeping constant the range of the potential scan (from —0.5 V to +0.3 V).

Parameter Minimum Level (—1) Maximum Level (+1)
Epulse (Ep, V) 0.015 0.025
toulse (tp, s) 0.15 0.25
scan rate (v, V/s) 0.01 0.02

The bar graph of Figure 1 shows the significance of the model’s coefficients, and their
values are reported in Table 3.

500

400

300

200

100

-100

Figure 1. DoE to optimize the DPV parameters: coefficients plot. The greatest values and little black
stars (irrespective of the sign) indicate a significant influence of the respective parameters or their
interaction and significance (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Table 3. Optimization of the DPV parameters by a full factorial design 23: coefficient values and their
significance (* p < 0.05, ** p < 0.01, ** p < 0.001).

Coefficient Value Significance

bo 932

by 505.74

by 100.13 **

b3 534.08 o

byo 66.96 *

bi3 164.07 o

bo3 —70.49 *

The following model equation can be expressed by
SlOp€=b0+b1~Ep+b2~tp+b3-U+b12-Ep~tp+b13-Ep~U+b23'tp-?} (2)

From the coefficients plot of Figure 1, it can be observed that all parameters are
important and have a positive effect on the response, so they must be set at the maximum
value (+1). The most significant interaction is between the pulse potential (E,) and the scan
rate (v), presenting a significant positive effect on the response.

Three replicates at the center point [0 0 0] were performed; Table 4 reports the average
value, standard deviation, and confidence interval (CI) at a 95% confidence level. The
model is validated since the predicted slope value fits into the CI.

Table 4. Optimization of the DPV parameters by a full factorial design 23: model validation by three
replicates at the center point [0 0 0], i.e., Ep = 0.02 V; t, =0.2s5; v = 0.015 V/s. CI = confidence interval
at 95% confidence level.

Slope (LA-M—1)

Average 975
Standard deviation 49
Upper bound CI 1024
Lower bound CI 926
Predicted response (bg) 932

Therefore, the optimal DPV parameters are pulse potential (E,) 0.025V, pulse time (tp)
0.25 s, and scan rate (v) 0.02 V/s.

3.2. Characterization of the Working Electrode Surface

The electrochemically active area and the double-layer capacitance were determined
before and after the working electrode modification with e-MIP or e-NIP. Moreover, Elec-
trochemical Impedance Spectroscopy (EIS) measurements were implemented to evaluate
the electron transfer kinetics of the bare and modified electrodes.

The active area was obtained by cyclic voltammetric measurements in an electrochemi-
cal probe solution (here, K4Fe(CN)¢) at different scan rates. The reduction or oxidation peak
height was plotted against the square root of the scan rate, and the slope of the straight line
(K) was entered into the Randles—-Sevick equation (Equation (1), Section 2.3) to calculate
the active area.

Since both oxidation and reduction peaks were measured, Table 5 shows the average
of the two area values.

From Table 6, it can be observed that the active area decreases after coating the
electrode with the polymer. As expected, the active area of the e-NIP-modified electrode
is lower than that of the e-MIP. Indeed, the absence of the polymer’s recognition cavities
leads to a decrease in the electroactive surface.
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Table 5. Active area values calculated by the Randles-Sevick equation. Electrochemical probe
solution: 5 mM K Fe(CN)s/0.1 M KCl, pH 7.5. Potential scan from —1 to +1 V; scan rate from
0.025t0 0.5 V/s.

Active Area (mm?) t

Bare electrode 3.8(2)
e-MIP-modified electrode 2.4(2)
e-NIP-modified electrode 1.3(1)

Geometric area (circular-shaped electrode ¢ 1.1 mm) 3.8

* mean values obtained by plotting both the cathodic and the anodic peaks vs. (scan rate)’®; the number in

parenthesis is the standard deviation of the last digit.

Regarding the double-layer capacitance, a value of 0.50(3) uF was obtained for the
bare electrode, definitely low compared to that of glassy carbon electrodes. As previously
reported, this can be ascribable to the different structure of the graphite ink of the screen-
printed electrode employed here, with a predominance of basal planes compared to edge-
plane pyrolytic graphite electrodes that exhibit faster electrochemical kinetics [59,67]. The
double-layer capacitance increased from the bare electrode to the overoxidated e-NIP
(1.52(6) uF) and e-MIP (2.15(5) pF) functionalized electrodes; this implies that the presence
of the polymer layer increases the possibility of accumulating electrical charges.

The characterization of the bare and modified electrodes was also implemented by
EIS measurements. Figure 2 shows the Nyquist plot (imaginary impedance —Z” vs. real
impedance Z’) of bare and modified electrodes.

50
45
40
35
30

25

2"/kQ

20

{5 .
O @ _Jcps0
10 ,C'fit"‘w‘e

0 10 20 30 40 50 60 70 80 90 100

7'/kQ

Figure 2. Nyquist plot of (a) bare electrode, (b) e-MIP-modified electrode, (c) e-MIP-modified
electrode after template removal, (d) e-MIP-modified electrode after rebinding with AA 3 mM, (e)
e-NIP-modified electrode. Measurements were performed in 5 mM KyFe(CN)g /0.1 M KCl solution.
Frequency range 100 kHz-10 mHz with a sinusoidal potential modulation of 0.05 V superimposed on
a dc potential of 0.2 V.

As can be observed from Figure 2, the presence of the polymeric films influenced the
impedance behavior of the electrode surface at both high- and low-frequency regions. The
bare displayed the smallest Rt (a), while the other electrodes modified with the overoxi-
date polypyrrole film showed a higher resistance to the charge transfer, indicating that by
overoxidation, the conductive properties of polypyrrole were lost. The curves (b) and (e),
i.e., the e-MIP before template removal and the e-NIP-modified electrodes, showed a similar
behavior; indeed, the absence of a mass diffusion process due to the massive Rcr of the
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uniform polymer films on the working electrode surface occurred. On the other hand, the
curves (c), (d), and (a), corresponding, respectively, to the e-MIP-modified electrode after
template removal, the same electrode after rebinding with 3 mM AA solution, and the
bare electrode, have their working electrode surfaces more exposed to the solution; for this
reason, the mass transfer diffusion processes is significant. The Randles circuits reported in
Figure 3 schematize the two different trends. In both circuits, the element R corresponds
to the solution resistance, Rct is the electron transfer resistance (i.e., the diameter of the
semicircle in the Nyquist plot), and C is the double-layer capacitance. The Randles circuit
in Figure 2b is also described by a Warburg element representing the contribution of the
mass-diffusion-limited process.

(ii)

Figure 3. Randles equivalent circuit for modeling the Nyquist plots of Figure 2. (i) for bare (curve a in
Figure 2) and e-NIP-modified electrodes (curve e in Figure 2); (ii) for e-MIP-modified electrode (curve
b in Figure 2), e-MIP-modified electrode after template removal (curve c in Figure 2), e-MIP-modified
electrode after rebinding with AA 3 mM (curve d in Figure 2).

The most significant parameter is Rc: the higher the value, the more difficult the
charge transfer. The Rcr for the e-MIP-modified electrode before template removal is about
50 k) higher than that of the e-NIP-modified electrode (45 k(2); this behavior is probably
due to the more porous structure of the e-NIP, which enables the electrochemical probe
to reach the electrode surface a little easier. The Rt values increase while the analyte
occupies the recognition cavities of the e-MIP because the molecules make it harder for the
ions to reach the electrode surface. The experimental data confirm this hypothesis: bare
(curve a in Figure 2), Ret 5.4 kQ); e-MIP-modified electrode after removal of the template
(curve c in Figure 2), Rer 20 kQ); e-MIP-modified electrode after rebinding with AA 3 mM
(curve d in Figure 2), Rer 22 kQ).

3.3. Electropolymerization of Molecularly Imprinted Polypyrrole and Overoxidation

Electropolymerization of the pyrrole was performed via cyclic voltammetry in the
potential range —0.6-0.8 V, at a scan rate 0.1 V/s, in an aqueous solution of 0.1 M LiClOy,
15 mM pyrrole, and 10 mM ascorbic acid. Five scans were performed as a good compromise
between a polymer film that is too thick with less accessible recognition sites [68], achievable
with more than seven scans, and insufficient formation of the imprinted cavities with
fewer scans.

Figure 4 shows the cyclic voltammograms recorded during the pyrrole’s electropoly-
merization on the working electrode of the screen-printed cells without AA (Figure 4a) and
with the template (Figure 4b).

During the e-NIP polymerization (see Figure 4a), a broad oxidation peak appeared
at about —0.2 V and a reverse reduction peak at approximately 0 V; the intensity of both
peaks increased as the polymeric film grew. In the presence of ascorbic acid, during
the e-MIP synthesis (Figure 4b), an oxidation peak at 0.2 V appeared, indicating the
incorporation of the template molecules into the polymeric chain formed on the working
electrode. Indeed, ascorbic acid molecules diffusing toward the electrode surface during
the electropolymerization process were trapped in the polymer network; the formation
of the imprinting cavities was promoted by the diffusion of the electroactive analyte
to the electrode surface, generating the recognition sites during the electrosynthesis of
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the polypyrrole, as previously suggested [39,40,69-73]. As is well known, ascorbic acid
undergoes oxidation to dehydroascorbic acid through an irreversible reaction [1], so only
the anodic oxidation peak at about 0.4 V appears in CV scans of ascorbic acid solutions on
a bare electrode (see Figure 5).

500
400
300

200

Current/pA
Current/pA

100 -

. ; . . . . -100 - :
-0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8 -0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8

Potential/V Potential/V

(a) (b)

Figure 4. Cyclic voltammograms during the electropolymerization of 15 mM pyrrole in 0.1 M LiClO4
in the absence (a) and in the presence of 10 mM ascorbic acid (b). Potential range —0.6-0.8 V, scan
rate 0.1 V/s, five scans.

120

100 -

80

60 -

40

Current/pA

-0.6 -04 -0.2 0.0 0.2 0.4 0.6 0.8
Potential/V

Figure 5. Cyclic voltammograms of 10 mM ascorbic acid in 0.1 M LiCIOj solution. Potential range
—0.6-0.8 V, scan rate 0.1 V/s.
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In the e-MIP, the template molecules are trapped in the polypyrrole matrix thanks to
non-covalent interactions, i.e., hydrogen bonds between the carbonyl and hydroxyl groups
of the ascorbic acid and the -NH groups of the pyrrole units.

As will be described below, the DPV measurements with the e-MIP thus obtained
showed high background noise and a baseline that was not stable. Therefore, overoxidation
was carried out by chronoamperometry at 1.2 V for 2 min in 0.1 M LiClOy solution before
the template extraction. Overoxidation leads to ketone groups forming on the polypyr-
role backbone and disrupting conjugation but without significant material loss from the
electrode surface [74]; moreover, higher film thickness control arises, and the background
currents are definitely stable [53,58,59].

Figure 6 shows a schematic representation of a possible interaction mechanism of
ascorbic acid and the overoxidate polypyrrole.

n

Figure 6. Schematic representation of the interaction mechanism AA/overoxidate polypyrrole.

The extraction of the ascorbic acid molecules from the e-MIP was performed in two
steps: washing in PBS solution 0.05 M at pH 7.5 for 20 min, under gentle stirring on an
orbital shaker, followed by 10-15 CV scans from —1 to +1 V (scan rate 0.1 V/s) in PBS
solution 0.05 M/KC10.1 M at pH = 7.5 to remove the entrapped template completely, i.e.,
until the disappearance of the oxidation peak corresponding to ascorbic acid.

3.4. Electrochemical Detection of Ascorbic Acid: Evaluation of the Analytical Parameters

As stated above, DPV was selected for ascorbic acid detection. Calibration curves were
obtained, registering the voltammograms in 10 mL of 0.05 M PBS/0.1 M KCl solutions at
pH 7.5 at increasing ascorbic acid concentration and applying the experimental parameters
optimized by the DoE approach described in Section 3.1. To compare the analytical figures
of merit, bare, e-MIP, and e-NIP electrodes were tested. The voltammograms obtained for
the three different electrodes and also the graph for a non-overoxidated e-MIP are reported
in Figure 7.

Figure 8 shows the calibration graphs, and Table 6 summarizes the analytical parame-
ters evaluated from the linear regression of the data, i, (1LA) vs. ascorbic acid concentration
(IAA]/mM), for the studied electrodes.

Figure 7d shows the voltammograms obtained with the non-overoxidated e-MIP:
disturbed signals and high background current are evident, so experiments with this type
of modified electrodes have not been continued.
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Figure 7. DPV voltammograms of (a) bare, (b) e-MIP, (c) e-NIP, (d) non-overoxidate e-MIP registered
in 10 mL of 0.05 M PBS/0.1 M KCl solutions at pH 7.5 at increasing ascorbic acid concentration from

0to 5 mM.
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Figure 8. Calibration graphs for bare, e-MIP, and e-NIP obtained, respectively, from the DPV data of

Figure 7a—c.
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Table 6. Analytical parameters evaluated from the linear regression of the DPV data. Results obtained
from three different calibration curves using three screen-printed cells for each type (bare, e-MIP, and
e-NIP) in 10 mL of 0.05 M PBS/0.1 M KCl solutions at pH 7.5.

a
Electrode  Slope (LA mM~1) R? L(Sl\]?l) ffh/% Linear Range (uM)
bare 1.34(7) 0.999 35 106 204800
e-MIP 1.02(6) 0.999 21 64 30-2400
e-MIP b 98(2) 0.998 12 3.6 2-100
e-NIP 0.13(2) 0.997 150 450 400-4800

2 LOD = 3.3-5,/S, where S is the slope of the calibration curve and s, is the standard deviation of y-residuals
(i.e., the random errors in the y-direction); it can be considered not significantly different from the standard
deviation of replicate measurements of blank solutions [75]. The number in parenthesis is the standard deviation
of the last digit. ? calibration in 100 mL of solution.

The slightly higher sensitivity of the bare compared to the overoxidated e-MIP elec-
trode can be immediately noted. However, the linear range, the LOD, and the LOQ are
relatively similar, a little better for the e-MIP. Some calibrations were also performed using a
ten times higher volume aiming to improve the LOD. A lower detection limit was achieved
by applying the same experimental conditions, demonstrating the method’s versatility
and robustness.

In terms of sensitivity, LOD, and LOQ, it is favorable to obtain parameters similar to
the bare electrode for the e-MIP; this means that the polymeric film has a high number of
recognition sites for the analyte. The poor sensitivity of the e-NIP is an added advantage
since the non-imprinted polymer acts as a barrier to the analyte reaction at the electrode
surface (lower electroactive surface available for the analyte oxidation). The preparation of
the e-NIP demonstrates the effectiveness and the need for template-driven synthesis for
obtaining selective sensors with pretty good sensitivity.

The repeatability of the measurements was also tested. Figure 9 reports the calibration
graph of five replicates with the same screen-printed cell. It can be observed that the
differences among the replicates are not significant (RDS < 5%).

2.2

2
1.8
1.6
14

1.2

ip (HA)

1
0.8
0.6
0.4

0.2

0.0 0.5 1.0 1.5 2.0
[AA]/mM

Figure 9. Five replicates of calibration obtained with a single e-MIP-modified screen-printed cell.
Data points of each replicate at the same concentration are reported with circles at different color.
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3.5. Selectivity Test and Analyses of Commercial Products

The ascorbic acid determination in the presence of two possible interferents, such as
dopamine and uric acid, was performed to test the selectivity of the e-MIP electrode. These
analytes were selected since their oxidation reactions occur at close potentials [37-39].

Figure 10 shows the voltammograms obtained with the bare electrode. Figure 10a re-
ported the DPVs of 0.5 mM ascorbic acid solutions without and with uric acid additions; as
can be observed, the peaks of the two analytes overlap at the lowest uric acid concentration
until they merge at higher uric acid additions. Similar behavior occurred when the DPVs
were registered in the presence of dopamine as an interferent (Figure 10b).

3.0 7.0
25 6.0 -
5.0
2.0
<:tL <§_4.0 B
=15 =
c c
dt) g 3.0
310 3
2.0
0.5 N\ 1.0
0.0 T T T T T T T T T T T 1 0.0 T T — T T T T T _Tr 1 1 1
-0.5 -04 -03-02-01 0 01 0.2 03 04 05 06 0.7 -0.5 -04 -03-02-01 0 01 0.2 03 04 05 06 0.7
Potential/V Potential/V
(a) (b)

Figure 10. DPV voltammograms of the bare electrode registered in 10 mL of 0.05 M PBS/0.1
M KCl solutions at pH 7.5, (a) 0.5 mM AA (red line), 0.5 mM AA + 0.3 mM uric acid (green
line), 0.5 mM AA + 0.5 mM uric acid (blue line), 0.5 mM AA + 0.8 mM uric acid (pink line);
(b) 0.5 mM AA (red line), 0.5 mM AA + 0.3 mM dopamine (green line), 0.5 mM AA + 0.5 mM
dopamine (blue line), 0.5 mM AA + 0.8 mM dopamine (pink line).

Conversely, the presence of the e-MIP on the electrode surface allows the quantification
of the ascorbic acid without interference problems, as can be seen in the voltammograms
of Figure 11.

In the presence of uric acid, a shift of the oxidation peak of the ascorbic acid towards
less-positive potentials occurred, but the signals of the two analytes are distinct and well
resolved, as shown in Figure 11a; here, the same uric acid concentration was added to
solutions at increasing ascorbic acid content. Figure 11b shows the distinct signals of
ascorbic acid and dopamine, and although there is higher sensitivity for dopamine, the
peak high of ascorbic acid does not decrease with the increase in the interferent content.

These results corroborate that the e-MIP-based electrode can selectively recognize
ascorbic acid molecules better than the bare one; moreover, with the e-MIP-modified
electrode, the simultaneous quantification of the AA, dopamine, and uric acid can be
possible since the corresponding DPV peaks do not overlap.

To assess the reliability of the proposed method, two different drug tables with known
ascorbic acid content were analyzed. The standard additions method was applied. The
results are summarized in Table 7.
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Figure 11. DPV voltammograms of the e-MIP electrode registered in 10 mL of 0.05 M PBS/0.1
M KCI solutions at pH 7.5, (a) 1 mM AA (red line), 1 mM AA + 0.4 mM uric acid (green line),
1.2 mM AA + 0.4 mM uric acid (blue line), 1.5 mM AA + 0.4 mM uric acid (pink line); (b) 1 mM AA
(red line), 1 mM AA + 0.1 mM dopamine (green line), 1 mM AA + 0.2 mM dopamine (blue line),
1 mM AA + 0.3 mM dopamine (pink line).

Table 7. Ascorbic acid detection in farmaceutical products. CI = confidence interval at 95% confidence
level. Three replicates for each sample using the same e-MIP screen-printed cell.

VIVIN C® TIOBEC® 400
AA Content (mg) AA Content (mg)
Average (n = 3) 210 30
Standard deviation 5 2
Upper bound CI 222 35
Lower bound CI 197 24
Declared content 200 30

For both products, the results obtained are in good agreement with the declared ascor-
bic acid content; moreover, the low standard deviation reveals a significant reproducibility
of the measurements, considering that the same e-MIP-based screen-printed cell was used
for both determinations.

4. Conclusions

A molecularly imprinted electrosynthesized polymer (e-MIP) on screen-printed elec-
trodes for ascorbic acid detection by the DPV method was developed.

The best results were obtained after polypyrrole overoxidation, performing the mea-
surements in phosphate buffer solution 0.05 M/KC1 0.1 M at pH 7.5 and applying optimized
experimental conditions for the voltammetric detection.

The graphite working electrode surface was characterized before and after modifi-
cation, measuring the active area and the double-layer capacitance. The results of both
determinations demonstrated the electrode surface coverage by the e-MIP layer.

The analytical parameters evaluated from the calibration curves demonstrated good
sensitivity and a detection limit not significantly different from that achievable with the
non-modified electrode (bare) and similar electrochemical sensors (see Table 1). The LOD
obtained is about 20 uM if the sample volume is 10 mL, but the value can be reduced if a
higher sample volume is analyzed (e.g.,1.2 pM if the sample volume is 100 mL).
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Selectivity tests were undertaken considering dopamine and uric acid as interferents,
proving the possibility for the e-MIP-based electrode to quantify ascorbic acid without
interference problems or to determine the three analytes simultaneously if all are present in
the same sample.

To assess the proposed method’s reliability, two pharmaceutical products with known
ascorbic acid content were analyzed, and the results obtained agreed with the declared
ascorbic acid content.

Although the proposed sensor may seem scarcely sensitive, it is worth noting that
ascorbic acid is not a pollutant; moreover, in foods or drugs and even when added as a
preservative to avoid the oxidation of foods, it is present at very high concentrations. The
scope of this work is to propose a selective method that can detect ascorbic acid directly in
a sample without lengthy pretreatment or various dilution steps, using a quick and simple
modification of the electrode surface and low-cost and portable apparatus, and is helpful
for routine or in situ analyses.
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