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Abstract: Irbesartan is a drug used to treat hypertension and high blood pressure. Recent studies
associated sartans with several forms of cancer, making removing this class of substances from the
environment a high priority. The EU has categorized drugs as emerging pollutants, and they can be
more potent than other substances because they were designed to operate at low concentrations. Thus,
effective and sensitive methods of determining Irbesartan selectively and accurately in environmental
samples are necessary. MIPs have already been used to remove pollutants from complex matrixes, so
they were also chosen for this work. In particular, a polyacrylate-based MIP was used to functionalize
the graphite working electrode of screen-printed cells (SPCs), aiming to develop a voltammetric
method for Irbesartan sensing. The MIP composition and the experimental conditions for the
electrochemical determination were optimized through a Design of Experiments (DoE) approach. The
whole analysis was replicated with different SPCs obtaining similar results, which highlight the good
reproducibility potential. MIP-based electrodes were also applied to determine Irbesartan in fortified
tap water samples, obtaining high recovery percentages. Given the good results, the electrochemical
method based on MIP-modified screen-printed electrodes is promising for quantifying Irbesartan at a
trace level.

Keywords: Irbesartan; sartans drugs; emerging pollutants detection; molecularly imprinted polymers
(MIPs); MIP-modified electrodes; screen-printed electrodes; electroanalysis; analytical chemistry;
Design of Experiments; Square-Wave Voltammetry

1. Introduction

Irbesartan, (IUPAC name: 2-butyl-3-({4-[2-(2H-1,2,3,4-tetrazol-5-yl)phenyl]phenyl}
methyl)-1,3-diazaspiro [4.4]non-1-en-4-one, see Figure 1), is a potent and selective an-
giotensin Il receptor antagonist recommended for use in patients with hypertension and
those with type 2 diabetes mellitus and nephropathy [1,2].

The EU has classified many drugs, including sartans, as “emerging pollutants,” sub-
stances whose effects on the environment and the human population in the short and the
long term have not been thoroughly studied yet. In the EU, drugs come into contact with
the environment through wastewater and sewage sludge, while production plants are
secondary sources [3-6].

In the last decades, drug treatment has sharply increased, especially among the older
population, and Losartan and Irbesartan are among the most prescribed antihypertensive
medicines [7-9]. They can pose a more significant threat than other substances because,
as drugs, they are designed to be effective at low concentrations and because they are left
unscathed by wastewater treatment plants [10], making their removal and monitoring of
the utmost importance.
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Figure 1. Molecular structure of Irbesartan.

High-Performance Liquid Chromatography (HPLC), coupled with a UV detector or
MS/MS spectrometry, is the primary analytical technique used to investigate sartans in
drug formulations or biological and environmental samples [11-15]. These techniques are
time-consuming, can be expensive, often require a large quantity of solvents, and are not
suitable for in situ analysis. Ultra-Performance Liquid Chromatography (UPLC) has been
proposed as an alternative to HPLC because of the lesser volumes of solvents needed [11].

Electrochemical methods have rarely been investigated, using mainly Hanging Drop
Mercury Electrode (HDME). For example, Gupta et al. [16] developed a voltammet-
ric method for determining Irbesartan in pharmaceutical formulations. By applying
Differential-Pulse Voltammetry (DPV), a cathodic peak appeared at —1.4 V (vs. satu-
rated calomel electrode, SCE), corresponding to the reduction of the C=N double bond of
the tetrazolyl moiety. A similar method was also proposed for determining Irbesartan in
pharmaceuticals and biological fluids [17] by using both Differential-Pulse Voltammetry
(DPV) and Square-Wave Voltammetry (SWV), obtaining a detection limit of about 0.7 uM.
A more sensitive voltammetric determination was that reported by El-Desoky et al. [18]
for dosing Irbesartan in human blood and pharmaceutical formulations; a very low de-
tection limit, 2 nM, was achieved by applying square-wave adsorptive cathodic stripping
voltammetry.

For years, mercury electrodes have been the leading choice for voltammetric measure-
ments. However, in the last decades, environmental and safety concerns have restricted
their application and encouraged the exploration of more eco-friendly materials less toxic
than mercury, with more possibilities for flow and in-situ analysis [19]. In this scenario,
screen-printed electrodes (SPEs) had significant growth in demand since the screen-printing
technique offers advantages in terms of versatility, cost-effectiveness and ease of use [20].
Moreover, screen-printed electrodes are among the most suitable sensors for in situ analysis
thanks to their low power needs, rapid response, and good sensitivity [21]. The excellent
versatility of the SPEs is driven primarily by the numerous ways in which the electrodes
can be modified. For example, the composition of the inks may be changed by adding
different substances, such as complexing ligands, metal particles, polymers, or enzymes.
Otherwise, modifying the manufactured electrodes by depositing on their surface metal
films, nanoparticles, biological material, and polymeric films is possible [22].

Molecularly imprinted polymers (MIPs) have been employed in various analytical
methods, including electrode surface modification for potentiometric or voltammetric mea-
surements to improve selectivity; a gain in sensitivity was also verified several times [23].
MIP-based sensors are some of the most popular approaches for detecting different classes
of analytes, primarily biological molecules. MIPs embody a class of synthetic receptors
that mimic natural antibody—antigen interactions, i.e., the “lock and key” mechanism to
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bind the target analyte selectively [24]. For MIP synthesis, monomers are polymerized
in the presence of a target molecule (the so-termed template), which is removed after the
polymeric network is formed. The template removal leaves cavities in the polymers that
mirror the target molecule’s shape [25].

In this view, they possess the high selectivity and specificity of biological receptors
but with the added advantage of being artificial polymers, much more stable and readily
adaptable for the modification of electrode surfaces [26].

The development of MIPs tailored to screen-printed electrodes has accelerated the
shift from bulky conventional techniques to low-cost and rapid-sensing devices for in-field
analyses [27]. Recently, several studies have been published regarding the development of
MIP-based screen-printed electrodes for both the voltammetric and potentiometric sensing
of environmental contaminants, emerging pollutants, or biomolecules [28-40].

Following this trend, a MIP-modified screen-printed carbon electrode for Irbesartan
voltammetric sensing is developed. The MIP’s prepolimeric composition and the exper-
imental parameters for the analysis by Square-Wave Voltammetry (SWV) are optimized
using a Design of Experiments (DoE) approach. The reliability of the proposed method is
proved by the analyses of tap water samples fortified with the drug.

2. Materials and Methods
2.1. Reagents and Instruments

Methacrylic acid (MMA) and ethylene glycol dimethacrylate (EGDMA) were pur-
chased from Merk Life Science S.r.l. (Milano, Italy) and filtered with an aluminum oxide
column to remove stabilizers.

Moreover, 2,2-azobisisobutyronitrile (AIBN), glacial acetic acid > 99%, methanol,
sodium acetate trihydrate, Irbesartan, and Losartan were used as obtained from Merk
Life Science S.r.l. (Milano, Italy). Solutions for the electrode surface characterization were
prepared using sodium chloride, potassium chloride, and potassium hexacyanoferrate
(IIT) (Merk Life Science S.r.1., Milano, Italy). Three-electrode screen-printed cells with a
graphite-ink working electrode, Ag/AgCl-ink pseudo-reference electrode, and a graphite-
ink counter electrode were produced by Topflight Italia SPA (Vidigulfo, Pavia-Italy). Tap
water from the lab sink (Department of Chemistry, University of Pavia, Italy) was used to
prepare fortified samples.

Voltammetric analyses and impedance spectroscopy measurements were performed
by the potentiostat/galvanostat EmStat4s-PalmSens BV (Houten-The Netherlands). The
pH of buffers and solutions was checked by a pH-meter Mettler Toledo mod. SevenMulti,
equipped with a combined glass electrode InLab Pro (Mettler Toledo, Milan, Italy).

2.2. Prepolymeric Mixture and Modification of the Working Electrode Surface

The prepolymeric solution was prepared according to the optimized procedure by
mixing Irbesartan (IRB), MMA, and EGDMA with a molar ratio of 1:4:10 and adding the
minimum amount of methanol to facilitate and completely dissolve all components. The
mixture was deaerated with a gentle flow of N, for 5 min; then AIBN was included, and
the mixture was sonicated until obtaining a limpid solution.

An equal prepolymeric mixture not containing Irbesartan was prepared for functional-
izing the working electrode with the NIP (non-imprinted polymer).

Each screen-printed cell (SPC) was washed with methanol and left to dry at room
temperature under a hood. A small volume of the prepolymeric mixture (3 uL MIP or NIP
mixture) was drop-coated on the cleaned surface of the working electrode. The thermal
polymerization was carried out in a thermostatic oven at 60 °C overnight.

The SPC was then subjected to 7 cleaning cycles by immersion for 1 h in 10 mL of a
mixture of glacial acetic acid > 99%/methanol = 1/4 to remove the template (IRB) and
unreacted monomers. The so-cleaned functionalized SPC was stored at room temperature
and hydrated in ultrapure water for 10 min before use.
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2.3. Characterization of the Working Electrode Surface

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

It was determined by cyclic voltammetry (CV) in 5 mM K4Fe(CN)4 /0.1 M KClI solution

at pH 7.2 as an electrochemical probe (Estart = —1 V, Eeng = +1 'V, scan rate 0.025 = 0.5 V/s).

The square root of the scan rate vs. the intensity of the anodic or cathodic peak was

plotted; from the slope (K), the effective area is obtained through the modified Randles—

Sevick’s equation [35,41]:

K

A= 269.10°5-13/2.D1/2.C @

D and C are, respectively, the diffusion coefficient (D = 3.09-107% cm?/s) and the
concentration (C = 5 mM) of the electrochemical probe K4Fe(CN)g; n is the number of the
electrons acquired for the reduction of the electrochemical probe, i.e., n = 1 according to the
reaction: Fe(CN)¢®~+ e~ — Fe(CN)g*.

The Electrochemical Impedance Spectroscopy (EIS) experiments were carried out in
15 mL of 5 mM K4Fe(CN)g /0.1 M KCl solution at pH 7.2 (electrochemical probe solution),
registering the electrochemical impedance from 100 kHz to 10 mHz, and a signal amplitude
of 50 mV. The analyses were performed for unmodified screen-printed cells (bare) as well
as for those modified with MIP and NIP.

2.4. Irbesartan Determination by Square-Wave Voltammetry (SWV)

Irbesartan was detected by Square-Wave Voltammetry (SWV) in 15 mL of 0.1 M
acetate buffer solutions at pH 5.5, gently stirring and applying the experimental conditions,
optimized through a Design of Experiments (DoE) approach, as reported in Table 1.

Table 1. Experimental conditions, optimized through a Design of Experiments (DoE) approach, for
Irbesartan analyses by SWV.

Parameters Bare Electrode MIP-/NIP-Modifed Electrode
Estart (V) +1.0 +1.0
Eeng (V) -1.5 -15
Frequency (Hz) 50 1.0
Impulse amplitude (V) 0.1 0.05
Equilibration time (s) 120 300
3. Results

3.1. Screen-Printed Working Electrode Functionalization

When using screen-printed cells, the first concern is the modification only of the
working electrode surface, avoiding the possible compromise of the counter and pseudo-
reference electrodes. Therefore, a good option was a drop-coating of a small volume of
the prepolymeric mixture. After testing volumes from 1 to 5 puL, the correct quantity was
determined to be 3 uL, enough to coat the working electrode surface and leave the other
electrodes unaltered.

The second step was the optimization of the prepolymeric mixture composition aiming
to obtain the best compromise in terms of sensitivity and selectivity; thus, a simple full
factorial design 23 was applied. Table 2 summarizes the parameters under investigation
and the corresponding minimum and maximum levels. The current peak (i,, tA) obtained
by SWV analysis was evaluated as the response. The data were processed using the open-
source software CAT (Chemometric Agile Tool) [42]. The graph of Figure 2 shows the
significance of the model’s coefficients.
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Table 2. Optimization of the prepolymeric mixture by a Full Factorial Design 23: level definitions for
the parameters considered, keeping constant the Irbesartan content (0.05 mmol).

Parameter Minimum Level (—1) Maximum Level (+1)
MAA ! (mmol) 0.1 0.2
EGDMA 2 (mmol) 0.5 1.0
CH;0H 3 (mL) 0.4 0.8

I MAA = methacrylic acid (functional monomer). 2 EGDMA = ethylene glycol dimethacrylate (cross-linker).
3 CH30H = methanol (solvent).

0.05

0.00

-0.05

-0.10

<
=
o
G}
w

MAA*EGDMA
EGDMA*CH;OH

Figure 2. Experimental design to optimize the prepolymeric mixture: coefficients plot. The greatest
values and little black stars (regardless of the sign) suggest a significant influence of the respective
parameter or interaction and significance (* p < 0.05, *** p < 0.001).

The model equation can be written as follows:

ip = by + b1[MAA] + b [EGDMA| + b3[CH30H] + b1, [MAA][EGDMA| + b13[MAA][CH30H] + by3][EGDMA][CH30H] (2)

The values of the coefficient and their significance are summarized in Table 3.

Table 3. Coefficients and significance (* p < 0.05, *** p < 0.001) calculated for the optimization of the
prepolymeric mixture by a Full Factorial Design 23.

Coefficient Value Significance
bo 0.3462
by 0.0337
by —0.0896 hx
bs —0.0396
b1y —0.0487 *
b3 0.0296

bo3 —0.0171
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The coefficient plot of Figure 1 highlights that the significant parameters/interactions
are the mmol of EGDMA and the interaction between mmol MAA and mmol EGDMA;
conversely, the solvent volume is irrelevant. The mmol of EGMA has a negative effect on
the current peak, so it has to be set at the minimum value (—1 = 0.5 mmol). The interaction
between mmol MAA and mmol EGDMA presents a significant negative effect on the
response; thus, setting mmol EGDMA at the minimum value (—1 = 0.5 mmol), mmol MAA
has to be set at the highest value (+1 = 0.2 mmol).

Six replicates at the center point [0 0 0] were set up, and the average value, standard
deviation, and confidence interval (CI) at a 95% confidence level are reported in Table 4.
The predicted value fits into the confidence interval; thus, the model is validated.

Table 4. Optimization of the prepolymeric mixture by a Full Factorial Design 23: model validation by
six replicates at the center point [0 0 0], i.e., 0.15 mmol MAA, 0.75 mmol EGDMA and 0.6 mL CH3OH.
CI = confidence interval at 95% confidence level.

ip (LA)
Average 0.33
Standard deviation 0.02
Upper bound CI 0.35
Lower bound CI 0.31
Predicted response (bg) 0.3462

Therefore, the optimal prepolymeric mixture had the following composition:

IRB: MAA: EGDMA = 0.05 mmol:0.2 mmol:0.5 mmol = 1:4:10. As previously stated,
the volume of methanol is irrelevant, and the maximum value of 0.8 mL was selected to be
sure to solubilize all the mixture components well.

3.2. Characterization of the Working Electrode Surface
3.2.1. Electrodic Active Area

The electrodic area was calculated for the bare, MIP-, and NIP-modified electrodes.
Each obtained value was compared to the theoretical one. In order to define the active area,
cyclic voltammetric measurements were performed in an electrochemical probe solution
at different scan rates, and the reduction or oxidation peak height was plotted against the
square root of the scan rate. The slope of the obtained straight line (K) was entered in
Randles—Sevick’s equation (Equation (1), Section 2.3) to obtain the active area’s value.

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

Table 5. Active areas calculated by Randles—Sevick’s equation (average of the values obtained by
plotting the anodic and the cathodic peak of the CV vs. the square root of the scan rate. Electro-
chemical probe: 5 mM K Fe(CN)g /0.1 M KCl solution at pH 7.2). The number in parenthesis is the
standard deviation on the last digit.

Active Area (mm?)

Bare electrode 12.3(3)
MIP-modified electrode 9.59(2)
NIP-modified electrode 8.80(3)

Theoretical 12.6

The values in Table 5 show that the active area decreases when the electrode is coated
with a non-conductive polymer. As we expected, the active area of the MIP-modified
electrode is higher than that of the NIP-modified electrode; this behavior is due to the
cavities in the molecularly imprinted polymer, which are, on the contrary, absent in the NIP.
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3.2.2. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy is a technique used to characterize the
electrodic surface; in particular, the polymers’ non-conductive nature may be verified. The
measurements were performed in 15 mL of 5 mM K4Fe(CN)4 /0.1 M KCI solution. The
NIP-modified electrode, the MIP-modified electrode after the template removal, and the
sane electrode recharged with the analyte were analyzed. Figure 3 shows the Nyquist plots
obtained for each electrode.

12 000 -

2"/

4000 -

2000 -

10198 15198 20198
zZ'/Q

Figure 3. Nyquist plots of the NIP-modified electrode (blue bullets) and MIP-modified electrode
after the template removal (empty green bullets) and after contact with IRB solution (empty orange
bullets). Electrochemical probe: 5 mM K Fe(CN)4 /0.1 M KCl solution at pH 7.2.

As can be observed from the Nyquist plot, the resistance of the electrode surface
increases passing from the washed to the recharged polymer that modifies the screen-
printed cell. This behavior may be related to the presence of the analyte that plugs the
pores and prevents the electric charges from reaching the electrode surface. This behavior
is amplified using the NIP, which has a lower porosity than the MIP.

The Nyquist plot may be explained as recurring to a Randles’ equivalent circuit
describing the obtained trends, reported in Figure 4.

R2 wi

 AN—e—wle
vy Q1

o—} ®

Figure 4. Randles’ equivalent circuit describing the Nyquist plot of Figure 3.
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The Randles equivalent circuit of Figure 4 comprises three different circuital elements.
R1 is the resistance of the solution, R2 is the resistance to the charge transfer of the elec-
trode/electrolyte interface, and W is the Warburg component that describes the diffusive
processes, while Q1 represents the constant phase element. Q1 (or constant phase element,
CPE) describes the accumulation of ions on an inhomogeneous electrode surface, and it is
used instead of the classic Cg4; (double-layer capacitance).

The fitting curves in Figure 3 were calculated according to Randles’s equivalent circuit
over-described. The Nyquist plots with their fitting for each electrode are shown in the
Supplementary Materials.

The fitting error was obtained using the following Equation (3) [43]:

(fit—exp)®
RV R
fit stands for fitting value, exp for experimental value, and N for the number of points

taken into account. The calculated fitting errors are reported in Table 6.

Table 6. Fitting errors for the Nyquist curves of Figure 3, calculated using Equation (3).

E%

MIP-modified electrode after the template removal 0.8
MIP-modified electrode after contact with IRB solution 3.7
NIP-modified electrode 24

3.3. Irbesartan Determination by Square-Wave Voltammetry (SWV): Optimization of the
Procedure, Calibration and Real Sample Analysis

Once the screen-printed cell (SPC) was modified with the molecularly imprinted
polymer, and before its use for the voltammetric measurements, it was washed several
times with a mixture of methanol/glacial acetic acid > 99% = 1/4 to remove the template
molecule. Calibration measurements were performed on both the bare electrode and the
MIP-modified one. The experiments were carried out in 30 mL of 0.1 M acetate buffer
at pH 5.5 and applying SWYV; the signal was recorded after an equilibration time of 120
or 300 s, respectively, for the bare electrode or the MIP-/NIP-modified one. For the MIP-
modified electrodes, the equilibration time corresponds to the incubation period necessary
for the Irbesartan molecule to reach the cavities of the polymeric film. The experimental
conditions for both electrodes were optimized by a full factorial design 23; the current peak
(ip, nA) was evaluated as the response. The levels of the variables, the coefficient plots,
and their significance and model equations are reported in the Supplementary Materials.
Table 1 (Section 2.4) shows the optimized SWV experimental conditions for bare and
MIP-/NIP-modified electrodes.

Figure 5 shows the calibrations obtained for the electrodes modified with MIP and
NIP by plotting the cathodic current peak (ip, pA) vs. Irbersartan concentration (uM). As
expected from the experiments performed with the NIP-modified electrode, only a residual
current independent of the Irbesartan concentration was registered.

The straight line’s equations of the calibrations reported in Figure 5 are:

ip [nA] = 1.30(3) + 6.9(2)-[IRB, uM] R? = 0.994 for the MIP-modified electrode;

ip [MA] = 1.23(3) — 0.4(3)-[IRB, uM] R? = 0.168 for the NIP-modified electrode

(number in round brackets is the standard deviation of the last digit).
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Figure 5. (a) Calibration curves of the MIP-modified electrode (blue dots) and NIP-modified electrode
(orange dots). (b) SW voltammograms of the calibration curve for one MIP-modified electrode.

Experimental conditions: SWV in 0.1 M acetate buffer pH 5.5; Egtart: +1 V; Eeng: —1.5'V;
frequency: 1 Hz; amplitude: 0.05 V; equilibration time: 300 s. The error bars correspond to
the standard deviation of the measurements performed with three electrodes.
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The detection and quantification limits were calculated by the following Equations (4)

and (5):
33-
LoD == v/ )
slope
10 -
LoQ == ©)
slope

where s, is the standard deviation of y-residuals (i.e., the random errors in the y-direction);
this value can be assumed not significantly different from the standard deviation of replicate
measurements of blank solutions [44].

For the MIP-modified electrodes, the values expressed as the average of the results
obtained from three different calibration curves using three screen-printed cells were LOD
0.012(3) uM and LOQ 0.03(1) uM.

Some calibrations were also performed with the bare screen-printed electrode applying
the optimized operative conditions reported in Table 1. In this case, the linearity range was
slightly wider than that achieved with the MIP-modified electrode, but higher LOD and
LOQ were obtained.

Table 7 summarizes the analytical performances for both modified and non-modified
electrodes.

Table 7. Limits of Detection (LOD), Limits of Quantification (LOQ) and Limits of Linearity (LOL)
for bare and MIP-modified screen-printed electrodes. LOD and LOQ are reported as the average of
results obtained from three different calibration curves. The number in parenthesis is the standard

deviation.
Bare MIP
Sensitivity (LA /pM) 5.4(1) 6.9(2)
LOD (uM) 0.09(2) 0.012(3)
LOQ (uM) 0.26(5) 0.03(1)
LOL (uM) 0.26-4 0.03-0.3

The applicability of the MIP-based screen-printed electrode for environmental analyses
was tested by using it to detect Irbesartan in fortified tap water samples. Table 8 shows the
recovery% and error% obtained; they were calculated by Equations (6) and (7), respectively.

Coa
Recovery % = 100 - Zexperimental (6)

Cnominal

(Cnominal - Cexperimental)

Error % = 100 - )

Cnominal

Table 8. Recovery% and Error% using SPC-bare and SPC-MIP of tap water adjusted to pH 5.5 and
fortified with different concentrations of Irbesartan.

Crominal/M Cexperiemntal/M Recovery% Error%
MIP-modified electrode 3.6:10~7 3.37(6)-10~7 93.6 —6.4
Bare electrode 3.6:1077 1.2(1)-10~7 33.3 —66.7
MIP-modified electrode 1.4-1077 1.3(2)-10~7 92.8 -71
Bare electrode 141077 3.9(5)-10~7 278 178

Table 8 shows good recoveries and a maximum error of 7.1% for the MIP-modified
electrode, while the bare one is definitely not a selective sensor since the recoveries were
unsatisfactory. The bad results obtained with the bare electrode could be due to the
interference of electroactive substances present in the real samples; the presence of the
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specific MIP’s cavities reduces the chance of such interferents reaching the electrode surface,
making more accurate measurements possible.

In Table 9, the analytical performances of the MIP-based screen-printed electrode are
compared with those of other electrochemical methods for sartan detection reported in the
literature.

Table 9. Comparison of the analytical performances of electrochemical methods for Irbesartan
detection.

LOL LOD
Method Electrode uM uM Ref.
SW-AdCSV @ HDME 0.003-0.5 0.0009 [18]
SWvb HDME 0.2-3.0 0.15 [45]
DPVe© HDME 30-5700 0.53 [16]
DPV ¢ HDME 8-100 0.77 [17]
SWvb HDME 8-100 0.60 [17]
SWvb MIP-modified 0.03-0.3 0.012 This work

screen-printed electrode

2 SW-AdCSV = Square-Wave Adsorptive Cathodic Stripping Voltammetry. ® SWV = Square-Wave Voltammetry. ©
DPV = Differential-Pulse Voltammetry.

3.4. Interference Test

The selectivity of the MIP-modified electrode was tested in solutions containing
Losartan (see the molecular structure in Figure 6).

OH HN—N

)
N

Figure 6. Molecular structure of Losartan.

As can be observed from Figures 1 and 5, the molecular structures of Irbesartan and
Losartan are very similar; for this reason, the comparable behavior of the MIP-modified
electrode for both analytes can be expected. SWV performed the calibration measurements
in the same conditions described for the Irbesartan experiments. As an example, the
equation of the straight line obtained from a calibration curve with an MIP-modified
electrode in Losartan solutions is reported below:

ip(LA) = 1.4 Cpos(uM) + 0.2 R? = 0.970

The sensitivity of the sensor for 1.4 pA/uM of Lorsartan is five times lower than
that obtained for Irbesartan, but is still significant; therefore, effectively, the electrode also
allows the dosage of this molecule. The fact that the sensor responds non-specifically but
selectively to sartans of a similar structure may be advantageous for application in the
analysis of environmental samples contaminated by a mixture of these substances.
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4. Conclusions

This paper describes a screen-printed voltammetric sensor for the determination of
Irbesartan, obtained by modifying the graphite working electrode surface with a molecu-
larly imprinted polymer (MIP).

Before and after modification, the working electrode surface was characterized by EIS
and the active area was calculated. The results of both methods demonstrated the covering
of the surface with the MIP layer.

From the calibration measurements performed under optimized conditions, a LOD of
0.012(3) uM and a LOQ of 0.04(1) uM were obtained.

The applicability of the sensor for environmental analyses was tested by detecting
Irbesartan in fortified tap water samples obtaining good recoveries.

Selectivity tests were also undertaken using Losartan as an interferent. The sensor’s
sensitivity for this sartan was five times lower than that obtained for Irbesartan, but was
still significant. It can then be concluded that the MIP-modified electrode responds non-
specifically but selectively to sartans of similar structures. This experimental evidence was
predictable given the very similar structure of the two compounds but can be considered
advantageous for applying the sensor in the analyses of environmental samples containing
a mixture of these emerging contaminants.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemosensors10120517/s1, Figure S1: DoE to optimize SWV
experimental conditions for the bare electrode. The greatest values and little black stars (regardless of
the sign) suggest a significant influence of the respective parameter or interaction and significance
(*p <0.05, ** p < 0.01, ** p < 0.001).; Figure S2: DoE to optimize SWV experimental conditions
for the MIP-/NIP-modified electrode. The greatest values and little black stars (regardless of the
sign) suggest a significant influence of the respective parameter or interaction and significance
(*p <0.05,**p <0.01, *** p < 0.001); Figure S3: Nyquist plots of the MIP-modified electrode after
the template removal. Electrochemical probe: 5 mM K4Fe(CN)6/0.1 M KCI solution at pH 7.2;
Figure S4: Nyquist plots of the cleaned MIP-modified electrode after contact with IRB solution.
Electrochemical probe: 5 mM K4Fe(CN)6/0.1 M KCl solution at pH 7.2. Figure S5: Nyquist plots
of the NIP-modified electrode. Electrochemical probe: 5 mM K4Fe(CN)6/0.1 M KCl solution at
pH 7.2. Table S1: Optimization of the SWV experimental conditions for the bare electrode by a
Full Factorial Design 23: level definitions for the parameters considered; Table S2: Coefficients
and significance (* p < 0.05, ** p < 0.01, *** p < 0.001) calculated for the optimization of the SWV
experimental conditions for the bare electrode by a Full Factorial Design 23; Table S3: Optimization
of the SWV experimental conditions for the bare electrode by a Full Factorial Design 23: model
validation by six replicates of the center point [0 0 0], i.e., Fz=25Hz, A =75 mV and t = 210 s.
CI = confidence interval at 95% confidence level; Table S4: Optimization of the SWV experimental
conditions for the MIP-/NIP-modified electrode by a Full Factorial Design 23: level definitions for the
parameters considered; Table S5: Coefficients and significance (* p < 0.05, ** p < 0.01, *** p < 0.001)
calculated for the optimization of the SWV experimental conditions for the MIP-/NIP-modified
electrode by a Full Factorial Design 23; Table S6: Optimization of the SWV experimental conditions
for the MIP-/NIP-modified electrode by a Full Factorial Design 23: model validation by six replicates
of the center point [0 0 0], i.e., Fz=25Hz, A =75mV and t = 120 s. CI = confidence interval at 95%
confidence level.
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