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Abstract: This study describes the incorporation of bioengineered flagellin (4HIS) protein in conjunc-
tion with TiO, anatase nanoparticles into a chitosan (Chit) polymeric matrix as a highly sensitive
electrode modifier for the determination of diclofenac sodium (DS) in wastewater. Two types
of electrodes were prepared using a simple drop-casting method. The inner structure of the ob-
tained modified electrode was characterized by scanning electron microscopy (SEM) in combination
with energy-dispersive X-ray spectroscopy and isothermal titration calorimetry (ITC). The electro-
chemical and electroanalytical parameters of DS oxidation at the nanostructured interface of the
modified electrode were obtained via cyclic voltammetry and square-wave voltammetry. The an-
alytical parameters for diclofenac electro-detection showed a 50% decrease in LOD and LOQ at
Chit + TiO, + 4HIS/GCE-modified electrode compared with the Chit + 4HIS/GCE-modified elec-
trode. The obtained tools were successfully used for DS detection in drug tablets and wastewater
samples. Thus, it was demonstrated that in the presence of a histidine-containing flagellin variant, the
electrode has DS recognition capacity which increases in the presence of TiO, nanoparticles, and both
induce excellent performances of the prepared tools, either in synthetic solution or in real samples.

Keywords: biosensor; flagellin; TiO, nanoparticles; cyclic voltammetry; square-wave voltammetry;
electrochemical impedance spectroscopy; diclofenac sodium; wastewater

1. Introduction

Human and veterinary pharmaceutical residue, especially diclofenac sodium (DS),
often arrives in the aquatic ecosystem, leading to direct toxicological consequences on
humans, the long-term (chronic) exposure being reported to have effects worldwide [1].
In this context, diclofenac was included in the first Watch List of the Water Framework
Directive with a predicted no-effect concentration of 50 ng/L (i.e., 0.17 nM) [2,3].

Diclofenac sodium (DS, 2-(2-((2,6-dichlorophenyl)amino)phenyl)acetic acid) is a non-
steroidal anti-inflammatory drug (NSAID), having antipyretic and analgesic properties,
often used to reduce inflammation and certain types of pain.

Given the importance of DS in groundwater and the European Union legislation,
numerous techniques have been employed to determine DS, including chromatography
(i.e., gas chromatography-mass spectrometry [4,5], liquid chromatography [6-8], liquid
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chromatography-mass spectrometry [9], thin layer chromatography [10], spectrophotome-
try [11-15], colorimetry [16], spectrofluorimetry [17], and capillary zone electrophoresis
(CZE) [18].

These methods are time-consuming and/or expensive (e.g., specialized equipment,
highly skilled operators, and the use of high-purity reagents and standards) and often need
the sample pretreatment step. To overcome these drawbacks, electrochemical methods
based on chemically modified electrodes [18-22] are used extensively for their properties
such as selectivity, reproducibility, low cost, and simplicity [18-23]. DS determination
via electrochemical methods was reported in the literature, using either unmodified elec-
trodes (e.g., edge plane pyrolytic graphite electrode [24]), or modified electrodes, using as
modifiers metal or metal oxide nanomaterials [25,26], carbon nanomaterials (e.g., carbon
nanotubes [27], graphene [28]), conducting polymers [29], ionic liquids (ILs), inorganic
complexes (e.g., nickel hydroxide-modified nickel electrode [30]), etc.

In order to enhance the selectivity of the modified electrode, engineered biological
macromolecules immobilized on a modified electrode surface can be an efficient alternative
for drug determination. Proteins of large size and varied composition are particularly
suitable for developing highly specific sensing materials into biosensors due to their com-
plex structure and interaction pattern. Thus, for example, flagellin-based proteins able to
build long (up to 10 um), highly stable filaments from thousands of monomer units by
self-assembly can be modified to have a great specificity for binding a certain contami-
nant [31]. The redox process facilitated by the presence of a designed protein immobilized
at the electrode surface is often mediated by the presence of nanomaterials, resulting in
improved electroanalytical performance of the device. [32].

Nanotechnology and nanomaterials have received a lot of attention in electrode devel-
opment in recent years due to their positive impacts on analytical performances such as
increased sensitivity, selectivity, and repeatability, which are due to the low density, high
porosity, specific surface area, surface-to-volume ratio, reactivity, biocompatibility, and
adsorption capacity of used nanocomposites [33,34]. TiO, nanoparticles are catalytically ac-
tive electrode materials [35], having a porous structure that preserves the nano-architecture
of an interconnected nanoparticle porous network [36]. Also, as a result of its other unique
properties (i.e., good conductivity, high surface area, high porosity, strong adsorptive capa-
bility, chemical inertness, optical transparency, chemical/thermal stability, non-toxicity, and
good biocompatibility), it has a high potential for use as modifying agents for electrode
materials. [36,37].

Furthermore, when compared to solid graphite or noble metal electrodes, TiO,
nanoparticle-based electrodes have a reduced background current. Other advantages
include a larger potential window, improved stability, and increased repeatability. Con-
sequently, TiO, nanoparticles can be combined with other compounds (such as graphite,
carbon nanotubes, etc.), and the synergistic effect leads to a significant improvement in
electrode performance (due to an increase in both surface electroactive area and electron
transfer rate between the electrode and the target molecule) [35].

Based on these advantages, the aim of this paper was to combine bioengineered
flagellin (4HIS) protein with TiO, nanoparticles immobilized via an eco-friendly polymer
(chitosan) in order to create, for the first time, to our knowledge, a novel modified elec-
trode useful for a more specific determination of DS. The modified electrode prepared
via the drop-casting method was electrochemically characterized by cyclic voltammetry,
square-wave voltammetry, and electrochemical impedance spectroscopy. The developed
modified electrode demonstrated a good detection limit, linear range, and selectivity, being
successfully applied for the determination of DS in drug tablets and wastewater samples.

2. Materials and Methods
2.1. Materials and Reagents

The following reagent were used: acetic acid (0.1 molar, C;H4O,, “Reactivul” Bu-
curesti), chitosan (C1H4N»Og, from crab shells, Sigma-Aldrich, St. Louis, MO, USA),
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disodium phosphate (NayHPO4-12H,0, 99% pure, “Reactivul” Bucuresti), potassium
phosphate monobasic (KH,POy, 99.5% pure, Sigma Aldrich), phosphoric acid (H3POy,
0.1 M, Sigma-Aldrich), potassium hexacyanoferrate(III) (K3[Fe(CN)g], 99% pure, Fein-
biochemica, Bucuresti), potassium ferrocyanide (K4[Fe(CN)s-HyO, 99% pure, Chimopat,
Bucuresti), diclofenac sodium (DS, C14H19CI;NNaO;, 99% pure, Sigma-Aldrich), glu-
cose monohydrate (CgH1206-HyO, 99% pure, Merck, Darmstadt, Germany), citric acid
monohydrate (CcHgO7-HyO, 99% pure, Sigma Aldrich), fructose (CcH1206, 99% pure,
Sigma Aldrich), Ibuprofen (C13H;30,, Sun Pharma, Cluj-Napoca, Romania), paracetamol
(CsH9NOy, Sun Pharma, Cluj-Napoca), dopamine hydrochloride (CgH11NOy, 99%, Alfa
Aesar, Ward Hill, MA, USA), sodium hydroxide (NaOH, 85% pure, Merck), potassium
chloride (KCl, 99% pure, “Reactivul” Bucuresti), titanium oxide anatase (TiO,, anatase,
99.5%, particle size 10-30 nm, Sigma Aldrich), ethanol (98% pure, “Reactivul”, Bucuresti).
Diclofenac tablets (50 mg, from Rambaxy-Terapia, Cluj-Napoca, Romania) were purchased
from a local pharmacy.

A suspension of a 4HIS flagellin variant in polymeric form was prepared in the laboratory
of the Research Institute of Biomolecular and Chemical Engineering (Veszprem, Hungary)
according to [37], except that polymer formation was performed in 20 mM 4-(2-hydroxyethyl)-
1-piperazine ethanesulfonic acid (HEPES) (Sigma-Aldrich), 150 mM NaCl, and pH 7.0 buffer,
via the addition of ammonium sulfate in a final concentration of 0.6 M.

The phosphate buffer solution (PB, 0.025 M, pH 4.6) was prepared by dissolving the
appropriate amount of Na,HPO,4 x 12 HO and KH,POy in distilled water [38]. A 0.1 M
DS stock solution was prepared in buffer solution and stored at 4 °C in the refrigerator.

Diluted H3PO4 and NaOH solutions were used for adjusting the pH of the buffer solu-
tions. All chemicals having analytical purity were used as received, without any purification.

2.2. Characterization Technique

The morphological structure of the prepared biosensor was carried out using a scan-
ning electron microscope (VEGAS 3 SBU, Tescan, Brno—Kohoutovice, Czech Republic),
which was equipped with a primary and secondary electron detector, to observe the inner
part of the sample. Furthermore, the scanning electron microscopy (SEM) was equipped
with spectra of energy-dispersive X-ray spectroscopy (EDXS), and chemical maps for the
elements were acquired using a Dual EDX System (Bruker, Karlsruhe, Germany).

Isothermal titration calorimetry (ITC) experiments were carried out at 25 £+ 0.2 °C
by a MicroCal PEAQ-ITC calorimeter. Due to the low solubility of DS at pH 4.6, ITC
measurements were performed at pH 7.0. A 5 mg/mL solution of the 4HIS flagellin variant
in monomeric form was prepared in 100 mM HEPES and 150 mM NaCl (pH 7.0). The
diclofenac Na salt solution was prepared in final volumes of 10 mL (1.35 mM) and 5 mL
(6.475 mM) via direct volumetric adjustment with the same buffer to volume. In all cases,
the diclofenac solution was titrated into the protein at the end point of titration in molar
excesses of 2.2 (monomeric only) and 11-fold (monomeric and polymeric protein). The
ITC data were fitted to a one-binding-site model with the MicroCal PEAQ-ITC Analysis
Software package provided by MicroCal, using a non-linear least-squares algorithm.

2.3. Preparation of the Modified Electrode

The glassy carbon electrode (inner diameter of 3 mm, from ALS Co., Tokyo, Japan)
was polished on felt material with alumina slurry (0.3 um, Buehler, Crissier, Switzerland).
After that, it was placed in distilled water in ultrasound equipment for 10 min and then
was thoroughly rinsed with ethanol and distilled water.

The 0.1 % chitosan solution was prepared via sonication for 30 min, with 10 mg
chitosan in 10 mL of 0.1 M acetic acid. A suspension containing 1 puL 4HIS (corresponding
to 2 ug flagellin) and 1 mg TiO, anatase in 1 mL chitosan solution was sonicated for 3 h.

Electrode modification via the drop-casting method consists of depositing three times
a volume of 3 uL of the above-prepared suspension onto the clean GCE surface and drying
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it at room temperature via slow solvent evaporation for 2 h. Thus, the obtained electrodes
were symbolized as Chit/GCE, Chit + 4HIS/GCE, and Chit + TiO, + 4HIS/GCE.

2.4. Electrode Characterization

The electrochemical characterization of the prepared modified electrodes was per-
formed using a computer-controlled AutoLab potentiostat (PGSTAT302N and PGSTAT 12,
EcoChemie, Utrecht, The Netherlands) operated by GPES 4.7 software for cyclic voltam-
metry (CV) and square-wave voltammetry (SWV) measurements. A conventional three-
electrodes cell, equipped with a working GC-modified electrode, an Ag/AgCl, KClgy; refer-
ence electrode, and a platinum plate auxiliary electrode, was connected to the potentiostat.

2.5. Analysis of the Water Sample

To demonstrate the real application perspective of the performed modified electrode,
a real water sample was collected from the city’s wastewater treatment plant (Cluj Napoca,
Romania) and analyzed using the standard addition method. The wastewater sample
was used as it was obtained, without any pretreatment. Also, an HPLC-MS analysis
was performed on the wastewater samples (SOOS laboratory, Nagykanizsa, Hungary) to
compare the sensor’s results.

3. Results
3.1. Morpho Structural Characterization of GCE-Modified Electrodes

The morphological characterization of the films deposited on the GC surface was
performed using SEM and is presented in Figure 1A,B. The Chi + 4HIS coating displays a
slightly rough surface (Figure 1A) without noticeable cracks along the electrode surface.

SEM HV: 8.0 kV WD: 15.00 mm Ci SEM HWw: 8.0 kV W 00 mm VEGA3 TESCAN
RS R B R RS A s S = — View field: 111um | SEM 6l | 20 um Performance in nanospace|
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C 23.51 c 8.35
25+ o 54.67 : :"7':‘
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> 20— uLl 22 Ti 29.54
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Figure 1. SEM images of Chit + 4HIS (A) and Chit + TiO, + 4HIS (B) samples and the corresponding
EDX spectra indicating the film composition.
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The Chi + TiO; + 4HIS coating is much thicker, and a dense arrangement of submicron-
sized clumps appears to uniformly cover the entire electrode surface (Figure 1B). In contrast
to a uniform planar structure of the Chit, some agglomerations can be seen in the presence
of 4HIS and TiO; surfaces. From EDX spectra, the presence of Ti is confirmed in the samples
containing TiO,, proving its immobilization which occurs during the preparation of the
modifier film.

3.2. Electrochemical Behavior of GCE-Modified Electrodes for DS Detection

The electrochemical characteristics of the prepared modified electrode were evalu-
ated by cyclic voltammetry. At 50 mV-s~! (Figure 2), the DS oxidation peak is not visible
at the Chit/GCE-modified electrode, while the DS well-defined irreversible oxidation
peak is placed at 0.763 V vs. Ag/AgCl, KClgyt at the Chit + 4HIS/GCE-modified elec-
trode and is shifted in the presence of TiO, nanoparticles to a lower value of 0.698 V vs.
Ag/AgCl, KClgyt at Chit + TiO, + 4HIS/GCE-modified electrodes. DS oxidation is an irre-
versible process, as no cathodic peak is recorded. Similar values have been reported in the
literature [39—42]. Also, the oxidation peak current intensity increases from 4.11 x 107° A
at Chit + 4HIS/GCE to 7.01 x 107° A at Chit + TiO, + 4HIS/GCE, respectively. This means
that there is an increase in current intensities of 70% in the presence of TiO; in the modified
matrix of the electrode, demonstrating the electrocatalytic performance effect of the TiO,
anatase nanoparticles.

15
1
o
14
104 %
= 2
-3
<. . ‘ ‘ ‘
3 5 1.0 0.5 0.0 0.5 1.0
: E/V vs. AglAgCIIKCIsat
04
f—— Chit+TiO,+4HIS/GCE
p=— = Chit+4HIS/GCE
5 e Chit/GCE
T T T T
-1.0 -0.5 0.0 0.5 1.0

" E/V vs. AgiAgCI /KClsat

Figure 2. Cyclic voltammograms in the absence (black dash line) and in the presence of 1073 M
diclofenac in 0.025 M PB (pH 4.6) at different modified electrodes (see inset, colored solid line).
Experimental conditions: scan rate, 50 mV-sL; starting potential, —1 V vs. Ag/AgCl, KClgat.

Based on the above, the detection of DS is clearly associated with the presence of 4HIS
flagellin among the electrode surface components. To understand this more thoroughly,
isothermal titration calorimetry was used. ITC measurements of the polymer and monomer
4HIS at pH 7 (due to solubility problems of DS at a lower pH) showed no interaction with
DS even at 10-fold molar excess. This is in agreement with our previous observation that
the 4HIS flagellin variant specifically binds Ni(II) at a neutral pH [43]. In addition, it was
observed that the wild-type flagellin-containing electrode (Chit + wild-type Fill/GCE) did
not exhibit an oxidation peak, indicating that the non-modified filaments were unable to
detect diclofenac sodium. The 4HIS flagellin was constructed from the wild-type with the
modification of L209H-V235H-K241H-5264H, suggesting that the role of the protein in DS
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detection can be reduced to its histidine side chains. ITC titrations suggest that when the
protein is properly folded, the buried binding pocket formed by the four histidine side
chains is not accessible to DS. However, the electrode was prepared in 0.1 M acetic acid
solution (pH~2.9) by stirring for 3 h, which is likely to lead to the decomposition of the
starting polymer and unfolding of the monomers. With the unfolding of the 4HIS, the
binding pocket is eliminated, and the histidine side chains can be positioned on the protein
surface, accessible to DS. As well, the behavior of the Chit + TiO, + 4HIS/GCE electrode
could be explained by the synergetic effect of the biochemical arrangement of 4HIS in
recognizing DS in the solution and of the spatial distribution of the TiO, nanoparticles in
the modified electrode matrix, which increases the electrochemically active surface area of
the electrode matrix.

In order to estimate the electrochemical active area, CVs were performed in a scan rate
range of 0.010-1 V s~ 1 in a solution of 0.1 M KClI containing 0.5 mM of K3[Fe(CN)s]/Ky[Fe(CN)s.
For both studied modified electrodes, an increase in the anodic peak current intensities
(Ip,a) and the scan rate (v) was observed (Figure 3A,B).
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Figure 3. Cyclic voltammograms at Chit + 4HIS/GCE (A) and Chit + TiO, + 4HIS/GCE (B)-modified
electrodes in 0.1 M KCl containing 0.5 mM K3[Fe(CN)4]/K4[Fe(CN)g solution and the corresponding
Iversus v'/2 dependencies (C). Experimental conditions: scan rates, see inset; starting potential, —1V
vs. Ag/AgCl, KClgyt.

The electrode process, involving the redox couple [Fe(CN)s >~ /[Fe(CN)s]*~, is a quasi-
reversible one-electron transfer process which obeys the Randles-Sev¢ik Equation (1) [44]:

Ipa = (269 x 10°) n*/2.A-Cy-D'/2v1/2 1)

where I, 5 is the anodic peak current (in A), n is the number of electrons transferred (in
our case, one electron for the [Fe(CN)g]3~ /[Fe(CN)s]*~ redox couple), A is the active
surface area of the electrode (in cm?), Cj is the concentration of the solution (in mol/cm3;
in our case, 0.5 x 107 mol/cm?3), D is the diffusion coefficient (cm?-s~1; in our case,
7.60 x 107% cm2-s~1 [45]), and v is the scan rate (in V/s).

The obtained linear dependences between I versus v1/2 are as follows (Figure 3C):

I/A =(—121 x 107> 4+ 3.81 x 107°) + (1.01 x 10~% & 7.24 x 10~6)v/2/(V/s)1/2,
R/no. points = 0.9875/7, for Chit + 4HIS/GCE;

I/A=(2.08 x 107> £9.08 x 107°) + (2.02 x 10* £+ 2.3 x 10~ %)v/2/(V/s)}/2, R /no.
points = 0.9750/6, for Chit + TiO, + 4HIS/GCE.

Using the slope value of I versus vi/2 dependencies and Equation (1), for the active
surface area, the values obtained were 0.136 cm? for Chit + 4HIS/GCE and 0.272 cm? for
Chit + TiO, + 4HIS/GCE-modified electrodes, respectively. Compared with the geometric
area of the electrode of 0.07065 cm?, the active surface area of the modified electrodes is
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greater. Also, it must be pointed out that the presence of TiO, increases the active surface
area of the electrode twice, as expected.

3.2.1. Influence of Scan Rate on DS Oxidation

Figure 4A shows the influence of the scan rate on DS oxidation at the Chit + 4HIS +
TiO, /GCE-modified electrode. As expected, the peak potential shifted to a more positive
value of potential with the increase in the scan rate. The following linear log I versus log v
dependencies were obtained:

(A) R Smomamaices 10
201 — g’ 0.85 (B)
>
g. ?; 0.80
i — %, 0.75
10 0.70
— " — = 060
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-0.5 0.0 0.5 1.0 1.0 0.5 0.0 0.5 1.0
E / V vs. Ag/AgCI/KClsat E/V vs. Ag/AgCI/KClgat

Figure 4. Influence of the scan rate on the cyclic voltammograms of 107> M DS at
Chit + 4HIS + TiO, /GCE-modified electrode. Inset: log I vs. log v dependencies for different mod-
ified electrodes (see inset) (A). Influence of pH on the peak potential of 1073 M DS oxidation (B).
Experimental conditions: electrolyte, 0.025 M PB (pH 4.6); starting potential, —1 V vs. Ag/AgCl, KClgat.

log I/A = (—6.53-4 0.218) + (0.618 4 0.095) log v/(V/s), R/no. points = 0.9550/6, for
Chit + 4HIS/GCE;

logI/A = (—5.76 £ 0.103) + (0.447 + 0.046) log v/(V/s), R/no. points = 0.9799/6, for
Chit + TiO, + 4HIS/GCE.

The slopes of log I vs. log v dependencies (Figure 4A inset) with values close to 0.5 are
characteristic of redox processes controlled by diffusion, while values close to 1 indicate
processes controlled by adsorption [44]. From the data in the previous equations, it can be
concluded that the redox process at the electrode occurred under diffusion control in both
cases of modified electrodes.

3.2.2. Influence of the pH on DS Oxidation

It is worth mentioning that the pH of the electrolyte could have an important impact
on the catalytic properties of the modifier and thus on its behavior, the reaction mechanism
at the electrode, and the analytical parameters of the modified electrode. In this context, the
effect of the pH of the supporting electrolyte in the range of 3.0-8.0 on the electrooxidation of
1073 M DS at different modified GCEs was studied using cyclic voltammetry at a scan rate
of 50mV s~! (Figure 4B). It can be observed that the anodic peak potential values gradually
shift to more negative potential values as the pH increases. This behavior suggests that
protons are involved in the oxidation reaction at the electrode interface [45,46].

The linear dependencies of the anodic peak potential on pH have the following slopes:
—0.033 £ 0.003 (R/n = 0.9935/5) at Chit + 4HIS/GCE and —0.040 £ 0.001 (R/n = 0.9993/5)
at Chit + TiO, + 4HIS/GCE, respectively. Those values show a slight sub-Nernstian
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behavior compared to the theoretical Nernstian slope of 0.059 V/pH. This action is probably
due to the bioengineered flagellin (4HIS) protein component of the electrode matrix, whose
behavior is influenced by the variation in pH.

3.3. Analytical Characterization

For the analytical detection of diclofenac, the square-wave voltammetry (SWV) method
was used due to its high sensitivity, enhanced peak resolution, and ability to discriminate
the capacitive current [47] or to have low background current [48]. Figure 5A presents,
as an example, the voltammograms recorded at the Chit + TiO; + 4HIS/GCE-modified
electrode, and the calibration curves for all modified electrodes are presented in Figure 5B.

0.8
(B) e
o 8
0.6
§. A A
~ a b
- 0.4
a
021a A Chit+4HIS/GCE
a O Chit+TiO,+4HIS/GCE
. 0.0 . . . ; ; ;
0.6 0.8 1.0 00 05 1.0 15 20 25 3.0
E /V vs. Ag/AgCl, KClgat [DS]/ uM

Figure 5. SWVs recorded at Chit + TiO, + 4HIS/GCE (A) and the corresponding calibration curves
for different modified electrodes (see inset) (B). Experimental conditions: electrolyte, 0.025 M PB
(pH 4.6); stock solution, 1074 M DS; frequency, 10 Hz; step potential, 0.01 V; amplitude, 0.01 V;
starting potential, 0.6 V vs. Ag/AgCl, KClgat.

Linear dependencies between the anodic peak current intensities and DS concentra-
tions were obtained in the concentration ranges from 0.25 x 107® to 2 x 10~® M DS and
0.11 x 107 to 2 x 10~° M DS at Chit + 4HIS/GCE and Chit + TiO, + 4HIS/GCE-modified
electrodes, respectively, as described by the following regression equations:

Ipa/A=(113-x 1077 £ 3.87-x 10~7) + (0.153 & 0.004) [DS]/M, R = 0.9976 n = 8 points,
at Chit + 4HIS/GCE;

Ipa/A = (129 x 1077 £ 2.42:x 1077) + (0.250 £ 0.003) [DS]/M, R = 0.9997, n = 8
points, at the Chit + TiO, + 4HIS/GCE-modified electrode, respectively.

When compared to the Chit+4HIS/GCE-modified electrode, the sensitivity of the
Chit + TiO, + 4HIS/GCE-modified electrode is about twice as high. The limits of detection
(LOD) and the limit of quantification (LOQ) were calculated as 3 x s,/m, and 10 x s, /m,
where sy, is the standard deviation blank analyte signal and m is the slope of the calibration
equation [49]). The obtained values of LOD were 0.066 tM and 0.033 uM DS, and 0.252 uM
and 0.111 pM DS for LOQ, at Chit + 4HIS/GCE and Chit + TiO, + 4HIS/GCE-modified
electrodes, respectively. As seen, a 50% lower LOD and LOQ were obtained for the
Chit + TiO, + 4HIS/GCE-modified electrode in comparison with the Chit + 4HIS/GCE-
modified electrode, proving the beneficial effect of the presence of TiO; in the modi-
fier matrix of the electrode. The obtained LOD values are comparable [29] or even
better [20,25,26,39,40,50] than those obtained for quasi-similar sensors reported in the
literature (Table 1).
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Table 1. Comparison of the electroanalytical performances of the different modified electrodes for
the determination of DS.

Electrode LOD (uM) Linear Range (uM) Real Sample References
GO-COOH/GCE 0.09 1.2-400 / [20]
Au-Pt NPs/f-MWCNTs/Au 0.30 0.5-1000 / [25]
CeO,NPs/SPCE 0.40 0.1-26 Tablets [26]
nanoTiO, /PEDOT/GCE 0.03 4-15 / [29]
Amino-labeled 0.27 5-1000 Blood serum [39]
aptamer/Fe30,/AuNP/CNT/GCE 20 1075-1.3-x 103 Tap and surface water [40]
NiNPs/erGO/GCE 0.09 0.25-125 / [50]

Chit + 4HIS/GCE 0.066 0.25-2 Wastewater This work

Chit + TiO, + 4HIS/GCE 0.033 0.11-2 Wastewater This work

SPCE = graphite-based screen-printed carbon electrodes; AuNPs = gold nanoparticles (AuNPs); CNT = carbon
nanotubes; GO-COOH/GCE = carboxyl-functionalized graphene oxide; Au-Pt NPs/f-MWCNTs/Au = Au-Pt
nanoparticles (Au-Pt NPs) and functionalized multiwalled carbon nanotubes (f-MWCNTs); PEDOT = poly
(3/4-ethylenedioxythiophene; erGO = electrochemically reduced graphene oxide.

The repeatability and reproducibility of the modified electrodes were investigated by
recording the square-wave voltammograms for 3 uM DS in 0.025 M PB solution (pH 4.6).
The repeatability was examined using the same electrode for six consecutive measurements,
obtaining a relative standard deviation (RSD) of the peak current intensities of 2.75%
(Chit + TiO, + 4HIS/GCE) and 4.30% (Chit + 4HIS/GCE), respectively, showing very good
repeatability of responses at each modified electrode.

The reproducibility was examined by comparing the responses of six different modi-
fied electrodes prepared following the same experimental procedure. The relative standard
deviations of the obtained current peak intensities were 2.78% at Chit + TiO, + 4HIS/GCE
and 3.5% at Chit + 4HIS/GCE-modified electrodes, respectively.

The short-time stability of the studied modified electrodes was estimated by perform-
ing cyclic voltammograms during 25 cycles in 10—3 M DS, with a scan rate of 50 mV s~ 1.
The intensity of the peak was similar during the first 25 cycles, with a slight decrease in the
anodic peak intensity of about 5% for all prepared electrodes.

The obtained results show that the developed nanocomposite-based modified electrodes
had good repeatability, reproducibility, and stability toward the determination of DS.

3.4. Interferences Study

The ability of the prepared modified electrode to be selective for DS determination was
evaluated by adding different concentrations of potential interfering compounds that might
be present in real biological samples together with the analyte. Thus, 107> M glucose, citric
acid, fructose, ibuprofen, paracetamol, or dopamine were added to a 10> M DS prepared
in 0.025 M PB (pH 4.6), and the peak current intensities in the presence and absence of
interference compounds were compared. The signal change, expressed in percent, was
calculated as the ratio (Iint+ps — Ips)/Ips, where Ipg is the peak current intensity for DS
and Iint,ps is the peak current intensity for DS in the presence of the interfering compound.

As seen in Figure 6, for all prepared modified electrodes, the signal change of less than
5% is probably due to the selectivity caused by the histidine side chains of the unfolded
flagellin contained in all electrode matrices. However, the greatest values for the signal
changes were recorded in the case of citric acid and glucose for all prepared electrodes,
especially at the Chit + TiO, + 4HIS/GCE-modified electrode. This behavior is most likely
caused by the presence of TiO, anatase nanoparticles in the sensitive electrode matrix,
which offers a high active surface area.
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Figure 6. Interference studies at Chit + 4HIS/GCE (green) and Chit + TiO, + 4HIS/GCE (blue)-
modified electrodes in the presence of 107> M DS in 0.025 M PB (pH 4.6) and 1073 M of
different contaminants.

These results suggest a good selectivity of the prepared electrodes, proving that the
modified electrodes are a suitable technique for DS detection.

3.5. Determination of DS in the Pharmaceutical Sample and in the Wastewater Sample

The applicability of the developed modified electrodes was investigated for the de-
termination of DS from pharmaceutical tablets containing 50 mg DS into an inert matrix
of lactose monohydrate, povidone, corn starch, colloidal anhydrous silicon dioxide, mag-
nesium stearate, and talc. In order to overcome the possible matrix effects, the standard
addition method was performed. For this purpose, the tablet was crushed in an agate
mortar, and a weighted quantity of powder was diluted in 100 mL 0.025 M PB (pH 4.6) to
obtain a 1.57 uM DS final concentration and was sonicated for 10 min. A total of 10 uL of the
drug solution was added to 10 mL of 0.025 M PB (pH 4.6), then additions of 10 and 25 pL
of standard 10~* M DS were performed and SWVs were recorded after each addition.

Figure 7A and Table 2 summarize the obtained results. It can be observed that the
recovery was between 96-98.7% for all prepared modified electrodes, with the best results
for the Chit + TiO, + 4HIS/GCE-modified electrode, proving that the presence of TiO;
nanoparticles induces an enhanced behavior of the modifier matrix of the electrode. The
obtained values are in good agreement with those indicated by the pharmaceutical producer.
Due to this behavior, both Chit + 4HIS/GCE and Chit + TiO, + 4HIS/GCE-modified
electrodes are sufficiently accurate and precise to be used for the determination of DS in
biological samples.

Table 2. Comparative determination of DS in pharmaceutical products. Experimental conditions: see
Figure 7A. Mean =+ standard deviation of 3 measurements with different electrodes.

[DS]/uM Recovery
Type of Electrode Added [DS]/uM Found %) R/n
Chit + 4HIS/GCE 157 1.55 £ 0.63 98.72 £ 0.58 0.9964/6
Chit + TiO; + 4HIS/GCE 1.57 1514+ 0.77 96.18 £ 0.4 0.9991/6
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Figure 7. Standard addition plot obtained with a Chit + 4HIS/GCE (red) and Chit + TiO, + 4HIS/GCE
(blue)-modified electrode, and the corresponding SWVs recorded at Chit + TiO, + 4HIS/GCE-
modified electrode (inset) for DS determination in pharmaceutical product (A) and in wastewater
(B) samples. Experimental conditions: frequency, 10 Hz; step potential, 0.01 V; amplitude, 0.01 V;
starting potential, —0.4 V vs. Ag/AgCl, KClgyt.

Another potential applicability of the prepared modified electrodes is the determina-
tion of DS concentration in wastewater samples, using the same standard addition method.
No pretreatment of the wastewater samples was required. As previously described, the in-
tensity of the peak increased linearly after each addition of aliquots of standard DS solution.
The unknown concentration of DS was estimated by extrapolating the calibration curves
(intersection with 0Y = 0 axis) from Figure 7B, and the obtained data are summarized in
Table 3.

Table 3. Comparative determination of DS in wastewater sample. Experimental conditions: see
Figure 7B. Mean =+ standard deviation of 3 measurements with different electrodes.

Type of Electrode

SWV/ HPLC/ Relative Error/ RSD/
uM uM % %

Chit + 4HIS/GCE

0.24 £ 0.026 20.83 3.53

Chit + TiO, + 4HIS/GCE

0.19 £ 0.0018
0.20 £ 0.09 5 0.70

4. Conclusions

A newly modified electrode based on a matrix containing a novel bioengineered
histidine-containing flagellin (4HIS) and TiO, nanoparticles immobilized with chitosan
(Chit) polymer on the surface of GCE was prepared (Chit + TiO, + 4HIS/GCE) and charac-
terized by electrochemical investigation techniques. TiO, nanoparticles in the polymeric
matrix led to obtaining an active surface area that is double that of Chit + 4HIS/GCE. For
diclofenac sodium detection, the Chit + TiO, + 4HIS/GCE-modified electrode had a LOD
of less than 50% than the Chit + 4HIS/GCE-modified electrode, proving the beneficial
effect of the presence of the TiO, anatase structure in the modifier matrix. The device was
used for the determination of DF either from pharmaceutical or wastewater real samples,
with good recoveries and results when compared with the standard methods of analysis.
Compared to wild-type (histidine-free) flagellin-containing matrices, it can be concluded
that the interaction of DS with the aromatic side chains of histidine plays an important role
in the specific detection of DS.

11
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Thus, based on the advantages of using TiO; in the electrode matrix, our work com-
bines for the first time, to our knowledge, TiO, with bioengineered flagellin (4HIS) protein
and improves the GCE-modified electrode performances (detection limit, linear range,
selectivity, stability, etc.) for DS detection. Moreover, the obtained results, which are suffi-
ciently accurate and precise, proved that the obtained modified electrodes can be used for
the determination of DS in real samples.
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Abstract: A disposable stochastic platform based on calix [6]arene modified multi-walled carbon
nanotubes-gold nanoparticles screen-printed electrode has been developed for the simultaneous
determination of calcipotriol and betamethasone. For both analytes, very wide linear concentra-
tion ranges and extremely low limits of quantification (LOQ) were obtained: from 1.0 x 1015 to
1.0 x 1073 mol L~! and with a 1.0 x 1071 mol L1 LOQ for calcipotriol, and from 1.0 x 10716 to
1.0 x 1072 mol L1 with a 1.0 x 1071° mol L~ LOQ for betamethasone. The applicability of the
sensing platform was successfully tested in commercially available topical pharmaceutical gel and
surface water samples, obtaining recovery values ranging from 99.10 to 99.99% and relative standard
deviation values under 0.05%. The obtained results render the proposed platform a viable, robust,
selective, and sensitive tool that can be employed for the determination of the analytes in on-site
routine quality control of pharmaceuticals and water quality monitoring.

Keywords: stochastic platform; disposable sensor; simultaneous determination; calcipotriol;
betamethasone

1. Introduction

Calcipotriol and betamethasone (Figure 1) are two active pharmaceutical ingredients
used in combination in various formulations for the topical treatment of mild to mod-
erate plaque psoriasis (psoriasis vulgaris). Psoriasis vulgaris is a chronic inflammatory
immune-mediated cutaneous condition characterized by scaly, red, and itchy lesions on
the limbs and trunk that are delimited from uninvolved skin by a distinct line of demar-
cation [1]. The lesions are caused by overactive T-helper lymphocytes which trigger an
overgrowth of undifferentiated keratinocytes. The severity of psoriasis vulgaris can be
intensified by various factors such as cutaneous injuries, sunburn, stress, and certain medi-
cations such as beta-blockers, ACE inhibitors, and lithium. The calcipotriol /betamethasone
combination has proven effective due to the different mechanisms of action of the com-
ponents. Betamethasone is a fluorinated corticosteroid that inhibits inflammation and
epidermal hyperproliferation by acting on the glucocorticoid receptors while calcipotriol
(or calcipotriene) is a vitamin D analog that has the effect of regulating cell proliferation
and differentiation by acting via a vitamin D3 receptor [2]. The combination of the two has
proven to be more effective than calcipotriol and betamethasone in monotherapy [3]. Fur-
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thermore, based on pharmacoeconomic evaluations, this combination is more financially
beneficial than other topical treatments [4].

OH
(o)
CH,
HO OH
CH CH,

o
(a) (b)

Figure 1. Chemical structure of: (a) calcipotriol; (b) betamethasone.

The potential negative impacts of both calcipotriol and betamethasone necessitate
careful management of their usage to prevent significant damage to human bodily func-
tions. Prolonged utilization of topical corticosteroids has raised some concerns, as their
administration may result in cutaneous side effects such as cutaneous atrophy, the for-
mation of striae, and tachyphylaxis. Extended usage of large quantities may even result
in hypothalamic-pituitary-adrenal axis suppression, although it occurs in very rare cases.
Adverse reactions such as irritant contact dermatitis have also been reported with topical
administration of vitamin D analogs more frequently than with corticosteroids [3].

Like other corticosteroids, betamethasone risks eliciting adverse reactions on the
physiological functions and behavior of aquatic organisms once released into aquatic
ecosystems. Corticosteroids have been observed to disrupt osmoregulation, metabolism, the
immune system, and proper functioning of the musculoskeletal and cardiovascular systems,
as well as reproductive functions [5]. For this reason, monitoring the betamethasone levels
in water samples to identify sources of pollution and develop effective mitigation strategies
could reduce the deleterious effects caused by their presence.

Whether calcipotriol or other vitamin D analogs pose environmental risks has not
been identified.

The compendial method provided in the European Pharmacopoeia for the deter-
mination of calcipotriol is liquid chromatography whereas for the determination of be-
tamethasone it is UV-Vis spectroscopy [6]. Numerous other methods have been reported
for the quantification of calcipotriol and betamethasone up until the present times. These
include HPLC with UV detection, TLC-densitometry, UPLC with UV detection, and UV
spectrophotometry with two chemometrics methods: fuzzy interference system (FIS) and
continuous wavelet transform (CWT) [7-10]. These methods have several drawbacks, such
as pricey equipment that needs to be handled by qualified personnel, consumption of large
quantities of expensive reagents, and complex and lengthy sample processing, even though
they are reproducible, accurate, and sensitive. Electrochemical techniques possess desirable
attributes such as sensitivity, selectivity, ease of use, affordability, and basic sample process-
ing rendering them a viable substitute for the simultaneous determination of calcipotriol
and betamethasone.

The cornerstone of a new generation of electrochemical sensors, called stochastic
sensors, was laid out by Bayley and Cremer in 2001 when they presented membrane-
bound channels or pores capable of distinguishing multiple molecules of interest. First,
natural nanopores were used, for example, staphylococcal x-hemolysin [11]. Afterwards,
the utilization of artificial nanopores embedded within solid membranes demonstrated
significant versatility in the assay of individual molecules, as their integration in the
design of stochastic sensors presents a compelling viewpoint regarding the identification
and determination of molecular interactions. The interactions between the nanopores
and individual molecules represent a random and reversible process that modulates the
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electrical current passing through the nanopore. The current is measured as a function of
time and is generated by applying a constant electrical potential. As the analyte molecule
present in the solution flows through the nanopore, it generates a current blockade for a
specific duration. Artificial nanopores represent advantageous tools as they are capable
of interacting with multiple molecules but at distinct time intervals, hence they can be
employed for the simultaneous analysis of multiple molecules. When analyzing a mixture
of analytes, the signals of each analyte are distinguished based on the amount of time
it takes to block the nanopore and the amount of time it takes to bind to the nanopore
wall [12].

The utilization of the stochastic approach in electrochemistry enables qualitative and
quantitative analysis. To date, numerous stochastic sensors have been developed for
screening specific diseases, determining some pharmaceutically active compounds, evalu-
ating water quality and food control, and successfully applying to many types of sample
matrices [13-16]. Moreover, the stochastic method also allows for enantio-analysis [17].

Commercially available screen-printed electrodes (SPEs) are versatile tools with nu-
merous applications in electrochemical analysis. This is mainly due to the variety of benefits
they offer, such as cost-effectiveness, reproducibility, facile and convenient manufacturing
and utilization processes, versatile design and customization options for diverse appli-
cations, compatibility with portable devices, and the ability to detect a wide range of
compounds [18].

Carbon nanotubes exhibit exceptional mechanical, chemical, and thermal character-
istics due to their nanostructure and aspect ratio. These include remarkable electrical
conductivity, Young’s modulus, tensile strength, flexibility, favorable chemical inertness,
and elevated electrical conductivity. Their unique physical and catalytic features render
them highly suitable for electrochemical sensors. There are two categories of carbon nan-
otubes, namely single-walled carbon nanotubes (SWCNTs) which exhibit sp2 hybridized
carbon atoms displayed in a hexagonal honeycomb structure subsequently rolled into a
tubular shape, and multi-walled carbon nanotubes (MWCNTs) which consist of multiple
concentric tubes that encircle one another [19].

Gold nanoparticles (AuNPs) possess several advantageous properties in terms of
surface area, conductivity, electro-catalytic characteristics, and stability. Consequently, they
enhance the sensitivity and improve the limit of detection of the sensor by increasing the
active area of the electrode [20-22].

Calixarenes are flexible macrocyclic compounds presenting hollow cavity-like struc-
tures with a conical shape. Calix [6]arene consists of six phenolic units linked by methylene
groups. The selection of calix [6]arene as a constituent material for the design of the sensor
was based on its 5.0 A diameter cavity being suitable for stochastic detection [23].

The utilization of techniques that enable the simultaneous determination of multiple
analytes offers the benefit of saving analysis time and diminishing the associated costs.
Unlike classical methods, electrochemical methods used for simultaneous determination
avoid the step of separating the analytes, thus simplifying the whole process.

This present study proposes a disposable stochastic platform based on a calix [6]arene
modified multi-walled carbon nanotubes-gold nanoparticles screen printed electrode for the
simultaneous determination of calcipotriol and betamethasone in topical pharmaceutical gel
and surface water samples. To our knowledge, there have not yet been any electrochemical
methods described for the simultaneous determination of calcipotriol and betamethasone.
Only a limited number of electrochemical sensors have been proposed for the individual
determination of betamethasone, while for calcipotriol there were no reports identified
in the literature [24-26]. On site analysis is of high request in pharmaceutical industry
(where the quality of the samples must be analyzed in order to produce high quality
pharmaceutical formulations), as well as in water analysis, because the quality of water is a
very important issue for the health of population. Developing such robust platforms for on
site analysis, connected by wireless to mobile instrumentation (e.g., laptop/tablet/smart
phone) and further to databases and agencies for the quality of environment facilitate the
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real-time monitoring of calcipotriol and betamethasone concentrations in different samples.
Therefore, the novelty of this paper is given by the simultaneous assay of calcipotriol and
betamethasone in pharmaceutical and water samples using newly designed screen-printed
electrodes integrated into a platform able to connect to a mobile device which is performing
data acquisition, data processing, and data transmission to a central point that requires
monitorization of, e.g., the water quality. Compared with the standard HPLC methods
recommended by national and international pharmacopoeias, who largely recommend the
determination of one of the active compounds (either calcipotriol, either betamethasone),
methods which are not cost-effective, given the costs of gas, column, and sample-processing
for each of the active compounds, the proposed platform is cost effective as it can be used
for more than 100 measurements, no sample preparation is needed, and the cost of the
platform is far lower than the cost of one-run chromatographic method used singly for
either calcipotriol or betamethasone determination.

2. Materials and Methods
2.1. Materials and Reagents

Calcipotriol, betamethasone, calix [6]arene, monosodium phosphate, disodium phos-
phate, ethanol, and dimethyl sulfoxide were procured from Sigma Aldrich (Milwaukee,
Brookfield, WI, USA). The multi-walled carbon nanotubes-gold nanoparticles modified
screen-printed carbon electrodes (ref. DRP-110CNT-GNP) were procured from Metrohm.
The electrode has the following measurements: 33.0 mm length, 10.0 mm width, and 0.5 mm
height, with the diameter of the working electrode being 4.0 mm. The reference electrode is
silver based and the auxiliary electrode is carbon based. The electrode is constructed on a
ceramic substrate.

Phosphate buffer solution (PBS, 0.1 mol L~!) was obtained by mixing aqueous
monosodium phosphate and disodium phosphate. Then, the pH was adjusted to the
desired 5.0 pH using a 0.1 mol L~ HCI solution.

Calcipotriol and betamethasone were dissolved in dimethyl sulfoxide to prepare the
stock solutions (1.0 x 1073 mol L~ calcipotriol and 1.0 x 10~2 mol L~! betamethasone).
The solutions used for platform calibration were prepared using the successive dilution
method by buffering with PBS pH 5.0.

2.2. Apparatus and Methods

All the stochastic measurements were conducted on an EmStat Pico mini potentiostat
linked to a smartphone running the version 2.7 PStouch mobile application (PalmSens BV,
Houten, The Netherlands). The pH adjustments were done employing a Mettler Toledo
pH meter. Deionized water was acquired using a Direct-Q 3 Water Purification System
(Molsheim, France) to prepare the solutions.

The experiments were carried out at ambient temperature.

2.3. Design of the C6A/MWCNT-GNP SCPE Disposable Platform

The disposable sensing platform was constructed by chemical immobilization of calix
[6]arene (C6A) on multi-walled carbon nanotubes-gold nanoparticles (MWCNT-AuNPs)
substrate by drop casting technique. Firstly, 3.18 mg of C6A was mixed with ethanol to
create a dispersion. Then, 1.0 uL of C6A dispersion was drop-casted on the surface of
MWCNT-AuNPs SPE, obtaining the disposable stochastic platform denoted C6A/MWCNT-
AuNPs SPE. The platform (Scheme 1) was rapidly prepared for use within a matter of
seconds due to the utilization of ethanol as a dispersion medium, which exhibits a rapid
evaporation rate at room temperature.

The modified platforms were stored in a dry place, at room temperature, and away
from direct sunlight.
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Scheme 1. Design of the platform used for the assay of calcipotriol and betamethasone.

2.4. Stochastic Mode

The measurements were carried out in stochastic mode using the chronoamperometry
technique. The current was recorded at a constant potential of 200.0 mV vs. Ag/AgCl. This
potential value was optimized by screening from 10 to 10 mV starting with a potential of
10 mV, so that the value of tyg could be read reliably using both automatic and manual
reading of the diagrams (values lower than 1 ms are not reliably read manually, and values
higher than 10 s will enlarge the analysis time while quantitative parameters (sensitivity
LOQ_ remain the same. Two parameters, to, and tog, are identified in the obtained diagrams.
The ton parameter is used for quantitative analysis, as it describes the frequency of analyte-
channel interactions, while the to¢ parameter represents the signature of the analyte and
is used for qualitative analysis, providing information about the duration and amplitude
of these interactions. For the calibration of the proposed disposable platform, standard
solutions with varying concentrations of calcipotriol and betamethasone, respectively,
were utilized. The following calibration equations were established based on the linear
regression approach:

1/ton=a+b x Ccalcipotriol 1)

1/ton=a+b x Cbetamethasone )

where a—intercept, and b—slope/sensitivity.
Based on these equations, the unknown concentrations of calcipotriol and betametha-
sone contained in the samples were calculated.

2.5. Samples

The proposed disposable platform was applied for the simultaneous determination of
calcipotriol and betamethasone from real samples, namely pharmaceutical gel and surface
water samples.

The pharmaceutical gel was acquired from a local drugstore. It contained 50.0 ug
per gram of calcipotriol and 0.5 mg per gram of betamethasone as active pharmaceutical
ingredients. The other components of the gel are liquid paraffine, polyoxypropylene stearyl
ether, hydrogenated castor oil, butylhydroxytoluene (E321), and racemic «-tocopherol. The
pharmaceutical sample was not subjected to any preliminary processing.

The samples of surface water were collected from a nearby river and stored in the
refrigerator before the analysis. The samples were buffered in a 1:1 (v/v) ratio with
pH 5.0 PBS. The absence of calcipotriol and betamethasone signatures in the water samples
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indicated the non-existence of these particular molecules in the samples. Subsequently, the
water samples were spiked with various concentrations of calcipotriol and betamethasone.

3. Results
3.1. Response Characteristics of the C6A/MWCNT-AuNPs SPE Disposable Platform in the
Stochastic Mode

The stochastic mode is an approach that relies on the interactions of the target analyte
with a conductive channel. The process of stochastic sensing involves two distinct steps.
During the initial stage, a constant potential is applied, resulting in a current flowing
through the channel. Then, the analyte is extracted from the solution at the membrane-
solution interface. The current subsequently drops to 0 when the analyte enters the channel
and blocks the current flow. This process, known as the pattern recognition phase, is
useful in qualitative analysis because the time duration in which it takes place is specific
to each analyte. Because the t,s parameter is closely related to the size and shape of
the analyte molecule, it is often referred to as the analyte signature. The second phase
occurs when the analyte flows through the pore, where it binds to its wall, and redox
processes occur. The time in which this step takes place is the to, parameter used in the
quantitative analysis. This stage is called the binding phase and is defined by the following
equilibrium reactions:-

Chyj) + calcipotriolj) <> Ch e calcipotriol 3)

Chy;) + betamethasone;, <> Ch e betamethasone; 4)

where Ch is the channel and i is the interface.
Calibration graphs obtained using the stochastic mode are shown in Figure 2.
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Figure 2. Calibration graphs obtained using the C6A/MWCNT-AuNPs SPE stochastic disposable
platform for the assay of (a) betamethasone (b) calcipotriol.
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Table 1 displays the response characteristics of the C6A/MWCNT-AuNPs SPE stochas-
tic disposable platform, as determined from the to, parameter values. The obtained results
suggest that the proposed platform represents an accurate and reliable approach for deter-
mining calcipotriol and betamethasone simultaneously in real samples with minimal to no
pre-treatment. This conclusion is based on the correlation between the very wide linear
concentration range, remarkably low limit of quantification (LOQ), and significant sensi-
tivity achieved. Thus, the proposed platform has the potential to be employed for quality
control in the manufacturing of topical dosage forms but also in water quality monitoring.

Table 1. Response characteristics of the C6A/MWCNT-AuNPs SPE disposable stochastic platform.

Calibration Equation; Linear Concentration Sensitivity LOQ

Correlation Coefficient (r) Range (mol L-1) toge (5) (molL-1s-1) (mol L-1)
Calcipotriol
1/ton = 0.04 (2:0.01) + 5.86 (0.03) x 10° x Cealcipotrol 1.0 x 10715-1.0 x 1073 22401 586 (£0.03) x 108 1.0 x 1071
r=0.9999 : : cED : : ’
Betamethasone
1/ton =007 (:0.01) +3.25 (2:0.02) x 10” x Cpetamethasone 1.0 x 10716-1.0 x 1072 07401  3.25(£0.02) x 10° 1.0 x 1071

r=0.9992

The proposed stochastic platform exhibited a significantly low LOQ (of fg mL ™!
order of magnitude) for both calcipotriol and betamethasone, as well as a broader linear
concentration range in comparison to previously described methods developed for the
simultaneous determination of calcipotriol and betamethasone. The LOQ is given by the
lowest concentration found in the linear concentration range according to the new IUPAC
recommendation (paragraph 3.36, Note 3) [27]. The comparison is depicted in Table 2.

Table 2. Comparison of various proposed methods used for the simultaneous determination of
calcipotriol and betamethasone.

Linear Concentration

-1

Method Analyte Range (mol L) LOQ (mol L-1) Ref.
) . Calcipotriol 242 x 107°-4.85 x 1075 29 x 1077

HPLC with UV detection Betamethasone 9.91 x 1077-3.96 x 104 7.96 x 1077 17]
. . Calcipotriol 3.03 x 1075-1.82 x 1074 2.37 x 1075

UPLC with UV detection Betamethasone 3.15 x 104-191 x 103 9.64 x 105 ]

UV spectrophotometry with FIS Calcipotriol 242 x 1076-2.42 x 1075 545 x 1078 [10]
and CWT Betamethasone 1.98 x 1070-1.98 x 10~° 5.49 x 1078
Stochastic using R R 15 3 15

C6A /MWCNT-AuNDs SPE Calcipotriol 1.0 x 107"°-1.0 x 10 1.0 x 10 This work

Betamethasone 1.0 x 1071-1.0 x 102 1.0 x 10716

disposable platform

The results obtained using the proposed stochastic platform were compared in terms
of betamethasone determination with other proposed electrochemical sensors in Table 3.

For the assay of both calcipotriol and betamethasone, far lower limits of quantification
were obtained when the proposed platform was used; furthermore, wider linear concentra-
tion ranges were obtained compared to previously developed methods (Tables 2 and 3).
Additionally, the proposed platform and method is able to determine simultaneously, in
the same run the two active compounds, both calcipotriol, and betamethasone, making
it faster compared to the other methods, as well as also cost-effective. The wide linear
concentration range also facilitates the determination of calcipotriol and betamethasone in
water samples, where there is a need for fast, reliable, cost-effective, on-site determination,
in order to avoid accumulation of calcipotriol and betamethasone reaching values that are
dangerous for the health of the population.
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Table 3. Comparison of various proposed electrochemical sensors used for the determination of

betamethasone.
. Linear Concentration 1
Electrochemical Method Sensor 1 LOQ (mol L-1) Ref.
Range (mol L—1)
SWV SWNT/EPPGE 1.0 x 107925 x 1078 1.0 x 1077 [24]
SWV SWNTs-CTAB/EPPGE 0.5 x 107-1.0 x 1077 0.86 x 1077 [25]
DPV Hg(Ag)FE 5.0 x 1079-0.8 x 107 5.0 x 1077 [26]
Stochastic COA/MWCNT-AuNPSSPE ) ) 14-16_1 ¢ » 10-2 1.0 x 10716 This work
disposable platform

SWYV = square wave voltammetry; DPV = differential pulse voltammetry; SWNT/EPPGE = single wall car-
bon nanotube modified edge plane pyrolytic graphite electrode; SWNTs—-CTAB/EPPGE = single wall carbon
nanotubes—cetyltrimethylammonium bromide nanocomposite film modified edge plane pyrolytic graphite elec-
trode; Hg(Ag)FE = silver-based amalgam film electrode.

The possibility of simultaneous determination of calcipotriol and betamethasone
in one run facilitates the on-site uniformity content test of the pharmaceutical formu-
lations containing both active compounds (calcipotriol, and betamethasone). This is a
valuable advantage for pharmaceutical industry because the quantitative determinations
of calcipotriol, and betamethasone can be performed in real time, with low cost, also fa-
cilitating the adjustment of the quantities of calcipotriol and betamethasone if the on-site
analyses show that they are not in accordance with the recommendation of national or
international pharmacopoeias.

3.2. Selectivity of CoA/MWCNT-AuNPs SPE Disposable Stochastic Platform

The selectivity of stochastic sensors relies on the distinct signature associated with
each analyzed molecule. In the case of calcipotriol and betamethasone, the experimental
results demonstrate that different values of the t,i parameter were obtained, suggesting
that the proposed platform is selective towards the two analytes. The selectivity was also
checked versus other components of the pharmaceutical formulation: polyoxypropylene
stearyl ether, butylhydroxytoluene, and o-tocopherol wherein to¢ values higher than
2.7 s were recorded: 3.5 s for polyoxypropylene stearyl ether, 3.1 s for x-tocopherol, and
2.8 s for butylhydroxytoluene. Accordingly, the proposed platform is selective versus the
tested compounds.

3.3. Reproducibility and Stability of CGA/MWCNT-AuNPs SPE Disposable Stochastic Platform

The reproducibility and stability of the proposed stochastic platform were tested by
preparing 10 identical platforms. For the reproducibility studies, the sensitivity of each
platform was determined and then the relative standard deviation (RSD%) value was
calculated based on the variation of the sensitivities, obtaining a value of 0.09%. For the
stability studies, the 10 platforms were stored for 2 months prior to being utilized for the
simultaneous determination of the two analytes. The obtained results exhibited consistency
over the duration of the study, with no significant variations observed in the sensitivity
values of the platforms. These variations were found to be less than 0.15%. These findings
indicate that the proposed platform exhibits high reproducibility and long-term stability.

3.4. Simultaneous Determination of Calcipotriol and Betamethasone from Real Samples Using
C6A/MWCNT-AuNPs SPE Disposable Stochastic Platform

The applicability of the proposed stochastic disposable platform for the simultaneous
determination of calcipotriol and betamethasone was tested on real samples (pharmaceu-
tical gel and surface water). The recorded diagrams were analyzed and the to¢ and ton
parameters were determined for both the analytes, as illustrated in Figure 3a,b. Based on
the values of tg (signatures) recorded, the active components: calcipotriol and betametha-
sone were determined, and the ton value read just after the signature (in between two
tofr values) was used to create the calibration curves reported in Table 1 to determine the
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concentrations of calcipotriol and betamethasone in the samples (see also the paragraph
related to the stochastic mode). Table 4 shows the computed recovery and relative standard
deviation (RSD) values.

0.006-

toff

t
0004 calcipotriol oft

betamethasone

0.002:

.
PP e Y, AT A w“ﬁ

Current/nA

-0.002- ™Y

-0.004- 4

-0.006- U

Time/s

(@)

toff toff
betamethasone calcipotriol
0.0009 # J U M d — J J J f )

-0.0024 7

Current/nA
X

-0.004+

RIH tay

on tl')l'l

Time/s
(b)

Figure 3. Stochastic diagrams obtained employing the C6A/MWCNT-AuNPs SPE disposable stochas-
tic platform for the simultaneous determination of calcipotriol and betamethasone in: (a) pharmaceu-
tical gel sample; (b) spiked surface water samples.
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Table 4. Simultaneous determination of calcipotriol and betamethasone in a pharmaceutical gel and
spiked surface water samples using the proposed C6A/MWCNT-AuNPs SPE disposable stochastic
platform (N = 10).

Calcipotriol and Recovery (%)
Sample Betamethasone, Added
Amount (mol L~1) Calcipotriol Betamethasone

Topical pharmaceutical gel - 99.15 £ 0.03 99.93 £ 0.02
1.0 x 1074 99.21 £ 0.03 99.47 4 0.04

1.0 x 10~ 99.50 + 0.05 99.30 + 0.02

-8

Surface water samples 1.0 x 10 99.21 £+ 0.03 99.47 + 0.03
1.0 x 10710 99.10 =+ 0.02 99.99 4 0.02

1.0 x 10712 99.12 4 0.04 99.97 4 0.03

The results indicate that the proposed platform exhibits a high degree of reliability for
qualitative and quantitative analysis of calcipotriol and betamethasone from pharmaceutical
and water samples, as shown by the recorded values for the recoveries and the relative
standard deviations. Moreover, the other components present in the sample matrix did not
influence the platform’s response. Since the platform is connected to a portable device, this
could enable on-site analysis. Additionally, cross-contamination of the samples is avoided
by using disposable detection platforms. The combination of these features and the fact that
the stochastic method requires minimal sample processing makes the proposed approach a
convenient alternative for the quality control of pharmaceuticals and for the screening of
surface water quality.

4. Conclusions

A disposable stochastic platform based on calix [6]arene and a commercially available
screen-printed electrode was proposed for the simultaneous recognition and determination
of calcipotriol and betamethasone in two types of samples: a pharmaceutical formula-
tion, and water samples. When employing the proposed platform, it was possible to
achieve a very low limit of quantification, an extensive linear concentration range, and
very good sensitivity values. All these characteristics facilitated the assay of calcipotriol,
and betamethasone in both the pharmaceutical formulation and water samples with high
reliability. The response of the platform was not influenced by the complex sample matrices
in which the analysis was performed. For these reasons, the proposed disposable stochastic
platform represents a promising versatile candidate as a tool for both the pharmaceutical in-
dustry (where it can be reliably used for on-site analysis of the pharmaceutical formulations
containing calcipotriol and betamethasone as active compounds), as well as the on-site
analysis of water, especially that coming out from hospitals and clinics where gel containing
calcipotriol and betamethasone is used. The cost-effectiveness (the cost of 100 analyses of
simultaneous assay of calcipotriol and betamethasone in either pharmaceutical or water
samples is far less than the cost for HPLC analysis of just one of the active compounds) as
well as the high reliability of the developed platform make it an excellent candidate for the
on-site analysis of pharmaceutical and water samples.
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Abstract: Enantioanalysis of amino acids became a key factor in the metabolomics of cancer. As a
screening method, it can provide information about the state of health of patients. The main purpose
of the study is to develop a highly reliable enantioanalysis method for the determination of D-, and
L-leucine in biological samples in order to establish their role as biomarkers in the diagnosis of breast
cancer. Two enantioselective stochastic sensors based on N-methyl-fullero-pyrrolidine in graphite and
graphene nanopowder pastes were designed, characterized, and validated for the enantioanalysis of
leucine in whole blood. Different signatures were recorded for the biomarkers when the stochastic
sensors were used, proving their enantioselectivity. In addition, limits for detection on the order of
ag L1 were recorded for each of the enantiomers of leucine when the proposed enantioselective
stochastic sensors were used. The wide linear concentration ranges facilitated the assay of the L-
leucine in healthy volunteers, and also in patients confirmed with breast cancer. Recoveries of one
enantiomer in the presence of the other enantiomer in whole blood samples, higher than 96.50%,
proved that the enantioanalysis of enantiomers can be performed reliably from whole blood samples.

Keywords: leucine; enantioanalysis; enantioselective stochastic sensor; whole blood analysis; breast cancer

1. Introduction

Amino acids metabolism is of high importance for cell proliferation, as well as for
personalized treatment and early diagnosis of cancer [1-4]. Amino acids have an im-
portant role in the redox process, energy regulation, biosynthesis, and maintenance of
homeostasis [5]. They usually feed cancer cells by providing building blocks for cancer cell
growth [5]. The major function of amino acids in mammalian cancer cells is as substrates
for new protein synthesis [6].

Racemization of amino acids in the body, while cancer cells are forming, was shown
for different amino acids, such as aspartic acid [7]. In addition, distortion of DNA can
produce the D—enantiomer of an amino acid. While L-amino acids are the most common
in healthy people, the enantioanalysis of different biological samples showed the presence
of D-amino acids in patients confirmed with different types of cancer [2—4,8].

The first evidence for the presence of D-amino acids in cancer was given in 1939 by
Kogl and Erxleben [9], when they reported that some D-amino acids including D-leucine
were found in tumor proteins and that the development of the tumor was facilitated by
the presence of these amino acids, including D-leucine. While initially the assay of a chiral
compound was done despite its stereochemistry, the evidence that differentiation between
enantiomers may conducive for the diagnosis of different diseases. Discovered in 1819
in its impure form, leucine is an amino acid with high implications in carcinogenesis [10].
In 1820, the crystalline form of leucine was extracted from muscles and wool [10]. The
name leucine is given by the Greek word leukos, which has the meaning “white”; the
motivation of the name is given by the fact that the purification of leucine extracted from
natural products provided a white, crystalline state [10]. Leucine is an essential amino acid
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due to its proven biochemical properties: it contributes to protein synthesis and is involved
in metabolomics including cancer metabolomics [10].

Leucine is well known for its involvement in controlling whole blood sugar levels and
improving the growth/recovery of muscles and bone tissues. Leucine is also responsible
for the synthesis of growth hormones. Leucine also has a role in the prevention of breaking
muscle proteins due to injuries like stress [10]. Leucine is part of the branched-chain amino
acid valine, isoleucine, and leucine. It is one of the two (the other being lysine) ketogenic
amino acids.

Acetyl coenzyme A and acetoacetate are the main metabolic end products produced
during leucine metabolism [11]. Leucine and f3-hydroxy 3-methylbutyric acid (one of the
leucine metabolites), have shown a great role in the human body. They induce biosyn-
thesis of proteins by phosphorylation reactions. The metabolism of the dietary leucine
takes place in the liver, adipose tissue, and muscle tissue, with the synthesis of sterols
and derivatives being a result of the metabolism of leucine in the adipose and muscle tis-
sues [11]. The pathway of L-leucine in the body [11] shows that the branched-chain amino
acid aminotransferase enzyme is responsible for the initial transformation of L-leucine
into a-ketoisocaproate (known as x-KIC) [11]. Next, mitochondrial enzyme branched-
chain a-ketoacid dehydrogenase converts x-KIC into isovaleryl-coenzyme A, which is
further transformed using the isovaleryl-coenzyme A dehydrogenase into methylcrotonyl-
coenzyme A [11]. L-leucine also contributes to the increase of biotin during deficiency, when
the hydroxymethylbutyrate (HMB) can be synthesized from methylcrotonyl-coenzyme
A using the enoyl-coenzyme A hydratase as well as an unknown thioesterase enzyme.
The chain of reactions involved in the conversion of methylcrotonyl-coenzyme A into
hydroxymethylbutyrate-coenzyme A ends with the final conversion into hydroxymethyl-
butyrate. In the liver an extremely small amount of «-KIC is metabolized using the
cytosolic enzyme 4-hydroxyphenylpyruvate dioxygenase (KIC dioxygenase); in addition,
in the liver, the main end product is the hydroxymethylbutyrate. The described chain of
transformations—starting from L-leucine to «-KIC and then to HMB—is specific to healthy
people [11]. Leucine aminomutase transforms a very small amount of L-leucine into
f-leucine, which is transformed further into 3-ketoisocaproate (3-KIC), 3-ketoisocaproyl-
coenzyme A, and acetyl-coenzyme A. HMB is transformed into 3-hydroxy -methylbutyryl-
coenzyme A which undergoes transformation using the enoyl-coenzyme A hydratase with
the main product -methylcrotonyl-coenzyme A and hydroxymethylglutaryl-coenzyme
A11].

This article proposed the enantioanalysis of leucine in whole blood samples of patients,
confirmed with breast cancer versus healthy volunteers. Leucine is an essential amino
acid belonging to the branched-chain amino acids. The role of leucine in breast cancer
biochemistry and treatment was studied in different occasions [12-17]. Xiao et al. [12]
proved that leucine deprivation inhibits proliferation and induces apoptosis of human
breast cancer cells. Troup et al. [13] showed that reduced expression of leucine is associated
with poor outcomes in node-negative invasive breast cancer. Shennan et al. [14] studied
the L-leucine transport in human breast cancer cells. The role of leucine as a zipper [15,16]
was shown in studies by Lin et al. [15] and Jeong et al. [16]. The role of D-leucine as a new
biomarker for breast cancer was also investigated.

Due to the complexity of the matrix of whole blood, and the low levels of leucine
enantiomers in whole blood, the stochastic sensors were selected as new screening tools.
Stochastic sensors are known for their reliability recorded in the biomedical analysis of
different biological samples (whole blood, saliva, urine, tumoral tissue, cerebrospinal fluid)
when amino acids [2-4] or proteins [17-19] were analyzed. They are able to perform
qualitative analysis—for identification of the enantiomer [2—4,20-24]—when the signature
of the enantiomer (t,s value) is used, and also a quantitative analysis by using the to, value
measured in between two signatures (t,s values) (Scheme 1); they are also able to identify
the stereochemistry of a compound, and also, they are able to distinguish the amino acids
from a DNA chain.
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Scheme 1. Current development for stochastic sensors.

The working principle of the stochastic sensors is based on current development.
The principle of current development is based on channel conductivity; in the first stage,
the enantiomer is getting into the channel and blocking it while the current intensity is
dropping to zero (the signature of the enantiomer given by the ty value is characterized in
this step); inside the channel, binding and redox processes take place, and equilibrium is
achieved (ton value, used for the quantitative assay of the enantiomers, is characterized in
this step).

While the first stage is used for identification of the enantiomer, the second stage is
used for the determination of the concentration of each enantiomer.

Utilization of the stochastic sensors for biomedical analysis is based on the advan-
tages of the stochastic sensors versus classical electrochemical sensors, which are that the
signature of the enantiomers does not depend on the composition of the matrix, but only
on the size and geometry of the enantiomer. In addition, the quantitative step takes place
inside the channel, and therefore is less influenced by the composition of the sample from
where the enantiomer is determined. Graphite and graphene matrices are well known
for sensor design due to their conductivity and high reliability when they are used as a
paste in the sensor’s design [25]. These matrices are able to keep the channel in the best
shape needed for obtaining the stochastic signal. The fullerene derivative N-methyl-fullero-
pyrrolidine was selected due to its capacity to provide the necessary channels for stochastic
sensing. Fe;O3 was added to the graphite paste in order to improve its conductivity, which
facilitated, at the selected potential (125 mV), signatures and values for ty, on the order of
seconds, and therefore, the reading was done with high reliability.

To date, for the assay of leucine, there was proposed a glassy carbon electrode modified
with multiwall carbon nanotubes (presenting a limit of detection of 9 pmol L=1) [26], and
high-performance liquid chromatography [27]. The enantioanalysis of leucine was done
to date using a low-cost high-performance liquid chromatographic method [28] as well as
amperometric biosensors based on diamond paste [29] able to provide limits of detection
on the order of pmol L.

The applications of electrochemical sensors in biomedical analysis are guaranteed by
the following advantages versus other methods of analysis, such as the enzyme-linked
immunosorbent assay, high-performance liquid chromatography, electrophoresis, gas chro-
matography, and spectrometric methods of analysis: non-sampling, or a minimum sam-
pling are required before any measurement is performed; wide working concentration
ranges are available; the limits of detection are very low; the selectivity is quite high for
the amperometric and potentiometric sensors, and can be improved by using a biological
substance such as an enzyme or antibody; the sensitivity is also very high; they are cost-
effective as such and also regarding the instrumentation needed to take up the signal and
process it; and the time of analysis is far shorter than for any other analytical technique
(analysis are usually performed within minutes or even seconds) [30-48].
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The design of the sensors used in biomedical analysis influenced the response charac-
teristics of the sensors (e.g., their sensitivity), and also had a role in improving the selectivity
of determining the selected biomarkers in highly complex matrices such as biological sam-
ples. The utilization of nanomaterials for the design of electrochemical sensors proved to
have a high role in the reliable assays of the amino acids in the biological samples [30].
Utilization of molecular imprinted polymers [29] is trending due to the reliable design
of sensors, and the possibility of continuous in vivo monitoring of specific biomarkers.
Hydrogels were used previously in the design of multifunctional platforms, also offering
the possibility of high motion of the biomolecules to the detection side [37]. Utilization of
nanorods proved to improve the response characteristics of the electrochemical sensors
used for biomedical analysis [47]. Miniaturization of the detection cell to lab-on-a-chip
type of design [30,33,37] favored easy transportation and handling of the system, especially
for on-site type of measurements. In addition, to avoid cross-contamination, disposable
sensors were developed for biomedical analysis [45]. These sensors can be easily be used
for point-of-care diagnostics, where fast detection and minimum (preferably no sample
preparation) sample preparation is needed [32,35,40]. Smartphones became preferable
tools for signal acquisition, processing, and for sending the results to medical doctors and
specialized databases and laboratories [35,36]. Commercialization of sensors for biomedi-
cal analysis needs smart, portable, and compact detection systems, on which the sensors
should easily fit, connected to smartphones [38].

The novelty of the paper is given by the utilization of N-methyl-fullero-pyrrolidine as
a modifier of graphite/Fe,O3 and of nanographene pastes, for the design of enantioselec-
tive stochastic sensors and their utilization for enantioanalysis of leucine in whole blood
samples, also by the stochastic method capacity to perform an enantioselective molecular
recognition of the enantiomers followed by their quantification, which may facilitate a
highly reliable diagnosis of breast cancer. While most of the paper shows the analysis of
leucine, and not its enantioanalysis, the main purpose of the study is to develop a highly
reliable enantioanalysis method for the determination of D-, and L-leucine in biological
samples in order to establish their role as biomarkers in the diagnosis of breast cancer.

2. Materials and Methods

L- and D-leucine, graphite, Fe;O3, graphene nanopowder, N-methyl-fullero-pyrrolidine,
and paraffin oil were purchased from Sigma Aldrich. All solutions of L- and D-leucine
were prepared using phosphate buffer of pH 7.40. The concentration range used for both
enantiomers was between 1 x 1072 and 1 x 1072 mol L™,

The design of the enantioselective stochastic sensor was done as follows: 100 mg of
graphite/graphene nanopowder were physically mixed with 20 mg of N-methyl-fullero-
pyrrolidine. To the graphite powder mixture there were added 10 mg Fe;O3. To each of the
powders, 30 uL of paraffin oil was added to form a homogeneous paste. Each of the pastes
was placed in a nonconducting 3D plastic tube printed in our laboratory using a 3D printer.
The inner diameter of each tube was 25 um, and the length was 1 cm. A Ag wire was used
to connect the paste with the external circuit.

The morphology of the designed pastes was investigated using scanning electron
microscopy (SEM) (Inspect S, FEI Company, Eindhoven, The Netherlands). In order to
obtain a good resolution of the microscopy images, the pastes were analyzed using the LFD
detector (low vacuum), at a high voltage (HV) of 30 kV, and magnification of 1600 x.

The morphology of the active surface of the stochastic sensors is shown in Figure 1.

In Figure 1, agglomerations of particles and channels in asymmetric formations can
be observed.

The stochastic method is based on the utilization of the chronoamperometric tech-
nique. A potential of 125 mV versus Ag/AgCl was applied. The AUTOLAB/PGSTAT 12
Potentiostat/Galvanostat (Metrohm, The Netherlands) was used for all measurements. The
electrochemical cell comprised the enantioselective stochastic sensor (as a working sensor),
an Ag/AgCl reference electrode, and a Pt wire as an auxiliary electrode. The electrochemi-
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cal measurements were performed at 125 mV vs. Ag/AgCl, and at 25 °C. Diagrams like
those shown in Figure 2 were obtained when the whole blood was screened. A standard
solution of enantiomers as well as whole blood samples spiked with standard solutions
of enantiomers were used for the calibration of the enantioselective stochastic sensors; no
differences between the response characteristics of the sensors were recorded when the
calibration was done for the standard solution or in whole blood samples. Based on the
signatures of the enantiomers of leucine (values of t.¢), the enantiomers were identified
in the diagrams recorded for whole blood samples. In between two signatures, the ton
was read and used for the determination of response characteristics of the sensors; linear
regression method was used to determine a, and b parameters of the calibration equation
in the form of 1/ton = a + b X Cenantiomer- The unknown concentration of the enantiomer
was determined using the calibration equation.

(b)

Figure 1. SEM images for (a) graphite paste based enantioselective stochastic sensor and
(b) nanographene paste based enantioselective stochastic sensor.

The whole blood samples obtained from confirmed patients with breast cancer as well
as whole blood samples from healthy volunteers were provided by the University Hospital
Bucharest under the protocol approved by the University of Medicine and Pharmacy “Carol
Davila”, from Bucharest (ethics committee approval no 75/2015). No pretreatment of the
samples was required before analysis. The samples were placed into an electrochemical cell;
the diagram was recorded. First of all, the molecular recognition of L- and D-leucine was
performed by identifying their signatures (to¢ values) in the diagrams. Their concentrations
were determined according to the stochastic method described above.
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Figure 2. Examples of diagrams obtained for the screening of whole blood samples using the
(a) graphite paste based enantioselective stochastic sensor and (b) nanographene paste based enan-
tioselective stochastic sensor.

3. Results and Discussions
3.1. Response Characteristics

The stochastic mode was used for the determination of the response characteristics of
the enantioselective stochastic sensors. The response characteristics are given in Table 1.

Table 1. Characteristics of response for the enantioselective stochastic sensors used for the enantio-
analysis of leucine.

Stochastic Sensor Based on Leucine ~ SIBMAMre  poion of Calibration !, R Sensitivity, Def‘éiﬁg\g{io" CO“]C_i:i:ﬁ"“
N-Methyl-fullero-pyrrolidine and tog (s) 1 ! s'glL agL-1 ! Range, g L1
‘ L 0.6 1/ton = 0r0:46r989¥ % 1013C 8.17 x 10'3 10.00 1%x1017-1 x 105
Graphite/Fe;03 b 08 L/ton =001 Gl 10°C 142 % 1013 100.00 1% 107161 x 10°°
20 1/ton =002 + 344 1072C 344 x 107 100.00 1x10716-1 x 10*
Nanographene b 09 1/ton =002 + 135 10°C 1.35 x 101 1.00 1% 10781 x 106

1<«C>=mol L7 <tgp> =s.

All response characteristics reported in Table 1 were obtained by applying a potential
of 125 mV versus Ag/AgCl (as reference electrode), at a constant temperature of 25 °C.

The signatures of the two enantiomers are different when the same stochastic sensor
was used, proving that the sensors are enantioselective, and they can be used for the simul-
taneous assay of the two enantiomers in biological samples. Linear concentration ranges
are wide: twelve decades of concentration for L-leucine, seven decades of concentration for
the D-leucine when the sensor based on graphite/Fe,O3 was used, and twelve decades of
concentration for D-leucine when the sensor based on nanographene was used, allowing
the enantioanalysis of leucine in whole blood samples despite people’s state of health. Very
low limits of detection (determined as the lowest value of concentration from the linear
concentration range)—all in the order of ag L—'—were recorded; for the assay of L-leucine
the lowest limit of detection was recorded when the enantioselective stochastic sensor based
on graphite/Fe,O3 was used, while for the assay of D-leucine the lowest limit of detection
was recorded for the enantioselective stochastic sensor based on nanographene. L-leucine
was determined with the highest sensitivity when the sensor based on graphite/Fe,O3; was
used, while D-leucine was determined with the highest sensitivity when the sensor based
on nanographene was used.

32



Chemosensors 2023, 11, 259

3.2. Selectivity of the Enantioselective Stochastic Sensors

The selectivity of the stochastic sensors is given by the difference between the signa-
tures (t.g values) recorded for the enantiomers of leucine and those obtained for CA15-3,
CEA, HER?2, p53, Ki67, maspin, CA19-9, and L- and D-serine—the usual biomarkers used
for the establishment of the diagnostic of breast cancer.

Results shown in Table 2 prove that none of the other biomarkers interfere in the
enantioanalysis of leucine despite the matrix used for the stochastic sensor’s design.

Table 2. Selectivity of the stochastic sensors.

Stochastic Sensor Based on

N-Methyl-fullero-pyrolidine and

CA15-3 CEA HER2 Maspin Ki67 CA19-9 p53 L-Leucine D-Leucine L-Serine D-Serine

Signature (s)

Graphite/Fe;O3
Nanographene

1.5 22 1.9 3.0 24

0.6 0.8 0.2 17
0.6 3.0 25 32 28 . .

or
o=
—

3.3. Stability and Reproducibility Measurements

Ten enantioselective stochastic sensors from each of the two types designed for the
enantioanalysis of leucine were constructed. Response characteristics were measured for
one month on a daily basis. The variation in sensitivities of the proposed sensors was lower
than 0.15%; accordingly, the design of the proposed stochastic sensors is reproducible. In
addition, variations of the sensitivities were lower than 1.20% for measurements made
during the one month, proving the one-month stability of the stochastic sensors.

3.4. Enantioanalysis of Leucine in Whole Blood Samples

The whole blood samples collected from the patients were used without any process-
ing. The measurements were performed accordingly with the description of the stochastic
method from above. After the diagrams were obtained (Figure 2), the signatures of the L-
and D-leucine were identified. For each of the L- and D-enantiomers, readings of ton values
(in between two consecutive t.¢ values were done) were performed for the determination
of the concentrations of L- and D-leucine. The t,, values were introduced in the equations
of calibration (Table 1) for the determination of the concentrations of the enantiomers
of leucine. Validation tests were performed for the assay of L- and D-leucine in whole
blood samples.

To validate the sensors, synthetic mixtures of enantiomers (in different ratios) were
spiked into the whole blood samples, and the recovery of enantiomers was performed
(Table 3). Determinations of the enantiomers of leucine were performed before and after
the addition of the mixtures, in order to calculate the recovery of the known amount added.
Different ratios of the enantiomers were selected in order to determine if the ratio of the
enantiomers influenced in any way the reliability of the enantioanalysis of leucine (Table 3).

Table 3. Recovery tests of L- and D-leucine in whole blood samples (N = 10).

Recovery %

L:D

1:99

1:50 1:25 11 25:1 50:1 99:1

Enantiomer

L D L D L D L D L D L D

Graphite/Fe;O3
based sensor
Nanographene
based sensor

99.10
+0.05
99.32
+0.02

96.98

97.95 99.18 99.00 98.75 98.82 98.99 99.15 99.10 99.99 97.98 98.16 99.90

+0.02 +0.04 +0.02 +0.02 +0.03 +0.02 +0.01 +0.01 +0.03 +0.01 +0.02 +£0.03 +0.02

96.50

98.00 99.53 99.18 99.65 98.09 99.99 99.13 99.76 99.12 97.00 97.43 99.66

+0.03 +0.02 +0.03 +003 £002 £001 £003 +£002 +£002 +003 £004 £002 £0.03

Table 3 shows that high recoveries of the enantiomers were obtained in the whole
blood, despite the ratios between L- and D-leucine in the whole blood. This proved the
accuracy and high reliability of the measurements performed with the enantioselective
stochastic sensors, despite the ratio of which the enantiomers are found in the whole

blood sample.
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Real whole blood samples collected from patients confirmed with breast cancer and
healthy volunteers were analyzed using the enantioselective stochastic sensors. Results
obtained are shown in Table 4.

Table 4. Enantioanalysis of leucine in whole blood samples using enantioselective stochastic sensors

(N = 10).
Sample No. State of Health L-Leucine, pg mL~1 D-Leucine, ng mL~1
N-I\?I::lcl};-sftlllilzfiﬁ;rfjlsi?iinznan d Graphite/Fe, O3 Nanographene Graphite/Fe; O3 Nanographene
1 8.62 £ 0.02 8.08 £ 0.01 3.52 +0.02 3.30 + 0.03
2 0.48 £ 0.01 0.49 £ 0.03 5.00 £ 0.03 4.75 £+ 0.02
3 8.25 £ 0.01 8.71 £ 0.03 0.20 £ 0.01 0.18 £ 0.02
4 15.48 +0.02 16.02 4+ 0.03 1.87 +0.02 1.69 + 0.03
5 Confirmed with 6.11 £ 0.01 5.50 £ 0.03 1.00 + 0.02 1.00 + 0.03
6 breast cancer 1.24 +0.03 0.98 £+ 0.02 2.00 £ 0.01 2.17 £0.02
7 347 +0.01 2.93 £ 0.02 2.60 + 0.03 2.58 +0.01
8 0.08 £0.01 0.07 £0.02 33.10 £ 0.02 35.01 £0.01
9 291 £0.01 2.26 £ 0.03 5.23 £0.03 5.00 £0.01
10 8.30 + 0.03 8.12 £ 0.01 1.17 £0.03 1.18 £0.01
1 18.21 +0.01 18.34 4+ 0.02 -* -x
2 20.58 £ 0.02 20.84 £+ 0.01 -* -*
3 5.48 £ 0.01 5.12 £ 0.03 -* -
4 32.25 £ 0.02 32.40 £ 0.01 - -*
5 7.12 +£0.01 7.15 £ 0.03 -* -
6 Healthy volunteers 27.16 + 0.02 27.19 + 0.01 - =
7 52.01 £+ 0.03 51.15 + 0.02 -* -*
8 4.89 £+ 0.01 4.68 £+ 0.03 -* -*
9 51.97 £ 0.03 52.53 £ 0.01 -* -x
10 43.47 +£0.01 43.50 £ 0.02 -* =¥
t-test 2.96 3.01

* D-leucine was not found.

A paired Student t-test was conducted at a confidence level of 99.90%. At the 99.00%
confidence level, the tabulated theoretical value is 4.032. The calculated t-values for each
enantiomer of leucine were less than 3.10 (which is less than the tabulated value 4.13),
indicating that there is no statistically significant difference between the results obtained
using the proposed enantioselective stochastic sensors (Table 4), and that enantioselective
stochastic sensors can be relied upon for the molecular identification and quantification
of L- and D-leucine in whole blood samples. Furthermore, the D-leucine was only found
in the samples collected from confirmed patients with breast cancer, and not in the whole
blood from healthy volunteers.

Compared with the sensors proposed earlier for the analysis [24] and enantioanaly-
sis [27] of leucine, the proposed enantioselective stochastic sensors have a far lower limit
of detection (on the order of ag L~1). In addition, a wider linear concentration range
was recorded for the proposed sensors than for those reported before [24,27]. High se-
lectivity was recorded versus other biomarkers that may be present in the whole blood
of patients with breast cancer. High recoveries of one enantiomer in the presence of the
other enantiomer as well as the results of paired Student t-tests proved that the enantiose-
lective stochastic sensors can reliably be used for the enantioanalysis of leucine in whole
blood samples. Compared with the method proposed earlier by Hormozi Jangi, et al. [49]
this screening method provides wider linear concentration ranges, higher sensitivities,
and higher accuracy for the enantioanalysis of L- and D-leucine when they are mixed in
different ratios.
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4. Conclusions

Two enantioselective stochastic sensors were designed, characterized, and validated
for the enantioanalysis of leucine in whole blood samples. The utilization of nanographene
as a matrix for the sensor’s design favored the decrease of the limit of detection of D-leucine
to 1 ag L. The sensors are not only enantioselective but also selective versus a series of
other biomarkers such as CA15-3, CEA, HER2, maspin, Ki67, CA19-9, and p53, which are
the main biomarkers used in the diagnosis of breast cancer. The proposed enantioselective
stochastic sensors proved to have great features in biomedical analysis. Their utilization for
the screening of whole blood samples can bring the screening test very close to a diagnostic
test, because the D-leucine was only found in confirmed patients with breast cancer, and
not in healthy volunteers. Accordingly, D-leucine may be considered a biomarker for
breast cancer.
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Abstract: We report enhanced electrochemical detection of single water-in-oil emulsion droplets using
the nano-impact method. To detect the emulsion droplets, the water molecules in the droplets were
directly oxidized (i.e., water splitting) without additional electroactive species when the droplets
collided with the ultramicroelectrode. The water molecules in the emulsion droplet cannot be
directly electrolyzed in an organic solvent because the emulsifier does not require a hydrophobic
electrolyte. To enhance the signal intensity, the electrochemistry of sub-microscale single droplets was
investigated considering the charge neutrality and limiting reagent. Therefore, effective electrolysis
of the droplets was achieved. Approximately 10% of water molecules in the droplet (55.6 M H,O)
were oxidized based on calculations from the electrochemical peak analysis and DLS measurements.

Keywords: nanodroplet; single entity; collision; nanoelectrochemistry; single particle

1. Introduction

Nanoelectrochemistry has attracted tremendous interest in modern electrochemistry
and has been studied using platforms such as nanoparticles [1-4], nanoelectrodes, nanogaps,
nanojunctions, nanocavities, nanopores, nanochannels, and nanointerfaces [5-11]. The elec-
trochemical reaction at the nanoscale is significantly different from that in the bulk solu-
tion. Recently, nanoelectrochemistry has been applied to single entities, such as emulsion
droplets [12], liposomes [13-15], cells [16], micelles [17], nanobubbles [18] and vesicles [19].
Reaction monitoring in a single nano-entity is a challenging topic. A pure water droplet,
which acts as a nanoreactor, is temporarily stable when dispersed in an immiscible organic
solvent. In a real system, the surfactant is present in one or both liquids. A water droplet
can be stabilized in an organic solvent using a surfactant (i.e., an emulsifier), which is
called a water-in-oil emulsion (i.e., an inverse emulsion; W/O) [20-24]. In addition, organic
media are not always pure and may contain chemical species. For example, gasoline and
diesel fuels contain surfactants that act as corrosion inhibitors, dispersants, detergents, and
anti-icing additives [25]. Therefore, a water droplet detection system must be developed
that considers the surfactants included in the aqueous and/or organic phases.

Recently, single-liquid nanodroplets have been studied electrochemically using the
single particle collision’ (i.e., ‘nano impact’) method [26-31]. As a proof-of-concept, the sug-
gested collisional detection method focuses on investigating the size distribution of a single
droplet. This technique can be used to determine particle properties such as individual
droplet size, droplet polydispersity, and droplet concentration in continuous media [32-36].
The reaction occurring inside a single liquid droplet enables single-entity electrochemistry.
Studies have utilized reactions in single droplets for the controlled synthesis of single
metal/nonmetal nanoparticles [37,38]. The liquid droplets can be dewetted or deformed
when they land on the electrode surface, which can be used to control the electrochemical
reactions inside single droplets. In single-droplet electrochemistry, the electrical contact
area is a crucial factor determining the product of an electrochemical reaction.

In the early stages, single water nanodroplets and single oil nanodroplets were first
detected electrochemically by blocking the electrode area via adsorption of the droplet
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in the presence of redox species in the organic phase [39,40]. This method is a powerful
tool for investigating liquid nanodroplets that do not contain redox species. However,
these methods, which are based on the blockage of the electrode surface, cannot be used to
obtain precise information about single droplets. For droplets of the same size, blockage
of the amperometric current can differ depending on the shape of the droplet adsorbed
on the electrode surface. In the presence of redox species in the droplets, a comparable
electrochemical detection method is also suggested that uses the electrolysis reaction within
the droplet [22,33,34]. In general, however, aqueous droplets in organic media seldom
contain redox species inside them. Organic solvents may contain either water molecules or
a hydrophobic/hydrophilic electrolyte (non-redox active) because the water content in such
systems is mostly coming from humidity in the air and electrolytes are pre-dissolved in an
organic solvent. As a simplified droplet detection system, water molecules are considered
to be redox species that can be directly electrolyzed. In a previous study, we reported the
direct electrolysis of water molecules in water nanodroplets in the absence of surfactants
and lipophilic electrolytes [21].

However, only 0.81% of the water content in the surfactant-free water droplets was
electrolyzed because the electrochemical conditions in the nanodroplets were not properly
prepared. In the presence of a surfactant, the electrochemistry can be partially blocked by
the surfactant, which can hinder charge (electron and ion) transfer at the water/metal and
water/oil interfaces. Furthermore, in the absence of hydrophobic electrolytes in the organic
phase, oxidation of water (water splitting) molecules in the emulsion was not observed.

Herein, we report the sensitive electrochemical detection of water-in-oil emulsion
droplets using the highly efficient oxidation of water molecules in a droplet. Surfactant-
protected emulsion droplet dispersed in DCE solvent is investigated electrochemically
based on the water oxidation (water splitting) reaction upon the collisional contact of the
droplet on an electrode surface. The importance of a supporting electrolyte outside a single
droplet in nanodroplet electrochemistry has been previously reported [20,34].

To consider the reaction efficiency in a single nanodroplet (i.e., water-in-oil emul-
sion droplet), reaction parameters such as the emulsifier, hydrophobic electrolyte, and
hydrophilic electrolyte were carefully considered. By optimizing the reaction environment
of a nanodroplet, electrolysis of a single nanodroplet has efficiently proceeded even with
a surfactant-protected emulsion droplet. Therefore, an understanding of the reaction en-
vironment on nanodroplets is mandatory to detect the single entity electrochemically. In
addition, this principle can be applied to elevate the electrolysis efficiency of water, which
generates hydrogen gas as a reaction product.

During the water electrolysis in continuous aqueous media, bubbles are produced
and cannot be removed rapidly from the electrode surface. The bubble is adsorbed on
the electrode surface and covers the active reaction sites of the electrode to attenuate the
production of hydrogen gas. This phenomenon would lead to high overpotential and high
ohmic potential. Reducing bubbles is one of the key factors for water electrolysis. Injection
of reactant water as a droplet could be a promising approach to removing the bubble effect
on the electrode surface. Actually, ionic liquid as electrolytes for hydrogen production from
water electrolysis was introduced for chemical stability and low reactivity of ionic liquid
and effective hydrogen gas production from immiscible water ionic liquid properties [41].
Similarly, a water-in-oil emulsion system can also be utilized in efficient hydrogen gas
production to effectively control the bubble adsorption on an electrode surface.

2. Materials and Methods
2.1. Reagents and Materials

Sodium chloride (NaCl, 99%), silver nitrate (AgNO3, 99.9%), tetrabutylammonium
hexafluorophosphate (TBAPFg, 98%), and sodium dioctyl sulfosuccinate (AOT, 96%) were
obtained from Alfa Aesar. 1,2-Dichloroethane (DCE, 99.8%) and tetrabutylammonium
tetrafluoroborate (TBABF,, 99%) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Millipore water (>18 MW-cm) was used in all the experiments. Pt wire (99.99%; diameter,
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10 pm) was supplied by Goodfellow (Devon, PA, USA). The Pt wire used as the counter
electrode was purchased from Alfa Aesar. The reference electrode was an Ag wire with
10 mM AgNOj3 and 100 mM TBAPF in acetonitrile (ACN, Thermo Fisher, Cleveland, OH,
USA). All the reagents were used as received.

2.2. Electrochemical Instrumentation

Electrochemical experiment setups were composed of CHI 750E bipotentiostat
(CH Instruments, Austin, TX, USA) with a three-electrode system. Every electrochem-
ical measurement was performed inside a CHI 200B Faraday cage (CH Instruments, Austin,
TX, USA). The three-electrode system is composed of an Ag/Ag* nonaqueous reference
electrode (10 mM AgNOs in acetonitrile, MF-2062, BASi, IN, USA), homemade ultrami-
croelectrode (Pt, Au, C) as a working electrode, and a Pt wire (diameter: 1 mm, length:
100 mm) as a counter electrode. The electrochemical cell was composed of a homemade
Teflon cap assembled with a glass vial. A horn sonicator system was used to prepare the
emulsion solution using a Q700 ultrasonic processor (Qsonica, Newtown, CT, USA) with
a microtip probe at a pulse mode. The average size of the particle is investigated based
on the dynamic light scattering (DLS) principle using a NanoBook 90 Plus particle size
analyzer (Brookhaven Instruments Corporation, Holtsville, NY, USA).

2.3. Preparation of the Water-in-oil Emulsion

The water-in-oil inverse emulsion solution was prepared according to the following
procedures: 10 mL of 100 mM sodium chloride aqueous solution was prepared using
distilled water, and 200 pL of 100 mM NaCl aqueous solution was added to 5.0 mL of DCE
solution containing 1 mM sodium dioctyl sulfosuccinate (AOT). The aqueous/DCE mixture
solution was vortexed for 20 s, then homogenized with a horn ultrasonicator (700 W, 30%
of amplitude) in the pulse mode (1 cycle: on for 7 s, and off for 3 s) for 1 min. The molar
concentration of the prepared emulsion droplet (Ce;) was calculated using Equation (1):

_ DNem Nem _ Vi 1
Co = =R~ (v ) W

where nep, is the moles of emulsion droplets, Ner is the number of droplets, N is Avo-
gadro’s constant, V is the volume of the solution, V,, is the volume of the aqueous solution,
and Ven is the average volume of a single emulsion droplet. As shown in Equation (2), the
volume of a single emulsion droplet was estimated from rey, which is the average radius of
the droplet obtained using DLS. It is assumed that all emulsion droplets are spherical in
shape and have the same radius.
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2.4. Preparation of Pt Ultramicroelectrode (Pt-UME)

The UME was prepared according to a procedure developed in our laboratory. Briefly,
a 10 um Pt wire (Goodfellow) was sealed in a borosilicate glass capillary (1.5 mm Outer
Diameter x 0.75 mm Inner Diameter, Sutter Instrument, Novato, CA, USA), which was
sonicated in hexane, toluene, IPA, ethanol, and water, respectively. The electrode was
then polished with silicon carbide abrasive sandpaper (400, 1000, 1200, 2000, and 2500 grit;
Buehler, Lake Bluff, IL, USA) until a mirror-like surface was observed.

The active area was monitored by standard redox electrochemistry in 1 mM fer-
rocenemethanol (FeMeOH) solution and estimated by the following equation:

iim = 41D Rea RUMECRed

where iy, is the limiting current, n is the number of electrons in the redox reaction, D4,
and Cg,y is the diffusion coefficient and concentration of redox species, respectively, and
Rypme is the radius of Pt-UME. The obtained electrode area was almost 10 pm in diameter
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when we assume it has a flat circular shape. Before each electrochemical experiment, all
UMEs were polished using 4000-grit SiC sandpaper (R&B Co. Ltd. Daejeon, Korea) and
1 um, 0.5 pm, and 0.1 um diamond lapping film (R&B Co. Ltd. Daejeon, Korea) was also
used to obtain a mirror-like finish on the UME surface.

3. Results and Discussion

As a detection target, a water-in-oil emulsion droplet is prepared by mixing an aqueous
solution of 100 mM NaCl with 1,2-dichloroethane (DCE) through the ultrasonic process.
To study the homogeneous water droplets in the organic phase, ImM sodium dioctyl
sulfosuccinate (AOT), which serves as an inverse emulsion stabilizer, was dissolved in the
DCE continuous phase. Surfactant-encapsulated water-in-oil droplets were studied, which
are a more probable type of water droplet in organic solvents than pure water droplets
(Scheme 1).

Pure Organic Solution Organic Electrolyte Solution

Scheme 1. The schematic illustration of the electrochemical reaction of the water droplet when
it contacts the electrode surface. There is no reaction without a supporting electrolyte in organic
solution; however, the electrolysis of water molecules in droplets takes place in the presence of a
supporting electrolyte in organic solution.

To investigate the electrolysis conditions of the surfactant-encapsulated emulsion
droplets, cyclic voltammetry (CV) and chronoamperometry (CA) were conducted in the
absence and presence of a hydrophobic electrolyte in the continuous DCE phase. The
CVs were scanned from 0 V to 1.2 V (vs. Ag/Ag"), where water oxidation can occur
thermodynamically. When the emulsion was injected into pure DCE (Fig. 1a black line), no
anodic current response was observed until 1.2 V. However, in the presence of hydropho-
bic electrolyte in the organic phase, the oxidation of water started from around 0.85 V
(Figure 1a, red line), resulting in a drastic current increase. In addition, current spikes
were observed above the increasing current trend, owing to the continuous collision of the
emulsion droplets. Figure 1b shows the CAs of the emulsions in DCE with and without
10 mM TBABF; in the organic phase. The electrode potential was maintained under an
oxidative condition of 1.0 V vs. Ag/Ag*. When the emulsions were injected into pure
DCE (Figure 1b, black line), no spiky peak currents were observed. When the emulsion
was injected into a DCE solution containing 10 mM TBABFj, a collisional current spike
originating from the collision and adsorption of the emulsion droplet on the UME, followed
by simultaneous oxidation of the water molecules in the droplet was observed (Figure 1b,
red line). Collisional current spikes were observed only in the presence of hydrophobic
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Current (nA)

electrolytes in the organic phase in both the voltammetric and chronoamperometric mea-
surements. Owing to the addition of the electrolyte to the solution, the resistance of the
bulk solution decreased. Therefore, the background current increased slightly owing to the
reduced iR overpotential.

%02 +2H" +2e” : H,0 E° = 0.689 (V vs. Ag/Ag*) (R1)
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Figure 1. (a) CVs of the W/O emulsion droplets (0.1 M NaCl dissolved in aqueous phase) in pure DCE
(black line) and in DCE containing 10 mM TBABF; (red line) on a Pt-UME at a scan rate 50 mV s 1,
(b) Amperometric i-t curves of the W/O emulsion droplets (0.1 M NaCl dissolved in aqueous phase)
in pure DCE (black line) and in DCE containing 10 mM TBABF, (red line) on a Pt-UME biased at
1.0V (vs. Ag/Ag™h).

To determine a suitable potential for emulsion detection in an organic electrolyte
solution, CA was conducted at various potentials in the Pt UME (Figure 2a). The experi-
ments were conducted at potentials from 0.4 V to 1.2 V with 0.2 V intervals. When 0.4 V
was applied, anodic peak currents were not observed. At 0.6 V and 0.8 V, the spiky cur-
rent peaks were observed, resulting from the oxidation of the collided emulsion droplets.
However, the current peaks were comparatively small because the overpotential was not
sufficiently high for water oxidation. When the potential was increased to 1.0 Vand 1.2 V,
relatively large spiky peaks were observed. Based on the experimental results shown in
Figure 2b, 1.0 V was chosen as the optimal electrode potential for the detection of emulsion
droplets using the CA method because it showed high peak currents and maintained a
stable background current.

In pure DCE solution, CA was performed at various anodic potentials to observe
emulsion droplet collisions in the Pt UME (Figure 3). For the consideration of highly
resistive organic solvent without supporting electrolyte, CA experiments were conducted
at potentials from 1.0 V to 1.8 V with 0.2 V intervals. However, no collisional current spikes
were observed in any of the experiments, including a high anodic potential of 1.8 V. The
result indicates that hydrophobic electrolytes are required to detect the AOT-encapsulated
emulsion droplets. For the detection of surfactant-free droplets (e.g., pure water droplets
only containing hydrophilic electrolytes in an aqueous phase), the water droplets can be
detected in the absence of hydrophobic electrolytes in DCE [22]. Although the surfactant
species are dissolved in the organic phase, they are also present at the interface of the
aqueous and organic solutions. Therefore, the electrochemistry of the aqueous droplet can
be affected by the interface material.
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Figure 2. (a) Amperometric i-t curves of W/O emulsion droplet on Pt-UME at various applied
potentials (0.4, 0.6, 0.8, 1.0, and 1.2 V vs. Ag/Ag*) in DCE electrolyte solution containing 10 mM
TBABFj (b) Collisional peak heights obtained from W/O emulsion in the DCE electrolyte solution
were plotted together with a cyclic voltammogram of the same solution depending on the applied
electrode potentials.
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Figure 3. Amperometric i-t curves of W/O emulsion droplets on Pt-UME at various applied poten-
tials (1.2, 1.4, 1.6, 1.8, and 2.0 V vs. Ag/Ag™) in pure DCE solution.

Using the CA data obtained from the collision experiments, the collision frequency
was measured based on the concentration of the emulsion droplets. A plot of the collision
frequency as a function of the emulsion concentration is shown in Figure 4. The upper and
lower error bars were calculated as three times the standard deviation. It was observed
that the collision frequency was proportional to the injected emulsion droplets when
the droplet concentration was less than ca. 300 pM. At lower droplet concentrations,
the emulsion droplet behaved as a randomly moving independent particle, and a low
probability of interaction was observed between the particles. Therefore, the increased
number of emulsion droplets due to the increased emulsion injected suggests that collisions
of emulsion droplets on UME are more likely to result from the stochastic diffusion process.
The following Equation (3) was derived from a regression analysis of the experimental
collision frequencies (Figure 4, blue line).

fexp = 0.00044C,p ®)

where fey) is the collision frequency of the experiment and C,, is the concentration of the
W/O emulsion.
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Figure 4. Plot of the collision frequency (Hz) as a function of the W/O emulsion concentration (pM).
The error bars indicate the 3 times of the standard deviation of 6 independent measurements. All
experiments were conducted on a Pt-UME biased at 1.0 V (vs. Ag/Ag").

However, when the droplet concentration is increased, a greater chance of interaction
is expected between the droplets. Coalescence occurs during the injection of emulsion
droplets into an organic medium. Furthermore, in the presence of hydrophobic electrolytes
in the organic phase, the droplets can agglomerate to form larger droplets because the elec-
trostatic repulsion between the charged droplets can be reduced at a high ionic strength. In
our experiment, at higher emulsion droplet concentrations, the coalescence of the emulsion
droplets resulted in a lower collision frequency than that expected from the linear trend.

The theoretical collision frequency can be evaluated by considering the diffusion and
migration of W/O emulsion droplets toward the UME. In this system, only the diffusional
movement of the droplet was considered because the migration effect can be ignored using
supporting electrolytes in an organic solvent. The theoretical collision frequency is given
by Equation (4):

fem = 4Dey CemreNa “4)

where f,;, is the theoretical frequency of the W/O emulsion owing to diffusion toward

the working electrode, D, is the diffusion coefficient of the W/O emulsion droplet, C,,

is the concentration of the W/O emulsion, 7, is the radius of the working electrode, and

N, is Avogadro’s number. D,;, was calculated using the Stokes-Einstein relationship

(Equation (5)):

_ kgT
67T em
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where kg is the Boltzmann constant, T is the temperature (298 K), 7 is the viscosity of
water at 25 °C, and 7.y, is the radius of an emulsion droplet. Consequently, the theoretical
frequency of collision (fe;;) from the 127, 254, 508, and 1016 pM emulsion droplet was
2.1, 4.1, 8.3, and 16.5 Hz and the experimental frequency ( fexp) was estimated to be 0.058,
0.112, 0.142, and 0.208 Hz, respectively. The f,;, values of the water droplet collisions were
approximately 35-80 times higher than the f.y, values. The lower experimental frequency
(fexp) might be attributed to the invalid collision of the emulsion droplets on the UME;
that is, the collision of droplets did not lead to an electrochemical reaction, possibly owing
to incomplete contact on the UME. The adsorption of the injected emulsion droplet on
the surface of the electrochemical cell and glass sheath of the electrode also reduced the
experimental collision frequency.

Upon adsorption of the emulsion droplet onto the Pt UME, the electrochemical reaction
started instantly on the biased Pt UME. The electrolysis of water molecules in the emulsion
droplets exhibited a high current magnitude because the tiny droplets contained a highly
condensed reactant (i.e., 55.6 M water molecules). The shape of the anodic current peaks
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showed a sharp increase and exponential decay with time. The current peaks were analyzed
to determine the size of each water droplet. Therefore, the number of charges from each
collision event was calculated by integrating the peak areas in CA. Assuming a spherical
droplet, the diameter of each droplet (d,,y) was calculated using Equation (3).

[ 6Q
_ 3
ddrap - nnFCredox (6)

where Q is the measured charge and n is the number of electrons transferred per molecule.
F is the Faraday constant and C,;, is the concentration of the redox species in a droplet.
In our experiments, the electrochemical redox species is water. Therefore, the water
concentration in the droplets was ca. 55.6 M. During oxidation, each water molecule
generates two electrons. Therefore, n is 2.

The size distribution of the droplets, calculated using Equation (6), is shown in Figure 5
(blue bars), and that obtained from the DLS measurements is shown in Figure 5 (red line).
Previous studies using electroactive redox species have demonstrated similar size distributions
using both the electrochemical collision method and DLS measurements [22,34]. However,
in our experiments, comparing each average size obtained through the electrochemical
collision method (~171 nm) and DLS measurements (~363 nm), the two results indicated
considerable differences. The size of the emulsion droplets obtained electrochemically
was underestimated because the oxidation of water molecules in the droplets did not
proceed completely until the water was depleted. During the oxidation of water in a
neutral solution, two water molecules produce one oxygen molecule and four protons.
The produced oxygen molecules can form bubbles at the interface of the electrode, which
can lead to a loss of electrical connection between the droplet and the UME, hindering the
complete electrolysis of the water molecules in the droplet.
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Figure 5. Comparison of the size distribution between the single W/O (water-in-oil) emulsion
collision method (blue bars) and DLS measurement (red line).

By comparing the underestimated size and actual size of the droplets, the number of
water molecules in the droplets that are oxidized can be calculated. Please note that the
average size of the droplets from DLS measurement can contain large errors because the
droplets are a polydisperse sample rather than a monodisperse. When a large particle is
included in the sample, the large particle can have strong scattering and also can partly
disturb the weaker scattering from the small particles. More accurate results could be
obtained by using nanoparticle tracking analysis (e.g., Nanosight). If the water molecules
in the 363 nm diameter (obtained from DLS) droplets react completely, a 269 pC of charge
should be generated. The average charge obtained from the same sample using the electro-
chemical collision method was 28 pC. Comparing these two charge values, we can conclude
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that roughly ~10% of water molecules in the droplet were electrochemically oxidized, and
the remainder were not oxidized. This result is significantly enhanced from a previous
report of the 0.81% electrolysis efficiency in an electrolyte-free organic solvent [21]. Owing
to the confined size of the reactor (i.e., the emulsion droplets), it is difficult to pump the
reaction product out of the reactor for a continuous reaction in the droplets. If the produced
charged product (e.g., protons) is not properly balanced inside the droplet, the electrolysis
reaction is halted because charge neutrality inside the droplet is not maintained. The
hydrophobic electrolyte anion (BF4 ™), which permeates to the aqueous droplet from the
organic electrolyte solution, promotes the electrochemical water oxidation by maintaining
the charge balance.

2H,O(aq) + 4BF,~ (org): O(aq) + 4H" (aq) + 4BF,~ (aq) + 4e~ (R2)

Therefore, we established efficient electrolysis conditions for surfactant-stabilized
aqueous droplets in organic solvents based on an understanding of the reaction in a single
entity. Using this system, we detected aqueous emulsion droplets without the addition
of additional redox species. Furthermore, this principle can elevate water electrolysis
efficiency under neutral conditions. In the bulk electrolysis of the water continuum, the
adsorption of bubbles on the electrode surface results in a high ohmic potential drop and
a large reaction overpotential. The efficient electrolysis of water emulsion droplets in an
organic medium can be studied by reducing bubble adsorption on the electrode surface
and controlling the hydrophobic surfactant on an organic solution.

4. Conclusions

Herein, we describe the electrochemical detection of surfactant-encapsulated aqueous
droplets in organic electrolyte solutions. Previous studies on surfactant-free water droplets
have utilized the direct oxidation of solvent molecules in a pure organic solution. How-
ever, in the presence of a surfactant (e.g., an emulsifier) in an organic solvent, the water
molecules are not electrochemically oxidized. In our experiments, the water molecules
in the emulsion droplets are electrolyzed using a hydrophobic electrolyte. Although the
water oxidation partly proceeds in an electrolyte-free organic solvent (0.81%), more efficient
electrolysis occurs in an organic solvent in the presence of hydrophobic electrolytes. By
enhancing the electrolysis efficiency, a high signal-to-noise ratio can be obtained for the
electrochemical detection of emulsion droplets. Therefore, the electrochemical detection of
nano/microdroplets can be utilized in the study of electrochemical sensors. Furthermore,
this principle can be applied to elevate water electrolysis efficiency under neutral conditions.
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Abstract: In this work, we propose a potentiometric smart sensor for lithium detection in environ-
mental samples based on a screen-printed cell. The graphite screen-printed electrode (GSPE) was first
modified by gold and silver nanoparticles to increase the conductivity, and then by an ion-selective
membrane, which was directly deposited onto the nanostructured electrode surface. The potentiomet-
ric cell, thanks to its small size, was integrated with a portable instrument connected to a smartphone
for decentralized analysis. The developed sensor was used in drop- and microflow-configurations
and showed a high sensitivity for lithium with a low detection limit (1.6 uM). It was also applied
in the analysis of real samples from the industrial recycling of automotive batteries and complex
matrices, such as contaminated soils.

Keywords: lithium; microflow; ion-selective membrane; metal nanoparticles; screen-printed electrodes

1. Introduction

Over the past decades, the production and consumption of lithium have increased at
an average of approximately 3% per annum. Lithium and its compounds indeed own a
strategic importance as they have several industrial applications, among which the most
well-known are lithium and lithium-ion batteries (LIBs). LIBs are the primary driving force
in the increase of lithium production, as they offer a viable alternative to other rechargeable
batteries in terms of costs, number of charge-discharge cycles, and high-performance
results [1]. In addition, they have also become a promising option for the fueling of electrical
vehicles (EVs) and the reduction of CO, emissions, which is increasingly salient due to
the societal awareness of climate change [2,3]. Consequently, the exploitation of mineral
deposits to provide the raw material required by the LIBs market has been subjected to a
rapid increase [4]. Recycling processes (e.g., hydrometallurgical separation) thus represent
a sustainable option for the reintroduction of LIB compounds into the economic cycle,
reducing both the need for primary raw materials, the generated byproducts, and the
impact on the environment, including the health of fauna and flora [5-7]. However, only
a few metals with high economic value are recycled from exhausted batteries as such
approaches could involve complex processes. This is part of the reason why spent LIBs
have been treated as waste ever since the first commercial cells hit the market in the early
1990s: it was often cheap enough to dump old batteries and mine the virgin material [8].

Considering what has just been discussed, the importance of developing a fast and cost-
effective analytical technique to help increase both the efficiency of the recycling process
and quality control in terms of environmental pollution becomes increasingly urgent.

From this perspective, electrochemical sensors like ion-selective electrodes (ISEs) are
a promising alternative to most of the existing analytical techniques for lithium detec-
tion (e.g., inductively coupled plasma—ICP, atomic absorption spectroscopy—AAS, ionic
chromatography—IC) for an accurate in situ monitoring and analysis [9,10], as they pro-
vide rapid results and are small and cost-effective. Lithium detection by potentiometric
sensors has been accomplished through various approaches, including those that rely on
crystalline membranes. Freitas et al. modified a carbon-paste electrode (CPE) with an
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aluminum-doped, spinel-type manganese oxide, retrieving a super-Nernstian response to-
wards lithium [11]. Nel-lo et al. used two different solid-state electrolytes with a garnet-type
crystal structure for lithium detection in molten Pb-Li alloys as the sensing element [12].

In the case of alkali metals, the coupling of electrochemical techniques to macrocyclic
molecules (i.e., ionophores) can yield high sensitivity, reproducibility, low detection limits,
and high selectivity due to the complementarity between the electrostatic properties of
the macrocyclic cavity and those of the metal cation. Potentiometric ISEs based on an
ionophore-containing membrane of polyvinyl chloride (PVC) have been developed for
the detection of potassium and sodium ions [13,14]. Regarding lithium detection, the
potentiometric approaches based on polymeric ion-selective membranes are reported in
Table 1.

Table 1. Lithium detection by potentiometric sensors based on a polymeric ionophore-containing

membrane.
Ionophore Linear Range (M) Slope (mV/decade)  Real Samples Ref.
Li ionophore III 10-5-10"1 58 - [15]
Dendrimer 2.5 % 1075-10"1 52 Blood [16]
Li ionophore VI 2.7 x 1076-1071 48 Serum [17]
Li ionophore VI 5 x 1075-10"1 57 Serum [18]

Portable devices can also be designed, taking advantage of the aforementioned charac-
teristics, which could allow an accurate in situ detection of lithium, whether in hospitals
remote locations, landfill sites, or offshore monitoring [19].

In fact, screen-printed cells (SPCs) opened new opportunities to apply electrochemical
techniques for environmental in situ analyses, providing an analytical tool to satisfy the
increasing demand of the rapid, sensitive, and selective determination of a wide range
of analytes. The most attractive features of these transducers are undoubtedly their low
cost and versatility [20]; moreover, to enhance their sensing performance, nano-modified
electrode surfaces can be exploited to retrieve a specific electrochemical behavior depending
solely on the nature of the modifier [21,22]. Moreover, SPCs integrated into flow injection
analysis (FIA), batch injection analysis (BIA), and high-performance liquid chromatography
(HPLC) have been adopted in a variety of analytical studies [23]. The combination of
SPCs and flow systems increases the throughput of measurements, improves electrodes
lifetime, and reduces reagent consumption and waste generation beyond simplifying and
streamlining the analysis of the low volumes of samples, which is extremely critical for
on-spot environmental analysis [24-28].

Motivated by the aforementioned reasons, the authors in this work propose a smart po-
tentiometric solid-contact sensor for lithium detection based on silver and gold nanoparticles-
modified graphite screen-printed electrodes ((Au&Ag)NPs/GSPEs) and a PVC-based
ion-selective membrane. It is known that bimetallic nanoparticles possess excellent elec-
trochemical properties due to synergistic and electronic effects: among them, the Ag-Au
bimetallic catalysts have drawn much attention due to their electronic, optical, and catalytic
properties which differ from those of individual mono metals [29]. To the best of our
knowledge, only one example of a potentiometric screen-printed sensor based on platinum
and gold nanostructures and a polymeric membrane for lithium detection in human per-
spiration was reported in the literature; this showed a slightly higher sensitivity but also a
higher detection limit compared to our sensor, and it was not integrated with a microflow
setup [30,31]. In our case, the use of silver nanoparticles coupled to gold ones enhanced
the sensing performance of inexpensive graphite electrodes, lowering the production cost
of the sensors with respect to the use of platinum. Moreover, the relative amounts of
membrane-cocktail components, which were already known to work properly for lithium
detection, were varied in order to improve the features of the sensor; finally, a study on the
proper amount of the membrane cocktail to be deposited completes the optimization of the
sensor. A good Nernstian response from the sensor (~58 mV/decade) was then retrieved;
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the selectivity was also thoroughly investigated. The developed sensors were ready to use
and, in contrast to most of the reported ion-selective devices, no electrode conditioning was
required before performing the measurements. This ion-selective solid-contact sensor was
integrated into a smart setup comprising a pocket instrument connected to a smartphone
to perform drop and microflow measurements for on-spot decentralized analysis. To assess
the applicability of the developed device, lithium was also detected in waste liquids from
an industrial recycling process of exhausted batteries and in contaminated soils, which, to
the best of our knowledge, was not performed in any of the reported previous studies.

2. Materials and Methods
2.1. Chemicals

Tetrachloroauric acid (HAuCly), silver nitrate (AgNO3), sulfuric acid 95-97% (H,SOy4),
sodium nitrate (NaNO3), potassium ferrocyanide K4[Fe(CN)s], potassium ferricyanide
K3[Fe(CN)g], potassium chloride (KCl), 6,6-dibenzyl-1,4,8-11-tetraoxacyclotetradecane
(lithium ionophore VI), potassium tetrakis (4-chlorophenyl) borate (K-TCPB), 2-nitrophenyl
octyl ether (NPOE), polyvinyl chloride (PVC) high molecular weight, tetrahydrofuran
(THF), lithium chloride (LiCl), magnesium chloride (MgCl,), ammonium chloride (NH4Cl),
sodium chloride (NaCl), and calcium chloride (CaCl,) were purchased from Merck (Darm-
stadt, Germany). All solutions were prepared using MilliQ water (obtained from Milli-Q
Water Purification System, Millipore, UK).

2.2. Instrumentation

Screen-printed electrochemical cells (SPCs) based on a graphite-working electrode,
a graphite-counter electrode, and a silver pseudo-reference electrode (EcoBioServices srl,
Sesto Fiorentino, Italy) were used for the electrochemical experiments. The open circuit
potential (OCP) measurements were carried out at room temperature using Sensit Smart
portable potentiostat/galvanostat (PalmSens BV, Houten, The Netherlands) connected
to an Android© smartphone equipped with PSTouch software for data acquisition and
elaboration. Potentiometric measurements were also performed with a commercial lithium
ion-selective electrode (DX207-Li ISE half-cell electrode, ref. 51107673) and an Ag/AgCl
reference electrode (pH electrode InLab reference, ref. 51343190) purchased from Mettler-
Toledo S.p.A. (Milan, Italy). The peristaltic pump needed for flow measurements was
purchased from Gilson Inc., USA. Dropsens wall-jet microflow cell (ref. DRP-FLWCL) was
purchased from Metrohm (Milan, Italy). Scanning electron microscopy (SEM) analysis was
carried out using a Gaia 3 microscope (Tescan a.s., Brno, Czech Republic). SEM images were
acquired using an acceleration voltage of 5 kV for the bare-graphite electrodes and 20 kV
for the nanostructured electrodes. Energy dispersive X-ray analysis (EDX) was performed
to assess the elemental composition of the modified electrode surface.

2.3. Preparation of (Au&Ag)NPs-Modified Graphite Screen-Printed Electrodes

The surface of the graphite screen-printed electrode (GSPE) was modified with silver
and gold bimetallic nanoparticles ((Au&Ag)NPs) using cyclic voltammetry (CV) to produce
an enhancement of the electrochemical behavior of the GSPE. Firstly, 2.5 mM of AgNOs in a
0.1 M NaNOj solution was dropped onto the GSPE surface. The potential was cycled from
—1.0 Vto +0.5 V vs. Ag/AgCl pseudo-reference electrode for 10 times at a 50 mV /s scan
rate. Successively, the AgNPs-modified GSPE was washed for three times with deionized
water to remove the excess of free ions from the surface. A solution of 2.5 mM HAuCly in
0.5 M H,SO4 was dropped onto the AgNPs-modified graphite electrode. The potential was
cycled from —0.2 V to +1.6 V vs. Ag/AgCl pseudo-reference electrode for 10 times at a
100 mV /s scan rate. The (Au&Ag)NPs/GSPE was then washed with deionized water for
three times.
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2.4. Study of the Electrochemical Performance of (Au&Ag)NPs-Modified Graphite Screen-Prin-
ted Electrodes

To gain insights into the electrochemical enhancement produced by the nanostructura-
tion of the electrode surface, CV measurements were performed with the (Au&Ag)NPs/GSPE
by dropping 50 L of 5 mM [Fe(CN)s] /3 as a redox-probe (equimolar mixture prepared
in 0.1 M KCl) solution.

CV measurements were carried out in a range of potentials between —0.5V and +1.0 V
at different scan rates (25, 50, 100, 125, and 150 mV/s). The current peak height was taken
as the electrochemical signal and plotted vs. the square root of the scan rate (V/s), and a
linear behavior was retrieved. Then, the electroactive area was calculated from the angular
coefficient of the obtained linear regression with the Randles-Sevcik equation [32]:

nFZJD0>1/2 1

: 0
ip = 0.446nFAC ( RT

where 7 is the number of electrons transferred in the redox events, F is the Faraday constant
(C/mol), A (cm?) is the electrode surface area, R is the gas constant (8.314 J/(mol-K)),
D, (cm?/s) is the diffusion coefficient of the oxidized analyte, and CY (mol/cm?) is the
analyte bulk concentration. After each CV measurement, the SPCs were discarded.

SEM analysis was performed to assess the morphological characterization of the nanos-
tructured GSPE surface. In particular, the morphology of the graphite electrode was inves-
tigated before and after the electrochemical nanostructuration of the substrate material.

2.5. Preparation of Solid-Contact Lithium Sensor

The lithium-selective membrane was realized using a cocktail consisting of 28% (w/w)
PVC, 1% (w/w) lithium ionophore VI, 0.2% (w/w) K-TCPB, and 70.8% (w/w) NPOE for
100 mg of mixture dissolved in 1 mL of THE. The mixture was left to stir for 1 h with a mag-
netic stirrer. After this, 5 uL of this solution was drop-casted onto the (Au&Ag)NPs/GSPE.
After completing the drop-casting procedure, the sensor was left to air-dry overnight in
dark conditions to allow for the complete evaporation of the solvent.

2.6. Lithium Detection

The potentiometric cell was integrated into a smart setup where the portable Sensit
Smart potentiostat was connected to a smartphone for OCP measurements, which were
performed both in drop and in microflow configurations, without any conditioning of
the sensor, for a total running time of 100 s each to assure a stable OCP response. Drop
measurements were carried out by depositing 50 uL of standard solution onto the SPC,
while flow measurements were performed using the wall-jet microflow cell with a flow
rate of 0.2 mL/min. The response time was evaluated as the time required for the OCP to
reach 90% of the maximum potential value [33]. The standard solutions were analyzed in
the range of 107°-10~! M using a 0.05 M MgCl, solution as the supporting electrolyte.

The schematic representation of lithium detection with the described microflow con-
figuration is reported in Figure 1.

C 1

l In
pump

/ Out

==

sample waste

microflow cell

smart potentiostat

Figure 1. Experimental setup for lithium detection using a microflow configuration.
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After each set of measurements, the sensor was washed with a 0.05 M MgCl, solution
to keep the same experimental conditions for the subsequent measurements.

To obtain a calibration curve, OCP values were plotted vs. the logarithm of lithium
concentration, and the experimental points were fitted with a linear regression. The
detection limit was calculated according to Bakker & Pretsch [34]. Briefly, the potentiometric
response is a linear function of the logarithm of the activity of lithium in solution, and its
slope is described by the Nernst equation. Below the LOD, it has a constant value, which is
ideally defined by the response of the sensor to another ion (i.e., the supporting electrolyte).
The potentiometric LOD is then defined as the cross-section of the two linear parts of the
response function.

The sensor was stored in dry and dark conditions between day-to-day measurements.
In this way, the sensor could be used for at least ten calibrations with good reproducibility,
as the relative standard deviation (RSD) was lower than 10%.

2.7. Fixed Interference Method (FIM)

The selectivity of the developed membrane was assessed by evaluating its selectivity
coefficient toward potential interfering ions, such as potassium, sodium, ammonium, and
calcium ions. OCP measurements were performed in solutions at a constant activity of the
interfering ion (i.e., K*, Na*, NH,", Ca*?), ag, and varying activity of the primary ion (i.e.,
Li*), a4. The measured potential values are plotted vs. the logarithm of the activity of a Li*
ion. The intersection of the extrapolated linear portions of this plot indicates the value of
ay that is to be used to calculate KP*' 4 5 from the following equation:

ot aa
KZ,B = Za (2)
ag B

where both z4 and zp (i.e., the charge of the ions) have the same sign [35].

2.8. Real Samples Analysis

Preliminary experiments to assess the determination of lithium ions in real samples by
the developed sensor were also performed. The sensor’s response was determined by OCP
measurements.

Samples deriving from an industrial process of recycling automotive batteries were
diluted at a proper ratio (from 1:5 up to 1:200) in 0.05 M MgCl, before the analysis with the
standard addition method in drop and microflow configurations. Lithium concentration in
the samples was then calculated by applying the following equation:

CstaVsta
Vsumple + std) - Vsample

Csample = 10%( ’ 3)

where Cgyple and Viggypl, are the concentration and the volume of the sample, Cyy and
Vs:q are the concentration (1 M) and the volume of the added lithium standard solution,
respectively, S is the slope of the calibration curve, and AE is the potential variation due to
the addition of the standard.

The application of the developed potentiometric platform for the analysis of lithium
in complex matrices such as contaminated soils was also demonstrated. Soil samples
(~1 g) were mixed with HyO, and aqua regia (HC1/HNOj 3:1 v/v, ~18 g) and then loaded
in a microwave oven. Initially, the samples were irradiated for 20 min, to raise their
temperature from 20 °C to 200 °C. A maximum power of 1600 W then maintained the
temperature constant at 200 °C for at least 3 h. The resulting suspension was then filtered
and diluted as required in the supporting electrolyte, and the obtained solution was used
for lithium-standards preparation. The results were then compared with those obtained by
a commercial lithium ISE.
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3. Results and Discussion
3.1. (Au&Ag)NPs Electrodeposition and CV Characterization

The electrochemical performance of graphite screen-printed electrodes (GSPEs) in
terms of conductivity and electroactive surface area was enhanced by the electrodeposition
of silver and gold nanoparticles ((Au&Ag)NPs) using cyclic voltammetry. Figure 2 shows
the typical cyclic voltammograms recorded during the electrodeposition of AgNPs (a) and
AuNPs (b), respectively. The deposition scans show that the current of all peaks appearing
in the voltammograms increases with an increase in the number of cycles up to the 10th
cycle. No significant difference was observed in the peak current if the number of cycles
was increased from 10 to 20 in both cases. Therefore, 10 cycles were used in the following
experiments for AgNPs and AuNPs electrodeposition.

150 300
100 - 200 4
. 50 4 g 100 -
% 0 = o0
-50 - -100
-100 T T =200 T T T T
-1.0 -05 0.0 0.5 -03 01 05 09 13 17
E (V) E(V)

(a) (b)

Figure 2. (a) AgNPs electrodeposition from a 2.5 mM AgNOj solution in 0.1 M NaNOjs (e: 1st cycle,
o: 10th cycle, o: 20th cycle). Experimental conditions: potential range from —1.0 V to +0.5 V, 50 mV /s
scan rate. (b) AuNPs electrodeposition from a 2.5 mM HAuCly solution in 0.5 M HySOy (e: 1st
cycle, o: 10th cycle, o: 20th cycle). Experimental conditions: potential range from —0.2 V to +1.6 V,
100 mV/s scan rate.

After that, the electrochemical properties of the unmodified GSPEs and nanostructured
GSPEs were characterized using the CV technique in presence of a 5 mM ([Fe(CN)g] 4/ 3
redox probe (an equimolar solution in 0.1 M KCl) to assess the aforementioned enhancement
of the electrochemical performance of the nanostructured electrodes. The electroactive
area of the developed platform was calculated by applying the Randles-Sevcik equation
to the angular coefficient of the linear regression obtained by plotting the anodic (i;;) and
cathodic (ipc) current peak heights vs. the square root of the scan rate (Figure 3) for the bare
(a) and nanoparticle-modified (b) electrodes.

The electroactive area values obtained for both platforms are reported in Table 2.

From the obtained results, the electrodeposition of, first, silver and then gold nanopar-
ticles causes an increase in the conductivity of the electrode surface, as noble metals were
deposited onto the screen-printed graphite, and in its electroactive area, as the anodic and
cathodic peak currents increase when passing from the bare GSPE to the nanostructured
(Au&Ag)NPs/GSPE. This is also confirmed by the fact that the electroactive area values
of the nanoparticle-modified electrodes are higher when compared to that of the bare
graphite, even after taking into consideration their geometric area (7.1 mm?). From the
point of view of potentiometric detection, the electrodeposited metal layer works as the
solid contact between the membrane and the substrate electrode, assuring stable potential
readings due to reversible charge transfer between the ionically conducting membrane and
the electronically conducting support [36,37]. Moreover, an increase in the electroactive
area could be helpful in the first place in anchoring the ion-selective membrane to the
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sensing surface, as the nanostructuration brought on by the electrodeposition of the metal

nanoparticles could produce defects while anchoring points.
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Figure 3. Plots of anodic (e) and cathodic (e) peak currents vs. the square root of the scan rate for
(a) bare GSPE and (b) (Au&Ag)NPs/GSPE.

Table 2. Electroactive-area values of unmodified GSPEs and (Au&Ag)NPs/GSPEs, as calculated
from the cyclic voltammograms performed in [Fe(CN)g] =%/ ~3 redox probe.

Anodic (mm?) A cathodic (mm?) A (mm?)
GSPE 5.5 5.1 53403
(Au&Ag)NPs/GSPE 9.0 10.3 9.6 £ 0.9

3.2. Morphological Characterization of the Nanostructured Surfaces

As shown in Figure 4, the morphology of GSPEs was investigated before (a) and after
(b) the electrochemical nanostructuration of the substrate material with (Au&Ag)NPs.

The presence of (Au&Ag)NPs with dimensions smaller than 100 nm, which are ran-
domly distributed on the entire surface of the graphite screen-printed electrode, is visible.
To assess the effective modification of the graphite surface, an EDX analysis of the nanostruc-
tured GSPEs was also carried out (Figure 4c). Three characteristic gold bands centered at 2.2,
9.7, and 11.5 keV, and two silver bands around 3.0 keV were found when the (Au&Ag)NPs-
modified screen-printed electrodes were investigated, confirming the presence of gold and
silver nanoparticles on the sensor surface.

3.3. Optimization of the Amount of Lithium Selective Membrane

The homogeneous coverage of the electrode surface with the ion-selective membrane
is an important prerequisite to achieve an optimal sensor response. To identify the correct
volume of the membrane cocktail to cast on the electrode surface, the responses of a batch
of sensors towards lithium detection, each one obtained after having dropped a different
volume of membrane solution, were evaluated. The linear regressions obtained for different
amounts of the membrane cocktail are reported in Table 3.
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Figure 4. SEM morphologies of (a) bare GSPE and (b) (Au&Ag)NPs-modified GSPE. (c) EDX spectrum
of (Au&Ag)NPs/GSPE.

Table 3. Linear regressions obtained for lithium detection using sensors covered with different
volumes of the ion-selective membrane cocktail (n = 5).

Volume (uL) Slope (mV/Decade)
3 47 + 4
5 58+2
7 46 +1

When the electrode surface was covered with 3 puL or 7 puL. of the membrane solution,
the sensor showed a non-Nernstian behavior. In addition, when 3 puL. were used, the
repeatability of the measurements among different electrodes was also poor, because the
volume was not enough for a homogenous coverage of the electrode surface and for
providing sufficient binding sites for lithium detection. When 7 pL. were used, the response
was slower due to the higher thickness, and lithium ions bound to the outer binding sites
are likely too far from the sensing surface and cannot have any more influence on the signal
itself. On the other hand, when the (Au&Ag)NPs/GSPE surface was covered with 5 pL
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of membrane solution, the sensor showed a Nernstian behavior and a good repeatability
of the measurements. Therefore, the volume of 5 uL. of membrane cocktail solution was
selected for further experiments.

3.4. Optimization of the Supporting Electrolyte Concentration

To obtain a stable response of the sensor for lithium detection, a MgCl, solution was
used as the supporting electrolyte. The supporting electrolyte concentration was optimized
by analyzing lithium standard solutions containing different concentrations of MgCl, (0.01,
0.05,0.1, 0.5 M).

The obtained calibration curves are shown in Figure 5.
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Figure 5. Lithium calibration curves obtained with different concentrations of the supporting elec-
trolyte solution by OCP measurements (n = 5).

The linear regressions obtained for different concentrations of the supporting elec-
trolyte (MgCl,) are reported in Table 4.

Table 4. Linear regressions obtained for lithium detection in standard solutions containing different
concentrations of the supporting electrolyte (n = 5).

[MgCl,] (M) Slope (mV/Decade)

0.01 37 £13
0.05 56 £2
0.1 52+1
0.5 54 +1

The highest sensitivity for lithium detection, almost approaching a Nernstian behavior,
was retrieved when a concentration of 0.05 M of MgCl, was used. Therefore, this concen-
tration of supporting electrolyte solution was selected for all the subsequent experiments.

3.5. Lithium Detection in-Drop Configuration

Under optimized experimental conditions, lithium in-drop detection was performed
by OCP measurements. The response time and stability of the signals were evaluated by
recording the potential vs. the time during the analysis of solutions at different concentra-
tions of lithium for a total running time of 100 s (Figure 6a). The OCP values measured in
correspondence of a fixed time of 90 s for each of the analyzed lithium concentrations were
plotted vs. the logarithm of lithium concentration, and a linear regression was used to fit
the experimental points (Figure 6b).
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Figure 6. In-drop lithium detection in standard solutions. (a) Recorded OCP signals vs. time for a
total duration of 100 s, and (b) corresponding calibration curve. Each measurement was repeated at
least 5 times using the same sensor.

It can be observed that the average response time for all the standard solutions is
45 s, calculated as reported in Section 2.6. A linear response was retrieved in the range
1075-101 M, described by the equation y = (58 & 3)x + (380 & 7), with a good correlation
coefficient (RZ = 0.9998). The limit of detection (LOD) was calculated as described in
Section 2.6 and found equal to 1.6 pM. The repeatability of the sensor response was
evaluated by multiple measurements of the calibration curve (n = 5), obtaining %RSD
values lower than 4%. The same ion-selective cell was tested for a period of 48 h, and it
showed a long lifetime. A loss of performance could be observed only after 36 h due to
different events, such as the detachment of the membrane. Moreover, the sensor showed
high working stability, as observed by the low potential drift (3 mV/h) obtained after 5 h
of continuous OCP response when measuring a 0.1 M lithium solution. Lastly, the storage
stability of the sensor was outstanding, as its analytical performance in terms of sensitivity
remained almost constant for at least 1 month after preparation in dry and dark storage
conditions at room temperature.

3.6. Interference Study

The most important characteristic of an ion-selective membrane is its response toward
the ion of interest in the presence of other potentially interfering ions, which is measured in
terms of the potentiometric selectivity coefficient (K" 4 g). Lithium calibration curves were
carried out in presence of 50 mM of the interfering ion. The calculated values of log(K™! 4 ),
one for each interfering cation, are shown in Table 5.

Table 5. The selectivity coefficients (log KP* 4 p) of lithium sensors for different interfering ions
obtained by fixed-interference method.

Interferent Ion Log(KP°! 4 )
K+ —1.89 +0.72

Na* 245+ 051
NH,* —2.55 +1.02
Ca*? —4.82+0.94

As it could be expected, the sensor showed the highest selectivity towards Ca*2, while
the lowest coefficient values were those obtained for the smallest ions, namely, K* and Na*,
which have similar dimensions to Li* ions, thus, resulting in a stronger interference.
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3.7. Lithium Detection in Microflow Configuration

With the aim of developing a smart setup to be applied in environmental analysis
for the continuous monitoring of lithium, the presented sensor was integrated into a
microflow configuration comprising a peristaltic pump and a wall-jet flow cell. Standard
solutions were pumped at different flow rates to evaluate the sensor response toward
lithium detection.

The response time changed significantly depending on the flow rate. To assess the
most suitable one, different flow rates were tested, and the response time was calculated as
reported in Section 2.6. The obtained results are reported in Table 6.

Table 6. Response time in respect of the flow rate for lithium detection ([Li*] = 0.01 M) with the
microflow setup.

Flow Rate (mL/min) Response Time (s)
0.10 600
0.15 500
0.20 50
0.40 300

The optimal flow rate was 0.2 mL/min, as in this condition the sensor showed the
fastest response time. The use of different flow rates resulted in higher response time
values of about 10 min when using a flow rate of 0.10 mL/min and 5 min when using a
flow rate of 0.40 mL/min. This was probably due to the fact that a higher flow rate does
not allow the establishment of a proper binding equilibrium between lithium ions and
the ion-selective membrane, thus, the sensor requires a longer time to detect lithium. On
the other hand, a lower flow rate is likely insufficient for providing an efficient binding of
lithium ions considering that, in the microflow analysis, the volume of lithium standard
solutions which instantly comes into contact with the sensing surface is much smaller with
respect to that used in the drop configuration.

A typical recording of the OCP with the microflow setup in the concentration range
of 1075-10~! M of lithium ions, together with the relative calibration curve, is shown in
Figure 7.
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Figure 7. Microflow lithium detection in standard solutions. (a) Recorded OCP signals vs. time for a
total duration of 500 s at a flow rate of 0.2 mL/min and (b) corresponding calibration curve. Each
measurement was repeated at least 5 times using the same sensor.

Calibration curves show a similar behavior with respect to drop measurement, as
described by the equation y = (59 =+ 5)x + (338 + 10), with a LOD of 2.0 uM.
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3.8. Sensor Application in Environmental Samples Analysis

Having verified the suitability of the sensor for detecting lithium in standard solutions,
preliminary experiments on real industrial samples were then carried out.

Lithium was detected in several samples derived from an industrial process of re-
cycling automotive batteries. The determination of the analyte was carried out by the
standard addition method on the samples diluted to a proper ratio in the supporting
electrolyte and by performing OCP measurements in drop and microflow configurations
under the aforementioned optimized conditions. The results were compared with those
obtained from the commercial ISE using batch measurements (Table 7).

Table 7. Lithium concentrations determined in industrial samples from recycling automotive batteries.
Each measurement was repeated at least 3 times using the same sensor. The samples were tested with
the developed sensor through both drop measurement and the microflow setup; the results were
compared with those obtained in batch with the commercial ISE.

Samples Li* (mg/L)
Developed Sensor Commercial ISE
Drop Microflow Batch
1 128 + 6 134 + 12 120+ 2
2 45+9 60 £ 10 55+1
3 88 + 4 91£8 87 £2
4 290 + 6 302 £13 283 +£9

As observed, the results obtained with the proposed method, both in drop and mi-
croflow configurations, partially overlap with those deriving from the commercial ISE
analysis, demonstrating that the two methods have the same precision.

To reinforce the established applicability of the proposed method, lithium was also
detected in a complex matrix obtained from soils, which could mimic those derived from
grounds accidentally polluted by the byproducts of recycling processes. Given the complex-
ity of the solution obtained from soil digestion, the dilution of the matrix was preliminarily
optimized by performing potentiometric measurements with the commercial ISE (Table 8).

Table 8. Lithium detection in contaminated soils at different dilutions. Each measurement was
repeated at least 5 times with the commercial ISE.

Dilution Ratio Slope (mV/Decade)
1:10 45+ 6
1:20 48+5
1:50 52+3
1:100 55+3

As observed, the optimal dilution ratio was 1:100 since the slope of the corresponding
calibration curve has the highest value. Thus, this dilution ratio was used for all the
following experiments.

As soil usually contains an elevated amount of interfering ions such as sodium, potas-
sium, and calcium [38], together with other potentially interfering species, the concentration
of the supporting electrolyte was re-optimized. An imbalance in the ionic strength (with
respect to that of standard solutions) could affect the stability, the reproducibility, and the
sensitivity of the measurement. The resulting calibration curve is shown in Figure 8.
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Figure 8. Lithium detection in contaminated soils diluted at a 1:100 ratio in different concentrations
of the supporting electrolyte. Each measurement was repeated at least 5 times using the same sensor.

It can be observed that the highest sensitivity was obtained using a solution of MgCl,
at a concentration of 0.05 M, while the highest R? score was retrieved when the supporting
electrolyte was 0.5 M. To evaluate the operability of the developed sensor once more, the
soil sample was contaminated by spiking it with one of the byproducts of the industrial
process of recycling batteries, obtaining a recovery of 81%.

Taking into account the good agreement between the results obtained with the pro-
posed method and those deriving from the commercial ISE, it can be asserted that the
developed sensor could be applied for lithium monitoring in industrial waste samples and
contaminated soils.

4. Conclusions

In this paper, we developed a potentiometric smart sensor for lithium detection based
on bimetallic nanoparticle-modified graphite screen-printed electrodes. Gold and silver
nanoparticles were quickly deposited using cyclic voltammetry; the obtained platform
was electrochemically and morphologically characterized, and the results were compared
with the bare-graphite electrode. Increased conductivity and improved surface area were
retrieved after the deposition of (Au&Ag)NPs. An appropriate amount of an optimized
ion-selective membrane cocktail was then deposited directly onto the surface of the nanos-
tructured graphite electrodes. Lithium was detected in standard solutions over a wide
range (10~°-10~1 M) with low detection limits of 1.6 uM and 2.0 uM, both in-drop and with
a microflow configuration, respectively. The selectivity towards lithium detection in the
presence of interfering ions was also evaluated. The absence of the need for conditioning
time for the developed sensor has many advantages for its application as a ready-to-use
and disposable device for real-sample analysis. Real samples from an industrial process
of recycling automotive batteries and a complex matrix deriving from contaminated soils
were analyzed, and the results were in accordance with those provided by a commercial
lithium selective electrode. The applicability of the proposed method was then reinforced,
as lithium was also detected in a complex matrix obtained from contaminated soils. This
kind of analysis highlights the importance of the use of screen-printed modified elec-
trodes to monitor all the steps of the process and to assure a complete recovery of the
battery materials.
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Abstract: In this work, the development and characterization of a new ceramic material modified with
polyaniline powder obtained by a high-power ultrasound sol-gel route is presented. A preliminary
screening of the conducting polymer electroactivity was performed by means of cyclic voltammetry in
free analyte solution. Remarkable figures of merit for 4-chloro-3-methylphenol (PCMC) determination,
selected as the model organic analyte, was obtained with the developed material: the sensitivity and
the limit of detection were 2.40 pA/uM-cm? and 0.69 uM, respectively. The developed device was
also successfully applied in the electrochemical determination of PCMC in water samples collected
from different sources, obtaining recovery values ranging from 92% to 105%. The electrochemical
performance of the device for the detection of other chlorophenols of interest was better in comparison
with the bare electrode in all cases, due to the presence of the bulk modifier in the material. Therefore,
the electrode material can be promoted for electrochemical assays of different chlorophenols in buffer
and real water media for environmental monitoring.

Keywords: Sonogel-Carbon; polyaniline; bulk modifier; 4-chloro-3-methylphenol; spiked water

1. Introduction

Presently, conducting polymers are widely investigated due to their high electrical
conductivity and tailored nanostructures. Particularly, polyaniline (PANI) emerged as a
suitable option for several applications, such as supercapacitors, batteries and electrochem-
ical devices [1,2]. The electrodeposition of polyaniline films onto gold, carbon or indium
tin oxide (ITO) electrode surfaces is widely employed for the determination of diverse
analytes [3-5]. Regarding the analytical application, the conducting form of polyaniline
(emeraldine salt) possesses an insulating form (emeraldine base) when suffering deproto-
nation processes at high pH values [6]. In some pieces of research, self-doped polyaniline
composites, obtained by copolymerization of polyaniline derivatives, can retard the depro-
tonation at high pH values, obtaining remarkable results in neutral buffer solutions [7-10].

Despite their excellent electrochemical behavior, surface fouling and the degrada-
tion of the deposited film upon use are common drawbacks for analyses [11]. With
the aim of minimizing fouling phenomena, carbon paste materials modified with bulk
polyaniline were developed. In this sense, silicon dioxide capped with gold nanoparti-
cles (SiO,@AuNPs) [12], carbon nanofibers coated with polyaniline and platinum [13],
carbon nanofibers coated with gold nanoparticles and polyaniline and modified with
butyl-3-methylimidazolium hexafluorophosphate [14], graphene nanosheets with multi-
walled carbon nanotubes (MWCNT) and polyaniline [15], copper oxide/graphene ox-
ide/polyaniline [16], polyaniline/starch/MWCNT [17] and Prussian blue/polyaniline [18]
nanocomposites were employed for electrochemical purposes.

Our group is devoted to the development of electroactive bulk materials with interest-
ing mechanical and electrical properties using sol-gel technology assisted by high-power
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ultrasound. In this regard, their employment for the electrochemical sensing of different
metals and compounds is reported in a review published in the previous decade [19].
The modification of Sonogel-Carbon (SNG-C) surfaces by drop casting was reported in
this work, leading to significant improvements in the sensitivity and selectivity of elec-
trochemical oxidation processes of target analytes. The entrapment of tyrosinase within
the conducting polymer layer electrodeposited on the SNG-C surface using a sinusoidal
current procedure was also reported in this work, allowing the quantitation of the polyphe-
nol indices of several alcoholic beverages and minimizing the influence of sugars in the
electrochemical response.

The inclusion of bulk modifiers into the SNG-C matrix constitutes another feasible
modification route. The modifier can play a conducting role in the material, leading to
higher sensitivities for the determination of diverse analytes. Furthermore, the electroac-
tivity of the surface can be restored mechanically after performing each electrochemical
assay, minimizing the surface fouling phenomena and, hence, increasing the lifetime of the
device. In this sense, 3-cyclodextrin, furoylthioureas, cysteine and carbon nanopowder-
modified materials were developed, obtaining remarkable electrochemical features in the
electrochemical determination of benchmark analytes in buffer and real matrices [20-22].

The development of bare sol-gel materials based on conducting polymers, poly-(3,4-
ethylenedioxythiophene) (PEDOT) and polyaniline, were also synthesized and subse-
quently applied in electrochemical analyses, providing excellent analytical results [23,24].
Among these works, the manufacturing of a ceramic polyaniline sol-gel composite by using
a two-step procedure is noteworthy to mention. The first step involves the sonication of
aniline with ammonium persulfate in acid medium, leading to polyaniline dispersion. Sub-
sequently, the formation of the silicon oxide network was promoted through the sonication
of the silane/graphite mixture. After synthesis, the composite provided excellent results
for 4-chloro-3-methylphenol (PCMC) determination. Thus, the analytical utility of bare and
bulk-modified sonogel-based materials for the electrochemical determination of diverse
analytes is fully demonstrated in several pieces of research.

In the present work, the bulk modification of Sonogel-Carbon with polyaniline pow-
der is reported. The hybrid composite preserves the electroactivity of the conducting
polyaniline embedded in the silicon oxide network, leading to remarkable electrochemical
results for model organic pollutant detection, namely of 4-chloro-3-methylphenol. The
developed sensor was employed in the quantitation of PCMC in spiked water samples,
obtaining suitable recovery values. Furthermore, the antifouling capability of the modified
composite could be pointed out based on repeatability studies. With the aim of evaluating
further applicability of the modified composite in the detection of different hazardous
pollutants, the electrochemical sensing towards other chlorophenols is also investigated.

2. Materials and Methods
2.1. Reagents

All the reagents used were received without further purification. 4-Chloro-3-methylphenol,
2,4-dimethylphenol, pentachlorophenol and 2-chlorophenol were obtained from Merck
(Germany, Darmstadt). 2,4,6-Trichlorophenol was purchased from Fluka (Spain, Barcelona).
To synthesize Sonogel-Carbon-PANI electrodes, graphite powder from Alfa Aesar (Ger-
many, Johnson Matthey GmbH), methyltrimethoxysilane (MTMOS) from Merck (Germany,
Darmstadt), HCI from Panreac (Spain, Barcelona), aniline from Riedel-De-Haén (Germany,
Seelze) and ammonium persulfate from Sigma-Aldrich (USA) were used. For the prepa-
ration of the buffer solutions, potassium chloride, boric acid and sodium chloride were
purchased from Merck (Germany, Darmstadt) and glacial acetic acid, potassium hydrox-
ide, ethanol and disodium tetraborate decahydrate were from Panreac (Spain, Barcelona).
Lastly, potassium hexacyanoferrate (II) from Sigma-Aldrich (USA, St Louis, MO) was used
to characterize the electrode material.
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2.2. Instrumentation

The high-power ultrasound-assisted synthesis of the electrode materials was per-
formed using a MISONIX 5-4000 ultrasonic generator (USA, ME, Farmingdale) coupled
with a 13 mm diameter titanium tip. The infrared spectra of the developed materials
in powder form were recorded with an IRAffinity-1S infrared spectrophotometer from
Shimadzu (Japan, Shimadzu) coupled with an attenuated total reflectance (ATR) unit. The
electrochemical measurements were made using a PGTSTAT12 potentiostat/galvanostat
autolab coupled to a 663 VA stand from Metrohm (The Netherlands, Utrecht). A three-
electrode cell with the following composition was employed: a platinum wire as a counter
electrode, Ag/AgCl (3 M KCl) as the reference electrode and the Sonogel-Carbon-based
composites as the working electrodes.

2.3. Synthesis of Polyaniline Powder and Graphite/Polyaniline Composites

To synthesize the polyaniline powder, the following procedure was applied: Firstly,
polyaniline dispersion was obtained using a procedure described in a previous work [24].
In brief, a precursor mixture containing 982 puL of a 0.25 M of ammonium persulfate in 1 M
HCl solution and 18 uL of commercial aniline was sonicated under high-power ultrasound
for 60 s. The as-synthesized black—green dispersion was centrifuged for 5 min at 4000 rpm
(centrifugal acceleration = 1790 g). Subsequently, the supernatant was removed and the
powder was dried in an oven for 16 h.

The graphite/polyaniline composites, ranging from 1 to 20% of PANI, were prepared
by adding the corresponding amount of graphite and polyaniline powder. Afterwards, the
mixture was stirred in the vortex for 30 s.

2.4. Synthesis and Elaboration of Sonogel-Carbon—Polyaniline Electrodes

The synthesis of the Sonogel-Carbon modified with polyaniline was carried out
using the high-power ultrasound-assisted sol-gel technology procedure. Briefly, 500 uL of
MTMOS and 100 pL of 0.2 M HClI solution were sonicated under high-power ultrasound
for 10 s. Afterwards, 500 mg of the graphite powder/polyaniline mixture was added to
the sonosol. After preparation of the material, the elaboration of the working electrodes
was carried out following the procedure reported for Sonogel-Carbon electrodes [25]. The
glass capillary tubes, i.d. 1.15 mm (geometric area: 1.04 x 1072 cm?), were filled with
the carbon/polyaniline material and, subsequently, were left to dry for one day. After
that, the capillary tubes were polished mechanically with P1200 silicon carbide paper
(Struers, Germany).

2.5. Measuring Procedure

The electrochemical measurements were carried out as follows: Firstly, 25 mL of
buffer solution was added to an electrochemical cell. The electrode surface was previously
conditioned by means of cyclic voltammetry in free analyte buffer solution by recording
eight cyclic sweeps from —0.2 V to 0.9 V and vice versa at 50 mV/s. After performing the
conditioning step, the background was recorded using the differential pulse voltammetry
(DPV) technique in free analyte solution. Afterwards, an aliquot of the stock solution was
added to the electrochemical cell and the system was stirred for 30 s and, subsequently,
the corresponding voltammogram was recorded. The bare electrode, Sonogel-Carbon
without PANI (SNG-C), was also employed as the working electrode for some comparative
electrochemical measurements.

2.6. Real Sample Analysis

The analysis of several water samples collected from different sources was performed
following a similar procedure reported in other works [26]. In brief, the water samples
were spiked with 25 uM of PCMC and diluted 10 times with the buffer solution to reach
2.5 uM. The analytical quantitation was performed using the standard addition method.
The PCMC concentration added to the electrochemical cell ranged from 2.0 to 6.0 uM.
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3. Results
3.1. Effect of the Modifier on the Mechanical/Electrochemical Features of the Conducting Composite

First of all, the effect of the graphite powder/polyaniline proportion on the final
properties of the material was studied. For this purpose, Sonogel-Carbon electrodes
modified with different proportions of graphite powder and polyaniline (PANI) mixtures,
ranging from 1% to 20% of PANI, were prepared following the synthesis procedure reported
in Section 2. After preparation, formulations higher than 4% of PANI offered liquid
consistencies, leading to difficulties in the manufacturing of the electrodes, such as problems
in the filling and compactness steps. Furthermore, no adherence between the glass capillary
tube and the material was noticed after the drying step, suggesting high volume contraction.
On the contrary, formulations with low PANI content showed a consistency similar to
that of the original Sonogel-Carbon material, with better mechanical features for the
manufacturing of electrochemical sensors. Thus, ceramic formulations with low polyaniline
proportions were selected for further studies.

The electrochemical evaluation of Sonogel-Carbon-modified composites was made
by means of DPV using a model chlorophenol, namely 4-chloro-3-methylphenol (PCMC).
Figure 1A shows the differential pulse voltammograms recorded with carbon—ceramic
composites at different proportions of PANI ranging from 1% to 4%. The corresponding
differential pulse voltammograms displayed remarkable symmetric oxidation peaks, as-
cribed to their suitable electrochemical features. Regarding the electrochemical response,
the best peak height was achieved at 2% PANI (see Figure 1B) and, hence, this material
presents the greatest electrochemical performance for PCMC detection. The low variability
of the electrochemical responses provided with this formulation are also noteworthy, and
can be directly related to exceptional reproducibility. Therefore, this ceramic—polyaniline
formulation, namely SNG-C—2% PANI, was selected for further studies.

3.2. Electrochemical Characterization
3.2.1. Characterization of the Redox Process of Polyaniline

The redox process of polyaniline in the material was studied by means of cyclic
voltammetry in 1 M HCl free analyte solution to assess the proper modification of the
Sonogel-Carbon electrode. The cyclic voltammograms recorded with the modified elec-
trode displayed the main waves ascribed to polyaniline, all of them absent in the voltammo-
gram recorded with the unmodified Sonogel-Carbon electrode (see Figure S1 and the inset):
two anodic peaks around 0.2 V and 0.9 V, corresponding to leucoemeraldine—emeraldine
and emeraldine—pernigraniline oxidation, respectively, and two cathodic peaks located at
0.05 V and 0.7 V, corresponding to the reduction counterparts [27]. Therefore, the presence
of conducting-form polyaniline within the Sonogel-Carbon matrix was confirmed.

3.2.2. Electrochemical Behavior Using Ferrocyanide System

The electrochemical behavior of the ferrocyanide ion process was subsequently studied
with the SNG-C-2% PANI electrodes. Figure S2 shows the cyclic voltammograms recorded
at different scan rates in the presence of 5 mM potassium hexacyanoferrate (II) in 0.5 M
KCl, showing high electrochemical reversibility. The relationship between the peak current
and the square root of the scan rate is linear, with a regression coefficient of 0.999 (see
Figure S2A), indicating a preferably diffusion-controlled process. The unmodified material
was also characterized using a ferrocyanide probe for comparison.

The quasi-reversible behavior of the ferrocyanide probe could be monitored through
the Randles—Sevcik equation (Equation (1)), as shown in the research work cited below [28].

nFDv
RT

Ip = 0.436 nFAcjectroactiveC M
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where I, is the current peak, 1 is the number of electrons involved in the electrochemical
reaction, A is the electroactive area, C is the concentration of the redox probe, D is the
diffusion coefficient, v is the scan rate, F is the Faraday constant and T is the temperature.
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Figure 1. (A) Differential pulse voltammograms recorded with formulations with different pro-
portions of polyaniline ranging from 1% to 4%, in presence of a 10 uM 4-chloro-3-methylphenol
solution. (B) Peak heights recorded using different proportions of polyaniline in a 10 uM 4-chloro-3-
methylphenol solution. A buffer solution containing 0.1 M acetic/acetate at pH 4 with 0.5 M KCl was
used as electrolytic medium.

According to the previous equation, the electroactive area can be calculated. As can be
explained in a previous article, only the voltammetric peaks corresponding to the forward
scan were considered.

Ip / vl /2

—— @
FD
0.436 nFC,/ "k

Aelectruactive =

The slopes between the current peak and the square root of the scan rate for both
materials (Ip /ol 2) were determined at low scan rates, from 25 mV/s to 125 mV/s, using the
corresponding linear regression equations (see Figure S2B). Regarding the diffusion coeffi-
cient, 6.5 x 107 cm?/s was reported in the literature for a similar ferrocyanide/potassium
chloride electrochemical system [29,30]. Based on this information, the electroactive area
estimated for the modified material is 7.2 x 1073 cm?, while the one corresponding for the
unmodified device is 6.9 x 1073 cm?. No substantial increase in the electroactive surface
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area was observed after the modification of the material, which is in consonance with
results previously reported with a similar bulk-modified composite [22].

3.3. Structural Characterization by Fourier Transformed Infrared Spectroscopy (FTIR)

The developed modified material was structurally characterized by means of Fourier
transform infrared spectroscopy. The polyaniline powder and the unmodified Sonogel
composite were also characterized for comparison purposes.

The IR spectra recorded with both Sonogel-Carbon-based materials show the presence
of bands corresponding to Si-CHj3 and Si-O vibrations, ascribed to the silicon oxide network
and non-hydrolysable methyl groups from the silane precursor (see Figure 2): 770 cm ™!,
attributed to Si-CHj stretching, 1025 cm ! and 1125 cm ™!, attributed to Si-O-Si stretching
and 1275 cm ™!, ascribed to Si-CHj3 deformation. These assignments are in consonance
with those recorded for carbon—ceramic oxide materials reported in the literature [25,31].
Although no polyaniline bands were appreciated in the SNG-C-modified spectrum, the
electroactivity of this conducting polymer is confirmed by cyclic voltammetry.
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Figure 2. FTIR spectra recorded with different conducting materials: (dotted line) PANI, (dashed
line) SNG-C-2% PANI and (solid line) SNG.

Thus, the absence of polyaniline bands in this formulation can be ascribed to its low
proportion in the material.

3.4. Electrochemical Assessment of PCMC Using SNG-C-Modified Material
3.4.1. Preliminary Electrochemical Detection

The detection of PCMC, used as a benchmark chlorophenol, was investigated with
SNG-C-2% PANI by means of DPV. In order to study the role of the conducting polymer
in electrochemical detection, the unmodified electrode (SNG-C) was also used. Figure 3
shows the DPV recorded with both materials in the presence of 10 pM of PCMC in 0.1 M
acetic/acetate buffer (ABS) at pH 4 with 0.5 M KCI. The peak height provided with the
SNG-C-2% PANI is higher than the one recorded with the bare material, around 25% of
the electrochemical response, addressing the superior sensitivity of the modified composite
for PCMC detection. This enhancement on the electrochemical response provided by the
modified composite may be ascribed to a favorable polymer—analyte interaction.
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Figure 3. Differential pulse voltammograms recorded with SNG-C-2% PANI and SNG-C in presence
of 10 uM of PCMC in 0.1 M acetic/acetate buffer (ABS) at pH 4 with 0.5 M KCL.

According to these results, we can assume that electroactivity of polyaniline is retained
within the conducting polymer composite material.

3.4.2. Effect of pH on PCMC Electro-Oxidation

A preliminary screening of the buffer solution employed for electroanalytical purposes
was performed. Figure 4 shows differential pulse voltammograms recorded with SNG-C—
2% PANI in the presence of the same concentration of 4-chloro-3-methylphenol diluted in
three buffer solutions at different pH values. In all cases, 0.5 M KCl solution was used as
the supporting electrolyte.
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Figure 4. Differential pulse voltammograms recorded with SNG-C-2% PANI in presence of the
same concentration of 4-chloro-3-methylphenol using three different buffer solutions at different pH:
acetic/acetate buffer (ABS) at pH 4, phosphate buffer (PBS) at pH 7 and borate buffer (BBS) at pH 10.
The inset reports the linear relationship between the peak potential and pH.
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The peak potential shifts with the pH, attributed to the participation of the protons
in the redox reaction. The slope between the peak potential and the pH is 55 mV, close to
59 mV (see inset, Figure 4) ascribed to one-proton—one-electron processes [32]. Concerning
the electrochemical response, the buffer solution at pH 4 led to the best peak height for
PCMC detection. Additionally, no major change in the peak current was observed after
performing the second measurement in acid solution. Thus, this medium is selected for
electrochemical assays of the target chlorophenol.

3.4.3. Effect of PCMC Concentration

The developed material was employed in the voltammetric determination of PCMC
ranging from 0.7 to 7.0 uM using DPV under the instrumental conditions detailed in
Section 2. The current densities at different PCMC concentrations (calculated using the
geometrical area of the electrode) recorded with the SNG-C-2% PANI composite are plotted
as a function of the PCMC concentration (see Figure 5A). The calibration curve considering
three measurements at each PCMC concentration value is shown in the corresponding
inset. The relationship between the peak current density and the concentration of PCMC
can be described by the following equation: j = 2.40 [PCMC] — 0.78 (R? = 0.991), where
j is the current density (expressed in pA/cm?) and [PCMC] is the concentration of the
studied analyte (expressed in uM). The sensitivity was determined as the slope of the
calibration curve, obtaining 2.40 4- 0.18 wA /cm?. The detection limit (LOD) was calculated
by LOD =3 x Sq/m, where S is the standard deviation of the intercept and m is the slope
of the linear equation. The value obtained was 0.69 uM.
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Figure 5. Cont.
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Figure 5. (A) Differential pulse voltammograms recorded with SNG-C-2% PANI in presence of
different concentrations of PCMC. The inset reports the relevant calibration plots. (B) Calibration
curve recorded with SNG-C-2% PANI and SNG-C in presence of different concentrations of 4-chloro-
3-methylphenol in 0.1 M acetic/acetate with 0.5 M KCl at pH 4.

The electrochemical performance for PCMC determination provided with the modified
material was compared with the unmodified one to demonstrate the usefulness of the
modification process. Figure 5B exposes the average calibration curve obtained with
both electrode materials (considering three measurements for each point) under the same
instrumental conditions. As can be seen from the figure, the sensitivity provided with
SNG-C—2% PANI is greater than the one obtained with SNG-C, which can be ascribed
to the presence of the polymer. This finding is in consonance with what was observed in
the preliminary test with PCMC (Section 3.4.1). The detection limit of SNG-C was also
calculated, obtaining 0.71 uM, which is slightly higher than the one associated with the
modified device.

A comparison of the analytical parameters for PCMC determination with other elec-
trode materials was carried out. The sensitivity obtained with the developed device is
comparable to those reported with other sensors (see Table 1), which can be attributed to
high electron transfer capability.

Table 1. Figures of merits for the determination of 4-chloro-3-methylphenol obtained using several

electrochemical sensors.

Sensitivity [LA/uM-cm?] LOD [uM] Reference

SNG-C-2% PANI 2.40 0.69 This work
MWCNT-GCE 1.48 8.8 [33]
GP-CCE 0.28 271 126]
MWCNT-CCE 141 0.71 126]
BDD 0.08 0.46 [34]
UiO-66-NH,@PEDOT/GA /GCE 1.87 x 1073 0.20 [32]

GP-CCE: Graphite—carbon ceramic electrode; BDD: Boron-doped diamond electrode; MWCNT-GCE: Multiwalled
carbon nanotubes-glassy carbon electrode; UiO-66-NH,@PEDOT /GA /GCE: PEDOT-modified electrode with
UiO-66-NH, and graphene aerogel; MWCNT-CCE: Multiwalled carbon nanotubes-carbon ceramic electrode.
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On the other hand, LOD is lower than the concentration value permitted in aquatic
environments established by the United States Environmental Protection Agency (US-EPA),
around 3.5 uM [35]. In this way, it can be deduced that the material may be used for
PCMC environmental monitoring in aquatic matrices. Additionally, no organic solvent
consumption in the manufacturing process should be highlighted. For all these reasons,
the bulk modification of Sonogel-Carbon with polyaniline seems to be promising for the
electrochemical sensing of PCMC.

3.4.4. Reproducibility and Repeatability Studies

The reproducibility of the electrochemical measurements in the same PCMC solution
using seven different SNG-C—-2% PANI electrodes was studied. The coefficient of variation
was 4%, indicating that the fabrication process provides electrode materials with similar
electrochemical performance.

The repeatability of the electrochemical measurements was also evaluated by perform-
ing nine successive measurements in the same PCMC solution. The coefficient of variation
between the peak heights was 3.9%. Based on these results, an excellent repeatability can
be concluded, which can be ascribed to the resistance of fouling by oxidation products of
PCMC. Hence, no surface cleaning beyond the initial polishing is required.

3.4.5. Effect of Salts and Phenols on PCMC Detection

The influence of some typical ion species, i.e., calcium, sodium, magnesium and cad-
mium salts, on the electrochemical response was examined. Measurements in the presence
of 7 uM of PCMC and higher concentration of these salts (100-fold of calcium and sodium
salts and 10-fold of cadmium and magnesium ones) were performed by triplicate. The
electrochemical response of the device is remarkably similar in presence of the analyte
and different salts (see Figure 6A), suggesting a low influence of these compounds in the
determination of 4-chloro-3-methylphenol. Moreover, the variation coefficient values are
lower than 6% in all electrochemical assays, confirming the repeatability of the electrochem-
ical measurements discussed in the previous subsection and the absence of fouling on the
electrode surface. Therefore, no influence of diverse salts on PCMC detection was achieved.

The electrochemical analysis of the target chlorophenol (PCMC) was performed in the
presence of another substituted phenol, 2,4-dimethylphenol (DMP). Voltammetric assays
were carried out in the presence of different PCMC concentrations and a fixed concentration
of 2,4-DMP. As derived from the voltammograms shown in Figure 6B, peaks corresponding
to PCMC and DMP oxidation are located at different potentials. The oxidation peak of
PCMC increased with the PCMC concentration, while DMP oxidation peak remained
invariable in all the experiments. These results suggest a negligible adsorption of DMP at
the micromolar concentration level, similar to the findings derived from the electrochemical
PCMC assays shown in Section 3.4.4.

Hence, the minimization of fouling phenomena provided with the developed device
for PCMC determination could be extended to other substituted phenols. Furthermore,
no interference on the electrochemical detection of the target chlorophenol in the pres-
ence of DMP could be concluded. This finding opens the door to studying the possible
simultaneous determination of both phenols.
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Figure 6. (A) Electrochemical responses obtained with SNG-C-2% PANI in presence of 7 uM of
4-chloro-3-methylphenol and 700 uM of calcium and sodium salts and 70 uM of magnesium and
cadmium salts. (B) Differential Pulse voltammograms recorded with the developed material in
presence of different concentrations of PCMC and 3 uM of DMP. A buffer solution containing 0.1 M

acetic/acetate at pH 4 with 0.5 M KCl was used as electrolytic medium.

3.4.6. Spiked Water Analysis

The electrochemical determination of PCMC in water collected from different sources
in Spain was conducted using DPV. The experimental results derived from this study in

terms of recovery percentages are shown in Table 2.
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Table 2. Electrochemical determination of PCMC in spiked water samples collected from different
areas of Andalusia (Spain).

Water from Diverse Sources Cadded (UM) Cpetermined (M) Recovery (%)
Fountain water (Ubeda, Jaén) 2.50 2.49 99.6
Well water (Chiclana de la Frontera, Cadiz) 2.50 2.32 92.3
Tap water (Puerto Real, Cadiz) 2.50 2.47 98.8

Mineral water

2.50 2.62 105

The recovery values for all water samples analyzed in this study range from 92% to
105%, which are suitable according to analytical standards. Hence, the electrode material
developed in this work is promising for the quantitation of PCMC in different spiked water
samples and, hence, it is suitable for environmental monitoring.

3.5. Electrochemical Detection of Other Chlorophenols of Interest

The applicability of detection other chlorophenols of interest with the developed
ceramic composite was examined. The electrochemical detection of 2-chlorophenol (2-CP),
2,4,6-trichlorophenol (TCP) and pentachlorophenol (PCP), was assessed in this work. The
bare material, Sonogel-Carbon, was also employed under the same instrumental conditions
for comparison.

Figure 7 shows the differential pulse voltammograms recorded with the developed
material and the unmodified material in the presence of 7 uM of target chlorophenols
in 0.1 M ABS with 0.5 M KCl at pH 4. Higher oxidation peak heights in comparison
with those obtained with the bare material are noticed, which can be ascribed to the
presence of the conducting form of the polymer within the matrix. Based on this study,
the developed material is promising for the detection of diverse chlorophenols in the
electrochemical frame.
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Figure 7. Differential pulse voltammograms recorded with SNG-C—2% PANI in presence of 7 uM
of different chlorophenols: (A) 2-chlorophenol (2-CP), (B) 2,4,6-trichlorophenol (TCP) and (C) pen-
tachlorophenol (PCP). A buffer solution containing 0.1 M acetic/acetate with 0.5 M KCl at pH 4 was
used as electrolytic medium.

4. Conclusions

The development of a Sonogel-Carbon material modified with a conducting polymer
(PANI) was carried out using an environmentally friendly route based on high-power
ultrasound. The polyaniline powder was embedded in the silicon oxide matrix, maintaining
its electroactivity within the material. Better figures of merit for PCMC determination
were obtained with the modified composite in comparison with those obtained with
the bare material, which can be attributed to a favorable polymer-analyte interaction.
Analytical results were also very satisfactory in comparison with other sensors reported in
the literature. Furthermore, no surface fouling in PCMC analysis can be evidenced, making
this sensor suitable for successive electrochemical analyses. The electrochemical detection
of PCMC in the presence of different salts and one substituted phenolic compound can
be also stated with the developed device. Moreover, the Sonogel-Carbon and polyaniline
modification approach could be employed in the manufacturing of other modified devices,
such as screen-printed electrodes. On the basis of these results, polyaniline could be
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proposed as an adequate bulk modifier of the sol-gel carbon matrix for the environmental
monitoring of chlorophenols.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/chemosensors11010063/s1. Figure S1. Cyclic voltammograms
recorded with SNG-C and SNG-C-2% PANTI in free analyte 1 M HCl solution; Figure S2: (A) Cyclic
voltammograms recorded with SNG-C-2% PANTI in presence of 5 mM of potassium hexacyanoferrate
(I) in 0.5 M KCl at different scan rates. The inset reports the relationship between the peak intensity
and the square root of the scan rate; (B) relationship between the anodic peak intensity and the square
root of the scan rate in presence of ferrocyanide recorded from 25 mV/s to 125 mV /s with SNG-C
and SNG-C-2% PANI composites.
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Abstract: We built an integrated solid-contact ion-selective electrode (SCISE) system with the func-
tionality of self-calibration. A multiplexed SCISE sensor (K* and NO3;~ vs. Ag/AgCl) was fabricated
on printed-circuit board (PCB) substrates and was subsequently embedded into a microfluidic flow
cell for self-calibration and flow-through analysis. A PCB circuit that includes modules for both
sensor readout and fluid control was developed. The sensors showed a fast and near-Nernstian
response (56.6 for the K* electrode and —57.4 mV/dec for the NO3 ™~ electrode) and maintained their
performance for at least three weeks. The sensors also showed a highly reproducible response in
an automated two-point calibration, demonstrating the potential for in situ monitoring. Lastly, the
sensor system was successfully applied to measure mineral nutrients in plant sap samples.

Keywords: ion-selective electrode; printed circuit board; in situ measurement; potentiometry;
self-calibration

1. Introduction

Ion-selective electrodes (ISE) are commonly used to develop fast, portable, and cost-
effective analytical devices. Such devices have found wide applications in point-of-care
testing and medicine [1-4], wearables [5,6], agriculture [7], and environmental monitor-
ing [8,9]. In recent years, the development of solid contact (SC) materials as ion-to-electron
transducers has driven the field towards next-generation sensors that are miniaturized,
rugged, and calibration- and maintenance-free [10]. Despite the progress, the majority of
these solid contact ISEs (SCISEs) still need to be calibrated as their conventional counter-
parts with an inner filling solution.

Sensors are calibrated to correct for sensitivity loss, baseline drift, and inter-sensor vari-
ability. Usually, calibration is performed by the user before and/or after each measurement.
Although manual calibration may be sufficient for single-use sensors, it is cuambersome for
recurring and continuous measurements; moreover, it is not feasible for in situ measure-
ments in agricultural, environmental, or geochemical analysis where sensors need to be
deployed in the field and work autonomously. In these scenarios, automatic calibration
at the point of need not only saves time and effort but ensures the accuracy and precision
of measurement.

Only a few potentiometric sensor systems with a self-calibration function have been
reported to date [2,8,9,11]. They typically employ a flow cell that introduces calibrating
reagents to the sensor using fluidic components (e.g., pumps and valves) and corresponding
fluid-control modules. In addition, such flow cell arrangement allows for electrode cleaning
and sample pretreatment and often leads to lower detection limits than the stationary
approach [12,13]. For example, the commercial Abbott i-STAT blood analyzer performs
on-site calibration of the sensor through a series of pumping and valving mechanisms [2];
however, since the sensor was intended for single use, its calibration was limited to once
per test. More recently, Cuatero et al. [8,9] developed a submersive probe based on a
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SCISE-embedded flow cell to monitor seawater in hourly measurements followed by a
one-point calibration. However, the sensor readout and fluid control relied on dedicated
commercial instruments, which significantly increased the cost and complexity of the
system; in addition, the proprietary nature of these commercial systems does not allow
them to be easily transferred into other applications. Therefore, a more integrated, open-
source sensor system is highly desired, especially for long-term, in situ measurements.

In this work, we developed a potentiometric sensor system with self-calibration capa-
bility by integrating a multiplexed SCISE sensor with electronics and fluidic components.
Importantly, both the sensor readout and fluid control modules are combined into a single
PCB circuit, which makes the system cost-effective, portable, and adaptable. Both the
circuit and the multiplexed sensor (K* and NO3 ™ sensors and Ag/AgCl reference) were
fabricated using printed-circuit board (PCB) technology [14]. The sensor was further em-
bedded into a microfluidic flow cell and its potentiometric response was characterized
under different flow conditions. To prepare the sensor for future in situ measurements, we
then demonstrated the long-term operation and automated two-point calibration. Finally,
the sensor was validated with plant sap samples.

2. Materials and Methods
2.1. Materials and Reagents

Mesoporous carbon black (MCB, average pore diameter 6.4 nm), potassium ionophore
I (valinomycin), potassium tetrakis(4-chlorophenyl)-borate (KTPB), tridodecylmethylam-
monium nitrate (TDDMA-NOj3), polyvinyl chloride (PVC, high molecular weight), tetrahy-
drofuran (THF), and 2-nitrophenyl octyl ether (NPOE) were purchased from Sigma Aldrich
(MA, US). Salts of NaCl, KNO3, KCl were purchased from Fisher Scientific. Silver plating
solution (Technic Silver Cyless RTU) was purchased from Technic Inc. All chemicals were
of analytical or industrial grade. Deionized (DI) water was used to prepare all aqueous
solutions. Double-sided (#9474LE) and single-sided (#9964) adhesive tapes were obtained
from 3M. Tygon tubing (0.02” ID x 0.06” OD) was purchased from Cole-Parmer.

Suspension of mesoporous carbon black (MCB) was prepared by adding 45 mg MCB
and 5 mg PVC as binder into 2 mL THEFE. Prior to each use, the suspension was vortexed
for 30 s, sonicated for 1 h, and then vortexed again for 30 s to disperse the nanoparticles.
The K* ISE cocktail was prepared by mixing 22.2 mg K* ionophore I, 7.0 mg KTPB, 320 mg
PVC, and 660 uL. NPOE into 10 mL THF and stirring until all components were fully
dissolved. For the NO3 ™ cocktail, 10 mg TDDMA-NOj3, 330 mg PVC, and 660 uL. NPOE
were subsequently added to 10 mL THF and stirred until fully dissolved.

2.2. Sensor System

The potentiometric sensor system consists of the multiplexed SCISE sensor and a
PCB circuit to control fluidics and perform both sensor readout and calibration. This
is schematically illustrated in Figure 1A. A buffer amplifier (LTC6079, Analog Devices,
Wilmington, MA, USA) and a 3-channel, 16-bit ADC (analog-to-digital converter, AD7792,
Analog Devices) were used to read sensor signals. For fluid control, a DC motor driver
based on DRV8830 (Texas Instrument, Dallas, TX, USA) and two DC-DC boost converters
based on LTC3122 (Analog Devices) were used to activate pump and valves, respectively.
The PCB circuit and the sensor were produced following standard PCB workflow. Briefly,
double-sided PCB substrates (FR-4) with connecting traces were designed in CAD software
(EasyEDA) and then sent out to a PCB manufacturer for fabrication (Shenzhen JDB Tech-
nology, Shenzhen, China). An Arduino circuit (Nano33BLE or Nano33IoT) was used for
programming and data transmission (Bluetooth or WiFi) via its microcontroller. The entire
circuit (custom PCB + Arduino) can be powered by battery (4.5-21VDC) or USB (3.3VDC).
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Figure 1. Design of the integrated SCISE sensor system. The system consists of a multiplexed
SCISE sensor and a custom PCB for sensor readout and calibration: (A) Block diagram of the system
illustrates the custom PCB circuit (center) and the supporting fluidic components. Arduino (right
side) was used for device control and data transmission. Solenoid valves (V1, V2) and peristaltic
pump (P) formed the fluidic circuit (left side). (B) Schematic illustration of the multiplexed sensor
showing microfluidic integration, sensor layout, and the cross-sectional view of the sensing layers.
Note the lateral shift of the ion-selective membrane on top of the mesoporous carbon black (MCB)
layer to prevent water layer formation.

Miniaturized peristaltic pump (RP-Q1, H12 x W14 x L30 mm) and solenoid valves
(EXAKN-3, ¢14.0 x H42.3 mm) were obtained from Takasago Fluidic Systems (Nagoya,
Japan). During operation, the pump was placed downstream of the sensor to pull fluid
across the sensor, with an adjusted output of 0.2-0.45 mL/min. The 3-way solenoid valves
were connected in series and allowed selection of up to 3 reagents.

2.3. Sensor Fabrication

Multiplexed SCISE sensors were prepared based on a process developed previously [14].
The PCB substrates were fabricated using standard PCB technology as described above. In
this case, immersion silver was applied as the surface finish. The K* and NO3; ™~ SCISEs were
prepared by subsequently drop-casting the MCB suspension (4 pL) and the membrane
cocktails (2.8 uL) onto the sensing areas defined on the PCB substrate, using adhesive
tapes (3M #9964) for patterning. The sensor structure and layer stacking are illustrated in
Figure 1B. The resulting dimensions of the ISEs were 0.06 mm x 1.5 mm (h X w). The ISEs
were left to dry in ambient air at room temperature for at least one day before use.

Silver/silver chloride (Ag/AgCl) reference electrodes were prepared by electroplating
on the original Ag layer of the PCB, using an industrial plating solution (Technic). To avoid
contamination, electroplating was performed before preparing SCISEs. To plate silver, a
DC current (—25 pA) was applied for 40 min with a potentiostat (Gamry Reference 600+)
and a gold disc (BASi) as counter electrode. After plating, the electrode was cleaned with
abundant isopropyl alcohol and DI water to remove organic residues. Then, the electrode
was chloridized in 0.1 M KCl by applying a DC current (+ 25 pA) for 20 min, using the
same cell setup as silver plating.

2.4. Microchannel Fabrication

The sensor was enclosed into a straight microchannel (17 mm x 2.5 mm x 0.17 mm)
constructed by adhesive bonding of a 3D-printed enclosure directly onto the sensor PCB
(Figure 1B). The enclosure contained two through-holes as input/output ports of 1.675 mm
in diameter to match the OD of Tygon tubing. The enclosure was designed in SolidWorks
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and printed using a stereolithography printer (Form 2, Formlabs, Somerville, MA, USA),
with a vertical printing orientation (slightly tilted). The printed part was cleaned with
isopropyl alcohol and cured in ambient air at room temperature overnight. For better
visualization, one side of the printed enclosure was polished using sandpaper (up to
15,000 grit) to produce a transparent surface finish. Bonding of the enclosure to PCB was
accomplished using double-sided tape (3M #9474LE), which was patterned in the shape
of the channel with a laser cutter (HP2436, Boss Laser, FL). The channel was assembled
by hand pressing all the layers with the sensor as the substrate, the tape as the spacer
(sidewalls), and the 3D print as the top. After assembly, leakage test was conducted by
running continuous flow of dye solution through the channel using a syringe pump (New
Era Pump Systems, Inc., Farmingdale, NY, USA), with stepwise increase in flow rate (0.05
to 10 mL/min). At each flow rate, channel integrity was examined visually.

2.5. Sensor Characterization

Potentiometric response of the ISEs was recorded (vs. the electroplated Ag/AgCl) in
the microchannel, using either the custom PCB circuit developed here or a dual-channel
pH meter (Model 225, Denver Instruments). A series of KNO3 (107 to 10~! M) was pre-
pared as the electrolyte standard, with NaCl added to provide constant C1~ background
([C17] = 10 mM) for the Ag/AgCl reference. For testing hydrodynamic conditions, a con-
stant flow (0.45 mL/min) was driven across the sensor for about 5 min and then the flow
was stopped for another 5 min before switching to a higher concentration. At each step, the
average sensor response in the last 30 s was used for calibration. For long-term characteri-
zation as well as self-calibration, a programmed sequence consisting of 25 s flow period
and 60 s static period was implemented, while switching between 1073 and 102 M KNO;.
At each concentration, the sensor’s response was taken by averaging data from the last 10 s
of the static period.

Potentiometric response of the electroplated Ag/AgCl electrode was measured against
a commercial Ag/AgCl electrode (MW-2030, BASi) in bulk solution (1 mM KNO;3 + 10 mM
NaCl), using either the pH meter (Denver Instruments) or a bipotentiostat (WaveDriver
20, Pine Instrument, PA). Data were processed and visualized in LabVIEW, MATLAB, or
Arduino IoT Cloud in case of WiFi transmission. At the end of each test, the microchannel
was flushed with air and the sensors were stored in dry conditions and against light.

2.6. Plant Sap Test

Xylem sap from maize (Zea mays) was collected following the root pressure method
described previously [15]. Briefly, plants were either well-watered or not watered 2-3 h
prior to collection. Then, an incision was made by surgical blade right above the first
stem node to remove the top part. Silicone tubes were inserted into the cut site to collect
root exudate. The cut site was rinsed with DI water to remove tissue residues and the
first ~100 pL sap was discarded. Collection last for ~4 h, which typically resulted in a sap
volume of 1-5 mL per plant. The collected sap was stored at freezer temperature (—20 °C)
until further testing.

During testing, sap samples were pre-diluted 10 x with a solution of 1 mM KNO;3 +
10 mM NaCl. After an initial conditioning phase (5-10 min), a program of pump and
valve actions was implemented such that the sensor was calibrated before and after
each sap measurement with standard solutions (1/10 mM KNOj3 + 10 mM NaCl). The
EMF value at each step was calculated by averaging the last 10 data points at stopped-
flow. Ion concentrations (K* and NO3;™) from the original sample were calculated by
Cunkown = (Cditute — 0.9) x 10 (mM), where Cgjjyte Was the concentration of diluted sample.
For testing with commercial K* and NO3; ™~ ISEs (9319BN, 9307BN, ThermoOrion, Waltham,
MA, USA), the original sap samples were diluted 10-20x and measured following both
‘Direct Calibration” and ‘Known Addition” protocols according to the manufacturer [16].
The accuracy of our measurements was calculated by dividing the concentrations measured
with our and the commercial sensors.
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3. Results and Discussion
3.1. System Design

The key feature of the sensor system is the ability to perform automatic sensor calibra-
tions at low cost and in a small form factor. The fully assembled sensor system is shown in
Figure 2A. The 3D-printed enclosure is approx. 8 cm square, and about 5 cm deep; however,
the size of the enclosure is primarily driven by the size of the used fluid reservoirs and
a much more compact arrangement should be possible, especially with lower volume or
external fluid compartments. Instead of relying on external fluid control instruments that
are usually bulky and expensive, we integrated flow-control modules into the custom PCB
circuit (Figure 2B). The motor driver controls the pump speed via pulse-width modulation
(PWM). The boost converters control the switching of valves by stepping up voltage input
(+3VDC) to the rated voltage of solenoids (+12VDC) while featuring output disconnect
during shutdown to save power. Miniaturized peristaltic pump and solenoid valves were
selected due to their compact sizes and lower costs than common syringe pumps and
rotary valves. While microfluidic pumps and valves have also been widely developed, they
increase the total cost of sensor fabrication and tend to suffer leakage issues [17,18].

B

to Arduino MCU
Boost converterx2

Valves

wuwo'ee

@
Buffer+ADC

DC motor driver P Bty

Figure 2. Integrated SCISE sensor system for long-term, in situ measurements: (A) Photograph
of the fully assembled system. The Arduino board was connected to the custom PCB by stacking.
(B) Photograph of the custom PCB circuit showing the layout of functional modules.

Power consumption is important for battery-powered devices. The system here draws
a current of ~7/30/250 mA, respectively, during default (measuring alone), pumping, and
solution switching (when both pump and valve are activated) modes. With a single 9 V
battery, the cut-off voltage of the device is found to be ~7.5 V (below which the boost con-
verters could not generate enough current to activate the solenoid valves). Based on these
results, we estimate that with a single battery charge the device can continuously run for
up to 40 h or about 50 automatic calibrations (see Methods and also below). The operating
life can be further extended by using a high-capacity battery such as a power bank.

3.2. Sensor Fabrication and Microfluidic Enclosure

The multiplexed sensor containing SCISEs for K* and NO3 ™ ions and a Ag/AgCl
reference electrode was fabricated on PCB substrates due to the cost-effectiveness of the
process and its potential for high-throughput manufacturing. Mesoporous carbon black
(MCB) was used as the transducing layer to stabilize the potentiometric response of SCISEs
due to its high surface area and good conductivity [14,19]. To suppress the formation of a
water layer under the membrane, the ion-selective membranes were shifted laterally from
the underlying conducting layer, as shown in Figure 1B, and were discussed in detail in
our earlier work [14].
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To enable self-calibration capability (and flow-through analysis), the sensor was in-
tegrated with a microfluidic flow cell constructed with adhesive tapes and 3D printing.
While a variety of microfabrication techniques, such as soft lithography, hot embossing,
and injection molding, can be used to make microfluidic channels [20-25], the simplicity
and versatility of pressure-sensitive adhesives and 3D printing make them ideal for rapid
prototyping of larger microfluidic structures [26,27]. As the spacer layer, the double-coated
tape (#9474LE) has proven to be leak-free and chemically inert to the sensor during months
of measurement. The 3D-printed top part provided a direct tubing connection via through-
holes. Due to the limited resolution of our low-cost 3D printer (~50 um), it was difficult
to consistently print perfectly matched inlets for the tubing and occasional bubbles were
introduced at the tubing interface. Nevertheless, when an air-tight interface was formed,
the microchannel can sustain flow rates of at least 10 mL/min, which is sufficient for many
microfluidic applications and the sensor system herein (where flow rate < 0.45 mL/min
was used).

3.3. Sensor Performance

A reliable reference electrode is a prerequisite for a stable potentiometric sensor;
thus, we first tested the potentiometric response of the electroplated Ag/AgCl electrodes,
as shown in Figure 3. The electrodes displayed an average drift of —2.7 £ 0.8 mV
(—0.044 mV /min) within the first hour and a baseline reproducibility of 112.8 £ 4.0 mV.
Such moderate drift and reproducibility are deemed sufficient for fast analysis, although
long-term measurements would require regular calibration. Better performance may be
achieved on PCB substrates by electroless silver plating [28] or ink-jet printing [29].

A ImAg Electroplated Ag Ag/AgCl
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Figure 3. (A) Electroplated Ag/AgCl reference electrode. Photographs (left to right) of the original
immersion silver layer of PCB, electroplated silver, and finished Ag/AgCl electrode after chloridiza-

tion. Scale bar = 0.5 mm. (B) Potentiometric response of Ag/AgCl reference electrodes (n = 4) against
commercial silver chloride electrode (Ag/AgCl 3 M NaCl). Electrolyte: 1 mM KNO3 + 10 mM NaCl.

The dynamic response of the sensor (SCISE vs. electroplated Ag/AgCl) when sub-
jected to alternating flow and static conditions showed that hydrodynamics did not exert
much influence on the response. Results in Figure 4A show that at concentrations > 107> M,
the potential differences (AE) between 0.45 mL/min flow and static phases were less than
3 mV. The influence was larger at low concentrations (<10~¢ M), especially for the K* sensor
which showed AE >20 mV and a much slower response in the static phase. These results
can be explained by the leaching of primary ions (K* or NO3; ™) from the membrane that
raised their local concentrations in the solution. On the other hand, the flow keeps the local
concentration to the actual value by constantly refreshing the solution. Despite some flow
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sensitivity, the sensors showed a generally rapid response (~20 s) to concentration changes
(Figure 4A, inset).
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Figure 4. Potentiometric response of the multiplexed sensor (K* and NO;~ electrodes and Ag/AgCl
reference) in microchannel under alternating flow (shaded) and static conditions: (A) Real-time
sensor response. Flow rate: 0.45 mL/min. Electrolyte: KNO3 + 10 mM NaCl. Inset: enlarged view
showing sensor’s response to changing concentration. (B) Calibration curves of the NO3;~ and
K* ISEs (3 electrodes for each ion). Solid lines indicate flow condition and dashed lines indicate
static condition.

Both the K* and NO3 ™ electrodes displayed near-Nernstian response over the three-
decade concentration range, which covers typical ranges in biological and environmental
samples. Figure 4B shows that the K* electrodes exhibited a slope of 56.6 mV /dec from 107>
to 1072 M, and the NOj3 ~ electrodes displayed —57.4 mV /dec from 10~ to 10~! M. The
limits of detection (LOD) were calculated to be 1.9 x 10~ M and 3.6 x 10> M for K* and
NO3 ™ electrodes, respectively, with the flow condition showing a slightly lower LOD than
the static condition. With NaCl (10 mM) as the background electrolyte, selectivity (LogP)
can also be derived and was determined to be —3.72 for the K* electrode (vs. Na*) and
—2.44 for the NO3 ™ electrode (vs. C17). These values agree with the results from capillary-
based electrodes in the bulk solution [19], suggesting that neither the PCB substrate nor the
adhesive tape affected sensor selectivity. In the upper range, the signal of K* electrodes
eventually flat out beyond 10 mM due to the so-called co-ion interference of NO3 ™ [30].
Further extension of the upper limit may be achieved by increasing the concentration of
ionic sites (TPB) in the membrane.

Evaluation of the long-term performance showed that the sensors retained most of
their sensitivity (95% for NO3 ™~ and 91% for K* ISEs) after 3 weeks (Figure 5A). The gradual
decay may be linked to the leaching or breakdown of membrane ingredients (e.g., plasticizer
or ionic sites), which was thought to have also resulted in decrease in sensor conductivity
and capacitance [14]. In addition, the sensors have maintained their selectivity over the
testing period, with the NO3 ™~ ISEs displaying selectivity coefficients of —2.4 to —2.5 (vs.
Cl7) and the K* ISEs of —3.7 to —4.2 (vs. Na *) (Figure 5B). The maintenance of selectivity
ensured that the sensors would function properly in complex samples. In terms of baseline
(Figure 5C), the sensors showed an average drift of 6-11 mV per day (mV/d) in the first
week and have stabilized since then with the drift typically below 3 mV/d. However, even
with a drift of 3 mV/d, the error could be as high as 13% for daily measurement. Therefore,
the sensors here would need regular calibration in the long term, especially for the first
2 weeks. For calibration-free sensors, drift on the order of 1V /h was suggested [10].
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Figure 5. Long-term sensor performance: (A) Sensitivity of ISEs. The sensitivities were measured
by two-point calibration between 1 and 10 mM KNOj. (B) Selectivity of ISEs. For K* electrodes,
selectivity was measured against Na™ ions; for NO3; ™ electrodes, selectivity was against C1~ ions.
(C). Baseline drift of ISEs at 1 mM KNOj3 (in mV per day, mV/d) over a 4-week period. Reference:
electroplated Ag/AgCl. For all measurements, 10 mM NaCl was added as background. At least 3
electrodes were used for each measurement. Sensors were stored dry in air between measurements.

3.4. Self-Calibration and Plant Sap Test

To evaluate the sensor system for in situ measurements, the response of the sensor was
measured in an automated two-point calibration (Figure 6). At each step, the sensor was
measured for 60 s at default followed by solution switching for 25 s. These parameters were
chosen to ensure complete rinsing of the channel while minimizing reagent consumption.
The sample volume used for each measurement was ~187.5 uL. As shown in Figure 6, after
about two calibrating cycles, both K* and NO3 ™~ sensors showed a highly reproducible
response, with the K* ISEs exhibiting 20.4 £ 0.45 and 68.4 + 0.45 mV for the last five
cycles at 1 and 10 mM KNOs, respectively, and the NO3 ~ ISEs showing 299.1 4 0.18 and
244.9 + 0.36 mV. The high reproducibility indicates that the sensor system can robustly
perform self-calibration.
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Figure 6. Automated two-point calibration. Potentials were recorded for 1 min at stopped-flow
and then the channel was rinsed with a new solution for 25 s. Electrolyte: KNO3 + 10 mM NaCl.
Reference: electroplated Ag/AgCl.

The system was further applied to detect ionic nutrients in plant sap (Z. mays). As
shown in Figure 7A, a program of pump and valve actions was implemented so that multi-
ple sap samples were analyzed in a continuous manner and the sensors were calibrated
before and after each sample. Based on the calibrations, the concentrations of K* and
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NO; ™ in the original sap were calculated to be 1-20 mM (Figure 7B, Table 1), which were
consistent with reported values in maize [15,31]. The low NO3z ™ levels in some samples in-
dicate that plants were most likely suffering from nitrogen deficiency. Moreover, the results
of our sensors were consistent with that of commercial ISEs, with typical differences of
<3 mM and correlation coefficients >0.95. The mean accuracy of our measurement against
commercial sensors was 105.7% for K* ions. The NO3;~ sensor showed a small systematic
bias (~ +1.3 mM), with respect to commercial sensors, possibly due to interference from CI1~

ions (which were suppressed in commercial ISEs with the use of an ionic strength adjustor).
When such bias was corrected by subtraction, the adjusted mean accuracy of measurement
was calculated to be 95.2% for NO3 ™.
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Figure 7. Xylem sap test: (A) Real-time sensor response in a programmed sequence of pump (P)
and valves (V1,V2). The sensors were calibrated before and after each sap measurement with KNO3
(1 and 10 mM) + NaCl. (B) Comparison of ion concentrations in original sap between our sensors
and commercial ISEs. Sap samples were prediluted 10x with 1 mM KNOj3 (+ 10 mM NaCl) for our
sensor and 10-20x for commercial ISEs.

Table 1. Concentrations of K* and NO3; ~ ions in xylem sap (Z. mays) measured by our sensors and
commercial ISEs (n is the number of measurements).

Sample K* _Our Sensor (mM) K *_Commercial (mM) NO;3;~_Our Sensor (mM) NO;3;~_Commercial (mM)
1 9.59 £+ 0.48 (n = 16) 10.98 + 0.15 (n = 3) 1.63 + 0.57 (n = 16) 0.62 £0.19 (n=23)
2 14.37 £ 0.98 (n = 16) 1494 + 034 (n=3) 4.76 £+ 0.56 (n = 16) 3.01 £02(n=3)
3 1746 + 1.5 (n=4) 1417 £ 159 (n=4) 1.9+ 052 (n=4) 0.63 £0.23 (n=4)
4 24.02+1.52 (n=8) 20.64 + 0.92 (n =8) 15.59 + 1.05 (n = 12) 14.07 £ 1.03 (n=8)

4. Conclusions

This work demonstrated a self-calibrating sensor system by integrating SCISEs with
flow-control modules into the same readout circuit. The resulting sensor system is compact,
cost-effective, and robust, with the potential for in situ measurements in a variety of
agricultural, biomedical, environmental, or geochemical applications. In the future, the
capability of the system can be further expanded. For example, the system currently
supports multiplexed sensing of three ion analytes via USB-A interface; the number of
analytes can be readily increased using an alternative electronic interface such as HDMI
(16-pin) or USB-C (24-pin). At the same time, the sensors can be tailored to other ions
by simply varying the selective components (ionophores/ion exchangers). In addition, a
microcontroller unit can be integrated into the custom PCB circuit to further reduce the
footprint of the electronics. Furthermore, chip-based potentiostat circuits can be integrated
to enable other sensing schemes (e.g., amperometry or voltammetry). The fluid control
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modules of the system can also be readily adapted into other analytical systems that require
automated sensor calibration.
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Abstract: As anionic surfactants are used as cleaning agents, they pose an environmental and
health threat. A novel potentiometric sensor for anionic surfactants based on the 1,3-dioctadecyl-
1H-imidazol-3-ium tetraphenylborate (DODI-TPB) ionophore is presented. The newly developed
approach for DODI-TPB synthesis is faster and simpler than the currently used strategies and follows
the green chemistry principles. The DODI-TPB ionophore was characterized by computational and
instrumental techniques (NMR, LC-MS, FTIR, elemental analysis) and used to produce a PVC-based
DODI-TPB sensor. The sensor showed linear response to dodecylbenzenesulfonate and dodecyl
sulfate in concentration ranges of 6.3 x 1077-3.2 x 10~% M and 5.9 x 10~7—4.1 x 10~ M, for DBS
and SDS, respectively. The sensor exhibits a Nernstian slope (59.3 mV/decade and 58.3 mV /decade
for DBS and SDS, respectively) and low detection limits (7.1 x 107 M and 6.8 x 10~7 M for DBS
and SDS, respectively). The DODI-TPB sensor was successfully tested on real samples of commercial
detergents and the results are in agreement with the referent methods. A computational analysis
underlined the importance of long alkyl chains in DODI* and their C-H---7 interactions with TPB~
for the ionophore formation in solution, thereby providing guidelines for the future design of efficient

potentiometric sensors.

Keywords: anionic surfactants; computational analysis; green chemistry; quaternary ammonium
compounds; synthetic ionophore; potentiometric sensor

1. Introduction

Surfactants are organic molecules which decrease the tension of the surface. Their
structure usually consists of a hydrophilic and a hydrophobic part. Depending on the
charge, surfactants are grouped into anionic, cationic, amphoteric, and nonionic (with
no charge). Surfactants can be classified as zwitterionics, depending on their charge.
Cationic surfactants are used as disinfecting agents and as preservatives [1,2], while anionic
surfactants are used for cleaning and washing [3]. Nonionic surfactants are employed
for enhancing surfactant activity, reducing foaming, and enhancing cleaning. Anionic
surfactants participate in 70% of the global surfactant market, which is expected to increase
by 4.5% in the period from 2020 to 2025 due to high demand and standard growth [4].
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Anionic surfactants are used in many products of daily life and in the industry sec-
tor (recently for electric vehicles [5]), which is why they are also likely to be found in
wastewater, rivers, and lakes. Apart from the foaming effect, the negative consequences on
the environment include their aptitude to prevent oxygen and gas exchange at the water
surface; moreover, they easily degrade the cell membrane—as they have a similar nature to
lyophilic molecules in the phospholipid bilayer of the cell, cause skin irritation, etc. [6,7].
Cationic surfactants are the most toxic, compared to the other types of surfactants.

Anionic surfactants in water are usually quantified by highly manual procedures, such
as methylene blue active substances (MBASs), two-phase titration [8], or instrumental meth-
ods, such as liquid chromatography and gas chromatography [3]. These manual procedures
are time-consuming, slow, low in reproducibility, and require specialized personnel, while
instrumental methods are faster, but need expert personnel, toxic solvents, and expensive
instrumentation, as well as they can often be performed only in confined spaces.

Compared to the above analytical procedures, the ion-selective electrodes (ISEs) for the
surfactants are robust, simple, fast, and do not use toxic solvents. They can also be portable
and used in field measurements [9]. In addition, ISEs are not affected by color changes or
transparency problems. ISEs are also capable of measuring concentrations of anions and
cations, depending on which ionophore is used [10-14]. All the above advantages are used
to fabricate surfactant sensors for measuring cationic surfactants, nonionic surfactants, and
anionic surfactants in aqueous media [1,15]. There are mainly two types of surfactant sen-
sors: solid-state surfactant sensors [16,17] and PVC-based liquid membrane-type surfactant
sensors [18]. Membranes based on PVC consist of a high molecular weight PVC and a
plasticizer in a 2:1 weight ratio, and usually a 1% ionophore, which is an active substance
of the sensing membrane [19]. The plasticizer softens the PVC and serves as a solvent for
the highly lipophilic ionophore. Ionophores are poorly soluble and possess high molecular
weight, associates (ion-pairs) of the cationic surfactant and anionic surfactant, or some high
lipophilic counter ions. The role of the ionophore, as a sensing element, is mainly deter-
mined by its potential and ability to handle complex interactions with the analyte in its bind-
ing sites [20]. Synthetic ionophores designed according to their complexation constants can
provide improved electrochemical ionophores leading to the development of optimized sen-
sors with higher selectivity, reproducibility, and longer sensor lifetime [21]. Different com-
mercially available quaternary ammonium compounds (QACs) have been used as a part of
the ionophores for anionic surfactants detection, namely dodecyltrimethylammonium [22],
cetyltrimethylammonium [23], hyamine [24], 1,3-dihexadecyl-1H-benzo[d]imidazol-3-ium
recently described by our group [1], and others. The introduction of a designed QAC for
potentiometric sensor provides a sensing material with planned and improved properties
compared to classical ion exchangers.

The aim of this work is to present a new strategy for the direct synthesis of a new
ionophore, namely 1,3-dioctadecyl-1H-imidazol-3-ium tetraphenylborate (DODI-TPB), and
to use it as a sensing component in the preparation of a new DODI-TPB-based surfactant
sensor for the quantification of anionic surfactants by potentiometric titrations in real
samples of commercial products. The ionophore was extensively studied by computational
and instrumental techniques such as NMR, LC-MS, FTIR-ATR, and elemental analysis. The
fabricated DODI-TPB surfactant sensor was characterized analytically in terms of response,
pH influence, selectivity, and accuracy.

2. Materials and Methods
2.1. Reagents

Chemical reagents used for organic synthesis were all analytical grade chemicals:
1-bromooctadecane, 1H-imidazole, and NaHCO;3 (Sigma Aldrich, Darmstadt, Germany)
and utilized without further purification.

For measurements of the direct potentiometric response of anionic surfactant, analyti-
cal grade sodium dodecylsulfate (SDS) and technical grade sodium dodecylbenzenesul-
fonate (DBS) (all from Fluka, Buchs, Switzerland) were used. Titrations were performed

93



Chemosensors 2022, 10, 523

using benzethonium chloride (Hyamine 1622), hexadecyltrimethylammonium bromide
(CTAB), cetylpyridinium chloride (CPC), and 1,3-didecyl-2-methylimidazolium chloride
(DMIC) (all analytical grade from Merck, Munich, Germany). Ultrapure deionized water
was used for all measurements.

For sensing membrane preparation, a high molecular weight PVC and an analytical
grade plasticizer o-nitrophenyloctylether (o-NPOE) (both from Sigma Aldrich, Darmstadt,
Germany) were used. The solvent was tetrahydrofuran (THF) (Merck, Munich, Germany).

For interference measurements a series of organic and inorganic anions were used; acetate,
borate, benzoate, bromide, chloride, carbonate, dihydrogenphosphate, EDTA, hydrogen
sulfate, nitrate, sulfate, all analytical grade sodium salts (all from Kemika, Zagreb, Croatia).

2.2. Ionophore Synthesis and Characterization

Bisalkylated imidazole product (1) was synthesized according to the literature’s pro-
cedure with some modifications. Alkylation reaction was conducted by adding 0.25 g 1H-
imidazole (3.37 mmol) and 200 mg NaHCOj3 (2.38 mmol) in anhydrous acetonitrile (10 mL)
and stirring at 90 °C for 1 h. Then, the solution was cooled and 5 g 1-bromooctadecane
(15.00 mmol) was slowly added to the mixture and continued to be vigorously stirred at 120 °C
under an inert nitrogen atmosphere for 48 h. The product was washed with methanol and
hexane three times. Flash column purification was conducted in DCM/methanol = 10:0.25.
The product was dried under a vacuum at 40 °C for 4 h. The desired product (1) (2.00 g,
3.06 mmol) was obtained in a 90.75% yield.

To prepare the sensing ion-pair DODI-TPB, 1.50 g (2.29 mmol) of 1,3-dioctadecyl-
1H-imidazol-3-ium bromide (1) was mixed for 6 h with 1.50 g (4.38 mmol) of sodium
tetraphenylborate, in 100 mL of acetonitrile. This mixture was filtered, washed with
dichloromethane, cooled in a freezer for 24 h, and then again filtered. Dichloromethane was
removed by rotary evaporation for 3 h. A total of 3.39 g (mmol) of DODI-TPB ionophore
was produced as a white solid (yield: 86.44%). After the evaporation of dichloromethane,
the crude DODI-TPB (2) was dried at 80 °C to the constant mass. Such prepared ion-pair
was used for sensor membrane fabrication.

The DODI-TPB ion-pair was analyzed by FTIR-ATR spectrometer Spectrum Two
(Perkin Elmer, Waltham, MA, USA).

The 'H NMR spectra were recorded at 400 MHz and '3C NMR spectra at 100.613 MHz
by a VARIAN INOVA 400 (Varian, Crawley, United Kingdom).

MS spectra were recorded in q1 ms scan mode at API 2000 LC-ESI-MS/MS (Applied
Biosystems, Foster City, CA, USA).

PerkinElmer 2400 CHNS/O Series II System was used for the elemental analysis
(PerkinElmer Inc., Waltham, MA, USA).

2.3. Computational Details

RESP charges at the HF/6-31G(d) level were used to describe the DODI-cation, while
the TPB™ anion was parameterized in line with the literature’s recommendations. [25] Both
ions were positioned in a 15 A rectangular box and solvated with 8.553 water molecules
and supplemented with Na* and Br~ counterions to assure electrical neutrality. Such a
system underwent the geometry optimization in AMBER 16 [26] with periodic boundary
conditions in all directions, followed by a 30 ps equilibration under NTV conditions and
a gradual temperature increase from 0 to 300 K. This was, then, submitted to 300 ns of
productive and unconstrained MD simulations, with a time step of 2 fs at a constant
pressure of 1 atm and temperature of 300 K, employing a threshold of 11.0 A to truncate
the nonbonded interactions. The binding energies between sensor components, AGginD,
were obtained through the MM-PBSA analysis [27,28], in line with our recent reports on
similar systems [29-31], utilizing every second snapshot, 75.000 in total, recorded from the
entire MD trajectory.
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2.4. Preparation of Surfactant SENSOR

The surfactant sensor membrane was prepared by dissolving a high molecular weight
PVC in a plasticizer o-NPOE (1:2) by sonication. Then, 1% of the ion-pair was added. Next,
2 mL of THF was added and sonicated for 15 minutes. After this, the cocktail was poured
into the glass mold and left to dry for 1 day. The membrane was planted at the bottom of
the Philips electrode body IS-561 (Supelco, Bellefonte, PA, USA). NaCl (3 M) was used as
an inner electrolyte.

2.5. Potentiometric Measurements

Surfactant sensor characterizations of the DODI-TPB surfactant sensor by direct poten-
tiometry were performed by Metrohm 794 Basic Titrino with a stirred paired with Metrohm
781 pH meter (Metrohm, Herisau, Switzerland) and a reference electrode silver/silver (I)
chloride electrode with potassium chloride (3 M) electrolyte (Metrohm, Herisau, Switzer-
land). To obtain the response characteristics, selected cationic surfactants (Hyamine 1622,
CPC, CTAB, and DMIC) were incrementally added to the deionized water to reach a
concentration range from 1 x 1078 to 1 x 1072 M. Response time was set to 90 seconds.
An interference study was performed on selected organic and inorganic anions usually
found in commercial product formulations or in wastewaters. Solution of interfering
anion (0.01 M) was placed in a beaker and CPC was incrementally added (0.5 mM) and
measured in 90 seconds intervals. IUPAC fixed interference method was used to calculate
the potentiometric selectivity coefficients. The effect of pH change was observed for CPC
(0.5 mM) at pH levels from 2 to 12.

Potentiometric titrations were performed by Metrohm 808 Titrando with a stirrer,
a reference electrode silver/silver (I) chloride electrode with potassium chloride (3 M)
electrolyte, and a Metrohm Tiamo software (all from Metrohm, Herisau, Switzerland). SDS
(0.4 mM) and DBS (0.4 mM) were titrated with the corresponding concentration of the se-
lected cationic surfactants Hyamine 1622, CTAB, CPC or DMIC, and a DODI-TPB surfactant
sensor as an endpoint indicator. The anionic surfactant contents in 12 commercial products
were measured by potentiometric titration with CPC in corresponding concentrations and
a DODI-TPB surfactant sensor as an endpoint indicator.

3. Results
3.1. Ionophore Synthesis and Characterization

A new, faster, and simpler way for the direct synthesis of ion-pairs was presented
(Scheme 1). The common synthesis of ion-pairs employs anionic and cationic surfactants, or
large lipophilic ions [32,33]. In the presented approach, the preparation of the ion-pair was
achieved by the direct addition of the counter ion (TPB) into the reaction mixture containing
the newly synthesized cationic surfactant. The latter two-steps one-pot process is much
faster, simpler, and employs less toxic chemicals, which is consistent with the green chem-
istry principles. A detailed characterization of DODI-Br by MS, TH NMR, and 13C NMR
spectroscopy and elementary analysis and the detailed data is offered in the supplementary
materials (Figures S1-S3). The C2 symmetry of DODI-Br and DODI-TPB simplified their
NMR spectra. As seen from the 'H NMR spectrum of DODI-Br, the newly formed triplets
of methylene signals of -CH,N = arrived at 4.37 ppm, while the other methylene signals of
alkyl chains range from 1.95 to 1.25 ppm. The 'H NMR signals of H-imidazole were identi-
fied at 10.57 and 7.41 ppm. The characteristic signal of -CH,N = in the 13C NMR spectrum
arrived at 50.1 ppm. The other carbons of the methylene chain groups appeared between
31.9 and 22.7 ppm. The signals at 137.3 and 121.8 can be attributed to the 'H-imidazole
unit. In the IR spectrum C = N, C-N stretching was assigned as strong adsorptions at 1650
and 1150 cm ™. The presence of bromine was confirmed by MS and elemental analysis.
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Scheme 1. Synthesis of DODI-TPB ion-pair sensing complex (2) via quaternary alkyl ammonium salt
1,3-dioctadecyl-1H-imidazol-3-ium bromide (1).

Characterization of DODI-TPB was also performed. Its 'H NMR spectrum confirmed
the presence of the TPB anion. The phenyl -CH = signals were identified in the range
of 7.57-7.46 and at 7.00 and 6.83 ppm. Other 'H NMR signals were also consistent with
the proposed DODI-TPB structure. Due to the carbon-boron coupling in the 3C NMR
spectrum, the signal at 164.0 ppm was a quartet, while the other C atoms of TPB and
H imidazole were identified at 135.9, 134.9, 125.9, 121.9, and 120.7. 13C-signals of alkyl
chains appeared at 49.4, 31.9, and in the range between 29.8 and 14.1 ppm. Similar to
DODI-Br, DODI-TPB showed the IR-stretching of C = N, C-N at 1650 and 1150 cm ™.
The MS spectrum and elemental analysis were also consistent with the proposed DODI-
TPB structure.

3.2. Computational Analysis

Computational analysis was employed to inspect the dynamics and features of the
investigated DODI* cation in the water solution and elucidate intermolecular interactions
responsible for its complexation with TPB~. We mainly focused on characterizing the
DODI-TPB adduct through electronic, geometric, and thermodynamic features.

Despite containing a rigid imidazole skeleton, DODI* has two unconstrained C-18
chains, whose flexibility over the anionic TPB™ is clearly evident in the obtained RMSD
plots (Figure S4). Interestingly, it appears that it is precisely this feature of DODI* that is
essential for its effective TPB™ recognition through a range of favorable C-H: -7 interactions
with the aromatic phenyl rings in the latter.

DODI-TPB complexation is a favorable, yet reversible, event, due to the adduct
formation and its dissociation exchange during the MD simulation. To illustrate that, the
matching distance graphs reveal that the relevant N(DODI*).--B(TPB~) distances extend
much beyond 40 A, while taking values below 12 A in around 48% of the recorded structures
(Figure S5). Since DODI" is not a globular molecule, we identified the latter as the upper
limit beyond which no appreciable interactions were observed. In order to quantify these
interactions, the calculated MM-PBSA binding free energy shows that the DODI-TPB
complex formation is indeed exergonic at AGpnp = —5.0 keal mol~!, which confirms its
feasibility (Table 1). To put the latter number in an appropriate context, and given the
highly favorable sensing features of the DODI-TPB system, let us mention that precisely
the same AGgnp value was obtained for the benzimidazole analogue of DODI* with a
slightly shorter C-16 alkyl chain. [29] This indicates that the calculated AGgnp value falls
into an optimal range as it needs to ensure two opposing aspects, namely the stability of
the adduct and the reversibility of its formation, the latter being essential for its sensing
features through the potential exchange with other anionic analytes.
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Table 1. MM-PBSA calculated binding affinities (AGpnp, in kcal mol 1) among the TPB™ anion and
selected cations following the molecular dynamics simulation in water.

(CH,)17CH3 (CH2)17CH; CHs
@/ @ / @/
A N N N
Cation [ \> [ \> [ \> CH3(CH,)34CHs
Component N N N
\ \ \
(CHy)17CH; CH, CH,
AGBIND —5.0 —24 -0.5 —-3.2

The representative adduct structure (Figure 1) shows three kinds of favorable inter-
actions, namely (i) the 7t---7t stacking contacts among charged imidazole in DODI* and a
phenyl ring in TPB~, (ii) the C-H-- -7t interactions involving the central imidazole carbon
and the other phenyl ring in TPB", and (iii) a range of C-H---7 interactions that both C-18
chains form with the remaining phenyl groups in TPB™. Interestingly, in the elucidated
structure, the matching B(TPB")---N(DODI") distances are 5.4 and 5.7 A, which is in excel-
lent agreement with the calculated RDF plot, which indicates the largest number of these
contacts assuming values around 5.7 A (Figure 1), and therefore validating the identified
structure as representative.

L — TPB-DOI'y,

80—

60—

2(r)

40—

20+

Figure 1. Representative structure of the DODI-TPB complex in the aqueous solution ((left); hydrogen
atoms omitted for the clarity) as elucidated from the 300 ns molecular dynamics simulation, and
the matching RDF graph considering N(DODI*)---B(TPB ™) distances with the peak value located at
5.7 A (right).

Such vicinity between boron and nitrogen atoms could lead to the assumption that
the electrostatic attraction determines the binding among components. Yet, this can be
excluded as it follows from the analysis of atomic charges prior and after the adduct
formation (Figure S6). The results show that, before binding, the imidazole unit in DODI*
accommodates only one-third of the excess positive charge (0.33 |el), while the rest is
accumulated within its C-18 chains, which is, interestingly, not changed in the formed
adduct. In fact, once DODI-TPB is formed, only 2% of the total charge density is exchanged
between components, as is evident in the sum of all atomic charges on DODI* and TPB~
being +1.02 and —0.98 lel, respectively, which eliminates electrostatic interactions as
predominantly responsible for the adduct stability.

In addition, the extent of the 7t---7 stacking interactions was estimated by analyzing
distances between the center of mass of the imidazole ring in DODI* and that of each
phenyl group in TPB~. Adopting the value of 4 A as the recommended threshold for these
contacts [29], it resulted that these interactions take place in only 2.2% of structures occur-
ring during MD simulations. Along these lines, the frequency of the C-H---7t interactions
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involving the central imidazole C-H group was analogously inspected and we counted
5.7% of structures where this was identified. Therefore, both sets of values suggest only a
very limiting significance of both of these interactions for the complex formation.

Lastly, due to a large number of C-H groups within both C-18 chains potentially
engaging in the C-H:--7t interactions with TPB~, in evaluating their frequency we have
repeated the MD simulations with several model cationic components, having either one
or both C-18 chains replaced by a methyl group (Table 1). The results show that when one
of the C-18 chains is already substituted by a smaller methy] unit, the binding affinity is
reduced in half (AGgmp = —2.4 keal mol 1), while it exhibits an even larger further decrease
when no C-18 chains are present (AGpp = —0.5 kcal mol~1). This evidently underlines
the crucial effect of the long alkyl chains and highlights this type of interaction as dominant
in recognizing and binding the TPB™ in solution. Such a conclusion is further supported
by analyzing the situation with a simple alkane, with its length, C-36, equaling the sum
of both chains in DODI*. Interestingly, despite being formally uncharged, the affinity of
Cs6Hy74 towards TPB™ surpasses those from both model cationic imidazoles and achieves
AGgmD = —3.2 kcal mol~! (Table 1), thereby reaching 64% of the affinity of the full DODI"*.
We believe all of this clearly illustrates the importance of these hydrophobic fragments
and their flexibility for the efficient TPB~ binding, and it provides useful guidelines for the
future design of efficient potentiometric sensors based on selected ionophores.

3.3. Sensor Characterization
3.3.1. Sensor Response to Anionic Surfactants

According to the modified Nernst equation, the electromotive force of the surfactant
sensor membrane in the presence of anionic surfactant is the following:

E=E"— Sloga sq-

where E? is a constant potential term, S is a slope in the linear part of the response curve,
and a45- is an activity of the investigated surfactant anion.

The first step in DODI-TPB surfactant sensor characterization was to observe the
direct potentiometric response of the sensor for two anionic surfactants, namely DBS and
SDS, over a wide range of concentrations in deionized water. In this way; it is possible
to determine the response of the sensor for the desired anions. The response curves and
response characteristics for DBS and SDS are presented in Figure 2 and Table 2. For the
DBS anion, the linear concentration range was from 6.3 x 1077 M to 3.2 x 10~* M with an
estimated correlation coefficient (R%) of 0.9997 in the linear part of the response curve. For
the SDS anion, the linear concentration ranged from 5.9 x 1077 M to 4.1 x 1073 M with an
R? of 0.9998 in the linear part of the response curve. The limits of detection (LOD) were
calculated according to IUPAC recommendations. [34] For DBS, the calculated LOD were
6.1 x 1077 M and 5.5 x 107 M for SDS. The estimated slope values in the linear response
region for DBS were 59.29 + 0.5 mV/decade and for SDS anion 58.31 & 0.4 mV /decade.

Table 2. Response characteristics of DODI-TPB surfactant sensor to anionic surfactants DBS and SDS
in HyO, given together with £95% confidence limits.

Anionic Surfactants

Parameters
DBS SDS
Slope (mV/decade) 59.3 £ 0.5 58.3 + 04
Correlation coefficient (R2) 0.9997 0.9998
Limit of detection (M) 71+£10°7 6.8 107

Useful linear concentration range (M) 63 x1077t03.2 x 1074 59 x 1077 to4.1 x 1073
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Figure 2. Direct potentiometric response characteristics of DODI-TPB surfactant sensor to anionic
surfactants SDS and DBS in H,O at a wide concentration range, with mean values at £95% confi-
dence limits.

3.3.2. Selectivity and pH

An interference study was performed to investigate the influence of some common
organic and inorganic anions (present in products or waters and wastewaters) on the
response characteristics of the DODI-TPB surfactant sensor in the presence of an anionic
surfactant SDS in the broad concentration range from 5 x 107° to 5 x 1073 M. The selected
interfering anion concentration was 0.01 M. To calculate the selectivity coefficient, a fixed
interference method [34] was applied. The selectivity was tested to observe the ability of the
sensor to discriminate certain anions in the presence of interfering ions. The results of the
calculated selectivity coefficient (lo, gKZ‘::,) for different inorganic and organic interfering

sodium salts are presented in Table 3. The DODI-TPB surfactant sensor showed good
selectivity toward SDS in the presence of common interfering anions.

The response of the DODI-TPB surfactant sensor to SDS (0.5 mM) was tested in the
range of pH 2 to 13 and is presented in Figure 3. The measured electromotive force was
stable in the pH range from 2 to 9, and this pH region could be used in further investigations.
At pH 10 to 13, the DODI-TPB surfactant sensor showed higher fluctuation in the signal
change, and this region was not suitable for measurements. This likely comes as a result
of the fact that both sensor components lack notably acidic/basic sites [35], which is why
lowering the pH conditions exerts only a moderate effect, while a significant increase
in the latter possibly disintegrates TBP~ due to the introduced OH™ anions that either
compete with phenyl ligands for the boron coordination or help with the hydrolysis of
either component.
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Table 3. Calculated selectivity coefficient (logKZo;; ) for different inorganic and organic interfering

sodium salts (10 mM) for SDS response with the DODI-TPB surfactant sensor for SDS.

. t.
Anion logK”A ‘::;
Acetate —4.27
Borate —4.75
Benzoate —4.35
Bromide —4.00
Chloride —3.92
Carbonate —3.92
Dihydrogenphophate —3.92
EDTA —-3.92
Hydrogen sulfate —3.30
Nitrate —343
Sulfate —3.48
Toluensulfonate —-3.93
-35.00 -
-40.00 A
-45.00 4
=50.00
E
555,00 -
-60.00
-65.00 +
-70.00 T
0 2 4 6 8 10 12 14
pH

Figure 3. The response characteristics of DODI-TPB surfactant sensor towards SDS (0.5 mM) in
deionized water at different pH levels.

3.4. Potentiometric Titrations
3.4.1. Titration of DBS with Selected Cationic Surfactants

Hyamine 1622, CTAB, CPC, and DMIC were used for the potentiometric titrations
of DBS (4 mM) with selected cationic surfactants of analytical grade (4 mM). Titration
conditions were the same for all measurements and the DODI-TPB surfactant sensor was
used as the endpoint indicator. Potentiometric titration curves are shown in Figure 4. All
titration curves had a sigmoidal shape with a well-defined signal change in the endpoint
region. The DODI-TPB surfactant sensor showed the best signal change in the titrations
with DMIC, where the signal change was 382.5 & 2.4 mV. The signal change for CPC was
350.4 + 3.1 mV, for CTAB 335.6 = 1.9 mV, while the lowest signal change was obtained
for Hyamine 1622, at 316.6 £ 3.2 mV. From the titration curves, the corresponding first
derivatives were calculated (AE/AV) and included in Figure 4. Analogous to the titration
curves data, the first derivative values for DMIC showed the highest change in the endpoint,
79.4 mV /mL, with a sharp peak. The first derivative values for the other three cationic
surfactants, CPC, CTAB, and Hyamine1622, were 77.7, 77.3, and 62.1 mV /mL, respectively,
with well-defined peaks. The falling properties of the cationic titrants for potentiometric
titrations of DBS using the DODI-TPB surfactant sensor as the endpoint indicator were
DMIC > CPC > CTAB > Hyamine 1622. All the studied cationic surfactants were suitable
for DBS detection using the DODI-TPB surfactant sensor.
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Figure 4. Potentiometric titration curves, and first derivatives, of DBS (0.4 mM) with four different
cationic surfactants (0.4 mM) used as a titrant: Hyamine 1622, CTAB, CPC, and DMIC. The titration
curves and their first derivatives were rearranged for the sake of clarity.

3.4.2. Titration of SDS with Selected Cationic Surfactants

For the potentiometric titrations of SDS, the same approach was used as for DBS.
Hyamine 1622, CTAB, CPC, and DMIC were used for the potentiometric titrations of SDS
(4 mM) with selected cationic surfactants of analytical grade (4 mM). Titration conditions
were the same for all measurements, and the DODI-TPB surfactant sensor was used
as the endpoint indicator. Potentiometric titration curves are shown in Figure 5. All
titration curves had a sigmoidal shape with well-defined signal changes in the area of the
endpoint. The DODI-TPB surfactant sensor showed the best signal change in the titrations
with DMIC where the signal change was 376.5 £ 3.8 mV. The signal change for CPC
was 319.3 + 3.7 mV, for CTAB 303.9 & 2.5 mV, while the lowest signal change was obtained
for Hyamine 1622 with 272.4 £ 3.1 mV. From the titration curves, the corresponding first
derivatives were calculated (AE/AV) and included in Figure 5. Analogous to the titration
curve data, the first derivative values for DMIC showed the largest change in the endpoint,
79.6 mV/mL, with a sharp peak. The first derivative values for the three other cationic
surfactants, CPC, CTAB, and Hyamine1622, were 75.7, 75.4, and 53.5 mV /mL, respectively,
with well-defined peaks. The falling properties of the cationic titrants for potentiometric
titrations of DBS using the DODI-TPB surfactant sensor as an endpoint indicator were
DMIC > CPC > CTAB > Hyamine 1622. All of the studied cationic surfactants were suitable
for SDS detection with the DODI-TPB surfactant sensor.

The standard addition of SDS and DBS at two concentration levels (0.1 and 0.01 mM)
was used to estimate the accuracy of the DODI-TPB surfactant sensor. Selected cationic
surfactants (Hyamine 1622, CTAB, CPC, and DMIC) were used as titrants. The measured
and found concentrations of DBS and SDS, as well as the corresponding recoveries, are
listed in Table 4. The recoveries for titrations of DBS ranged from 97.3 to 102.0%, with the
best recoveries for DMIC being 99.3% (for 0.1 mM) and 99.7% (for 0.01 mM). The recoveries
for the titrations of SDS ranged from 98.1 to 99.8%, with the best recovery for DMIC being
99.7% (for 0.1 mM) and 99.6% (for 0.01 mM). The proposed DODI-TPB surfactant sensor
showed good accuracy against the studied anionic surfactants.
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Figure 5. Potentiometric titration curves, and first derivatives, of SDS (0.4 mM) with four different
cationic surfactants (0.4 mM) used as a titrant: Hyamine 1622, CTAB, CPC, and DMIC. The titration
curves and their first derivatives were rearranged for the sake of clarity.

Table 4. Potentiometric titration results of SDS and DBS anionic surfactants with selected cationic
surfactants (4 mM) as a titrant and the DODI-TPB surfactant sensor as an endpoint indicator.

Analyte
DBS SDS
Taken Found Recovery Taken Found Recovery
(mM) (mM) (%) (mM) (mM) (%)
CTAB 0.1 0.0973 97.3 0.1 0.0989 98.9
0.01 0.00102 102.0 0.01 0.00981 98.1
- Hyamine 1622 0.1 0.0972 97.2 0.1 0.0988 98.8
g 0.01 0.00975 97.5 0.01 0.00989 98.9
é CPC 0.1 0.0993 99.3 0.1 0.0991 99.1
0.01 0.00985 98.5 0.01 0.00987 98.9
DMIC 0.1 0.0993 99.3 0.1 0.0998 99.7
0.01 0.00997 99.7 0.01 0.00996 99.6

3.4.3. Titrations of Commercial Samples

The DODI-TPB surfactant sensor was used as an endpoint indicator in potentiometric
titration of 12 commercial products containing anionic surfactants. These products were
detergents intentionally divided into three groups: powder, liquid gel, and hand wash, to
cover all potential product types. They were all declared to contain anionic surfactants.
An appropriate concentration of CPC was used as a titrant. The studies with CPC showed
good analytical properties, just below those of DMIC, but CPC was selected because
the price of DMIC is much higher. Five independent titrations were performed for each
detergent sample (Table 5). Hand detergents were found to have the highest levels of
anionic surfactants ranging from 14.89 to 15.98%. Powder detergent samples contained
4.25 to 6.01% of anionic surfactants, while gel liquid detergents contained the lowest
amounts of anionic surfactants, ranging from 2.11 to 3.21%. The data were compared with
the previously published ISE DMI-TPB surfactant sensor [13] and a two-phase titration
referent method [8], which revealed good agreement between all three methods.
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Table 5. Potentiometric titration results of detergent commercial products with the DODI-TPB
surfactant sensor as an endpoint indicator and CPC as a titrant, compared with the ISE surfactant
sensor and a referent two-phase titration method.

% Anionic Surfactant

Detergent Sample -

& P DODI-TPB DMI-TPB [13] Two-Phase

Titration [8]
Sample 1 425+ 008 421 471
. Sample 2 521 + 0.09 522 5.01
Solid/powder Sample 3 5.66 & 0.07 5.61 551
Sample 4 6.01 + 0.09 6.0 6.11
Sample 5 211+ 007 215 227
Liquid /gl Sample 6 245+ 011 241 285
R Sample 7 2.25 £ 0.09 2.26 241
Sample 8 321+ 0.09 3.27 328
Sample 9 1522 +£0.11 1521 1532
Handwashin Sample 10 14.89 £ 0.09 14.85 15.07
8 Sample 11 1542 + 0.08 1548 15555
Sample 12 1598 £ 0.12 15.99 16.12

4. Conclusions

The new procedure for the direct synthesis of the 1,3-dioctadecyl-1H-imidazol-3-
ium tetraphenylborate (DODI-TPB) ionophore was successfully applied. The DODI-TPB
ionophore was characterized and confirmed by NMR, ATR FT-IR, LC-MS, and elemen-
tal analysis.

A computational analysis confirmed the feasibility of the DODI-TPB complex forma-
tion in solution and elucidated a range of C-H---7 interactions among flexible C-18 alkyl
chains in DODI* and phenyl groups in TPB~ as dominant for their recognition in solution.
The calculated MM-PBSA binding affinity among components of AGgnp = —5.0 kcal mol !
appears optimal, as it efficiently combines the ionophore stability with its ability to ex-
change anions in solution, thereby allowing for favorable analytic and sensing responses.

The DODI-TPB ionophore was used to fabricate the PVC-based liquid membrane-type
potentiometric surfactant sensor for anionic surfactants. The DODI-TPB surfactant sensor ex-
hibited good response characteristics, a wide linear response range (5.9 x 107741 x103M
for SDS), a low detection limit (6.8 x 10~ M for SDS), a Nernstian slope, high selectivity
toward interfering anions, high accuracy (98.1-99.8% for SDS), and a wide operational
pH range (2-9). Both anionic surfactants, DBS and SDS, were successfully titrated with
four cationic surfactants, resulting in sigmoid curves with high potential changes (up to
382.5 mV), well-defined inflexions, and sharp endpoint peaks for the first derivatives.
The DODI-TPB surfactant sensor was successfully used to quantify anionic surfactants
in 12 commercially available detergents (powder, hand wash, and liquid gel detergents). The
results show good agreement with the ISE surfactant sensor and the two-phase titration
method. The DODI-TPB surfactant sensor could be used in quality control in the industry.
Even though the sensor showed high stability and a broad response range, the sensor seems
to be more suitable to observe surfactant concentrations in wastewaters than lakes and rivers.
Further investigations will be conducted using the DODI-TPB surfactant sensor to quantify
anionic surfactants in water and wastewater.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors10120523/s1, Figure S1: 1H NMR (400 MHz; CDCI3)
of 1,3-dioctadecyl-1H-imidazol-3-ium tetraphenylborate (2); Figure S2: 13C NMR (100.613 MHz;
CDCI3) of 1,3-dioctadecyl-1H-imidazol-3-ium tetraphenylborate (2); Figure S3: ATR-FTIR spectra of
powder 1,3-dioctadecyl-1H-imidazol-3-ium tetraphenylborate (2); Figure S4: RMSD graphs during
the molecular dynamics simulation in the aqueous solution; Figure S5: Time dependence of the
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distance between the boron atom in TPB— and the nitrogen atoms in DODI+ during the molecular
dynamics simulation; Figure S6: Charge distribution within the DODI+ cation and the TPB— anion.
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Abstract: The flocculation of small surficial groups on pristine CNCs (carbon nanocoils) bundles
limit their application. In this study, we designed and fabricated novel array CNCs with a surficial
decoration of polyaniline (PANI) using in situ methods. Atomic layer deposition (ALD) and chemical
vapor deposition (CVD) methods were employed to fabricate the highly pure array CNCs. The array
CNCs decorated with ultra-thin PANI were confirmed by different characterizations. Furthermore,
this material displayed a good performance in its detection of formaldehyde. The detection results
showed that the CNCs coated with PANI had a low limit of detection of HCHO, as low as 500 ppb,
and the sensor also showed good selectivity for other interfering gases, as well as good repeatability
over many tests. Furthermore, after increasing the PANI loading on the surface of the CNCs, their
detection performance exhibited a typical volcanic curve, and the value of the enthalpy was extracted
by using the temperature-varying micro-gravimetric method during the process of detection of the
formaldehyde molecules on the CNCs. The use of array CNCs with surficial decoration offers a novel
method for the application of CNCs and could be extended to other applications, such as catalysts
and energy conversion.

Keywords: array carbon nanocoils; atomic layer deposition (ALD); QCM sensors; surficial
decoration; PANI

1. Introduction

As an important carbon material, carbon nanocoils (CNCs) have attracted increasing
attention in the study of catalysis templates, wave-absorption and energy conversion-
storage due to their unique geometrical and mechanical elegance, light weight, good
stability, and electrical properties [1-4]. For example, carbon nanocoils have exhibited their
application potential in terms of the advantages they offer in the design of electromagnetic
wave absorbers, flat-panel displays, and catalysis templates [5]. Given the advantages of
CNCs, it is interesting to further explore their application in sensors for environmental
monitoring. However, there are few studies about their application in gas sensors. Quartz
crystal microbalance (QCM), which offers advantages such as high sensitivity, low working
temperature, high portability and low power consumption, offers a novel direction for the
application of CNCs in gas sensors [6,7].

Sensing materials with large specific surface and surficial groups, such as metal or-
ganic framework (MOF) [8], covalent organic framework (COF) [9] and Santa Barbara
Amorphous-15 (SBA-15)/ordered mesoporous carbon material FDU-15 (FDU-15) [10,11]
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offer high QCM detection performance. However, although the CNCs have highly specific
surfaces, pristine CNCs haves little surficial groups and could be flocculated into bun-
dles, like carbon nanotubes (CNTs), through van der Waals interaction. It is interesting
and important to develop highly dispersed CNCs with surficial decoration of functional
groups. Efforts have been made to improve the dispersion of CNCs and to decorate sur-
ficial functional groups. The direct fabrication of CNCs on different matrices can lead
to good dispersion of CNT, resulting in high mechanicity and a wide range of potential
applications [12-14]. The surficial decoration of polymers has been widely applied in
the form of active gas materials due to its high sensitivity, low working temperature and
unique physicochemical properties [15-20].

Formaldehyde (HCHO) is widely used in the chemical industry because it is an
economical chemical. However, formaldehyde as gaseous pollution from indoor decora-
tion and industrial production, described as a carcinogen by the US National Toxicology
Program, is harmful and toxic to human beings [21-24]. Different methods, including
gas/liquid chromatography (GC/LC), colorimetric analysis and mass spectrometry (MS)
have been developed to mitigate this. However, these methods are always time-consuming
and costly [21,22].

Efforts have been made by researchers to develop portable, sensitive and selective
sensors. Functional materials applied as QCM sensors offer a novel direction for the
detection of formaldehyde. The reactions between -NH; and R,CO are always used in the
design of formaldehyde-sensing materials [25-27]. Polyaniline (PANI) has been widely
studied and successfully applied in the surficial decoration of gas sensors (such as H,S,
NH3;, NO,, CO, acetone, benzene etc.) because of its easy fabrication, good environmental
stability and other unique physicochemical properties [15,28-36]. The abundant -NH- and
—-NH; groups in PANI offer active sites for the adsorption of formaldehyde. Inspired by
previous studies, it is interesting to fabricate well dispersed CNCs with PANI surficial
decoration for the detection of formaldehyde. Moreover, the hydrophobicity of polyimide
can improve the resistance of QCM to humidity [37-40].

In this work, we employed ALD technology to deposit uniform Cu-based catalysts on
graphene. Subsequently, low-temperature CVD was employed to maintain the uniformity
of the sites and fabricate in situ array CNCs. The surficial decoration of PANI on the CNCs
was carried out by the electrodeposition method. The novel PANI-decorated array CNCs
displayed an excellent ability to detect formaldehyde. The formaldehyde sensor coated
with CNCs-PANI exhibited the highest sensitivity (70 Hz@0.5 ppm) and good selectivity.
The value of the adsorbed enthalpy was extracted by an adsorption isotherm method
that we have reported previously. The Action Level and TVA for formaldehyde were
0.5 and 0.75 ppm, respectively. Our sensor met the required LOD. As far as we know, these
were the first CNCs to have been used as a mass-type sensing material for the detection
of HCHO.

2. Experimental Method
2.1. Preparation of Cu-Based Catalysts

Firstly, grapheme was ultrasonically dispersed for thirty minutes before the ALD.
Next, the 2 mL solution was dropped onto quartz wafers and dried in air. Subsequently,
the Cu catalysts were deposited by ALD (Chongqing Nuotu Loc., Chongging, China) in
a hot-wall closed-chamber reactor. Bis (2,2,6,6-tetramethyl-3,5-heptanedionato) copper
(III) (99%, Alfa Aesar, Shanghai, China) and ozone (O3) were used as precursors in the
preparation of the Cu nanoparticles, with Ny (99.999%) as the carrier gas. O3 acts as an
oxidant and enables growth over a wide temperature range, as shown in Scheme 1. The
deposition temperature was 270 °C. In this work, the Cu-based catalysts with different
numbers of cycles by ALD were designated Cuy, where x is the number of Cu oxide ALD
cycles (100, 150, 200, 400, respectively).
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2.2. Synthesis of Array CNCs

After Cu-based catalysts were processed by ALD, the Cu catalysts were transferred
into a tube furnace equipped with a quartz tube (60 mm x 1100 mm). The CNCs’ growth
temperature was set as 250 °C, at a rate of 10 °C/min, in an Hp /Ar (5%/95%) atmosphere.
The CNCs’ growth time was 30 min under atmospheric pressure, as shown in Scheme 1.
The obtained CNCs were transferred to the HNOj; (68 wt%) solution at 100 °C for about
2 hin order to remove the Cu catalysts. Subsequently, the CNCs were filtered and dried.
Finally, the CNCs were dispersed in ethanol for further study.

eIectro-deosition
Scheme 1. Illustration for the fabrication of the PANI-CNC.

2.3. Synthesis of Array PANI-CNCs

For the preparation of the PANI-CNCs, CNC was ground with several drops of N-
methylpyrrolidone for 30 min, then the black slurry was printed onto the FTO and placed
in a vacuum oven at 60 °C for 24 h. The obtained sample was then cooled naturally.

The PANI-CNCs were fabricated through the electrodeposition method, featuring a
100 mL mixed solution containing 100 pL of aniline monomer, and 1 M H,SO,4 was used
as the electrolyte. The electrochemical deposition was performed in a three-electrode-cell
using FTO coated with CNT as the working electrode, a Pt foil as the counter electrode
and Ag/AgCl as the reference electrode, at a constant voltage of 0.8 V for 10 min. After
electrodeposition, the PANI-CNCs was washed with deionized water and ethanol for
several times and dried at 60 °C for 24 h.

2.4. Characterization

The transmission electron micrographs (TEM) and high-resolution TEM (HRTEM)
images for the morphologies of the materials were acquired by JEOL-2100F microscope
(JEOL, Tokyo, Japan). Field emission scanning electron microscopy (FE-SEM, JSM-6700 F,
JEOL, Tokyo, Japan) was also employed to observe the surface morphologies of the mate-
rials. The atomic force microscope (AFM) analysis of the samples was performed using
Nanosurf Naio AFM (Nanosurf, Liestal, Switzerland).

The adsorption—desorption isotherms for the different samples were carried out by
Micromeritics ASAP 2020 (Microm, San Jose, CA, USA). The XRD patterns were collected
on a DX-2700 diffractometer, using a Cu Ka1 source (Haoyuan, Dandong, China). The
surface area was analyzed by Micromeritics Tristar 3000 at 77 K. The X-ray photoelectron
spectroscopy (XPS) data were obtained with a WSCLAB X-ray photoelectron spectroscopy
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system (Thermal Fisher, Agawam, MA, USA), using an Al K source. The attenuated
total reflection spectra (ATR) data for the samples were collected on an IS10 spectrometer
(Thermal Fisher, IS10, Agawam, MA, USA) with an MCT detector.

2.5. Fabrication of QCM Sensor and Sensing Performance

Piezoelectric quartz crystal QCM resonators (WestSensor Co., Chengdu, China) with
silver electrodes on both sides were used as transducers. The change of QCM frequency
was related to a change in the silver electrodes’ mass, and the relationship was described by
Sauerbrey equation AF = —2.26 x 10~%fy> Am/A, where f; is the fundamental resonant
frequency, which depends on the nature of the QCM chip, and A is the area of the silver
plates coated in quartz crystal. Apart from the invariants mentioned above, the frequency
shift (AF) was proportional to the mass change of adsorption (Am) in the electrode surface
of the QCM.

Prior to their fabrication, the materials were dispersed in a solution of 25% ethanol
and 75% ethanediol by ultrasonic agitation for 2 min. Subsequently, the suspension was
dropped onto the silver electrodes of the QCM resonators, which were marked 1-PANI-
CNC, 2-PANI-CNC, 3-PANI-CNC, 4-PANI-CNC sensors. Subsequently, the resonators
were dried at 50 °C in a vacuum drying oven for 20 min.

The prepared QCM sensors were tested in a laboratory-made sealed chamber with
different concentrations of volatile organic compounds (VOC) gas. The analyte VOCs
introduced by injection were steadily obtained with a dynamic gas-mixing apparatus.

Nitrogen was used as the carrier gas because there was little difference between the
oxygen and nitrogen in the air, and they did not have a special adsorption effect in this
experiment. However, the nitrogen test is generally capable of obtaining a more stable
baseline, so nitrogen was used in most of our tests [41]. At the start of the measurement,
a nitrogen stream was flowed into the chamber until a stable baseline was obtained for
the QCM sensors. Next, the analyte vapor was introduced by injection. After obtaining
a stable response from the analyte, the reference N, was re-introduced into the sampling
chamber to re-establish the baseline. All the detection experiments were performed in an
air-conditioned room at 25 °C.

3. Results and Discussion
3.1. Fabrication and Characterization of Array CNCs

The reducibility of Cu-based catalysts was analyzed by temperature-programmed
reduction (TPR), as shown in Figure 1. There was a strong peak at 245 °C which could
have resulted from the reduction of CuO [42]. Therefore, the Cu-based catalyst could have
reduced at 250 °C in the H, / Ar atmosphere during the CNCs'’ fabrication. The growth of
the CNCs could be attributed to the Cu® or the Cu*. The Cu* could be attributed to the
active species for the growth of CNCs because the Cu* will have been further reduced to
Cu’ by the hydrogen reduction resulting from the acetylene’s decomposition at the high
temperature [2].

The morphologies of the Cu-based catalysts after reduction at 250 °C were also char-
acterized by the SEM. As shown in Figure 2, the decorated Cu particles were deposited
uniformly on the graphene. The Cu nanoparticles were about 50 nm in diameter for the
Cu200 catalysts. Furthermore, the diameter of the Cu nanoparticles increased with the
increase of the ALD Cu cycles. After 200 cycles of ALD Cu, the Cu nanoparticles increased
in number instead of diameter. After further ALD Cu cycles, the diameter of the Cu
nanoparticles increased. Furthermore, the nanoparticles maintained their uniform disper-
sion after 400 ALD cycles. The Cu800 catalysts displayed a non-homogenous dispersion.
This could be attributed to the high content of the Cu catalysts and the agglomeration of
the Cu nanoparticles. The uniformly deposited Cu catalysts lead to the well dispersed
growth of the CNCs.
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Figure 1. TPR profile for the Cu200 catalyst.

Figure 2. The SEM images for different Cux catalysts after reduction.

The AFM was employed to further confirm the morphology of the Cu200 catalyst.
The bright spots in the images in Figure 3 were ascribed to the Cu nanoparticles. The
AFM results confirmed that the Cu nanoparticles (<80 nm) were uniformly deposited on
the graphene. This was consistent with the SEM results shown in Figure 2, and further
confirmed the uniform deposition of Cu nanoparticles.

The morphologies of CNCs were characterized by SEM, as shown in Figure 4. As
the ALD Cu cycles increased, the products of the fibers and the CNCs transformed into
purified CNCs, and then back into fibers and CNCs. The application of the Cul00 catalyst
lead to a mixture of long fibers and, soon afterwards y, CNCs, as revealed by the SEM
images (Figure 4a,c). For the Cu400 catalysts, there were long fibers and CNCs on the
graphene. By contrast, the highly pure CNCs were fabricated by Cu200 catalysts, as
straight fibers were rarely shown on the SEM images, as shown in Figure 4b,d. The CNCs
fabricated by Cu200 exhibited uniform coil diameters, demonstrating the uniformity of the
Cu200 catalyst and stable growth during the CVD. Most importantly of all, the highly pure
CNC:s fabricated by Cu200 lead to a nearly upright array on the graphene instead of the
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array lying on the graphene, as shown by the fibers fabricated by Cul00 and Cu400, which
allowed the quick adsorption and desorption of the gas.

80 nm
60 nm
40 nm a3
20 nm

Figure 4. SEM images for CNCs. (a,d) CNCs synthesized by Cul00, (b,e) CNCs synthesized by
Cu200, (c,f) CNCs synthesized by Cu 400.

- 260 nm

The N adsorption—desorption isotherms of the CNCs before carbonization, the CNCs,
and the 3-PANI-CNCs are shown in Figure 5. They exhibited typical type IV-shaped
isotherms for CNC-based samples, according to the International Union of Pure and Ap-
plied Chemistry (IUPAC)’s classification. These were attributed to the physical adsorption
of N on the CNCs with nonporous nanotube walls. The Brunauer-Emmett-Teller (BET)
model was employed for the analysis of the surface areas. The BET surface areas were
calculated to be 104.8, 248.4 and 312.3 m?g ! for the CNCs before carbonization, the CNCs
and the 3-PANI-CNCs, respectively. After the decoration of the PANI, the BET surface area
of the 3-PANI-CNCs increased compared with that of the CNCs. This was attributed to the
mesoporous structure of the ultra-thin layer of the PANIL
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Figure 5. The BET surface of the different samples.

3.2. Confirmation of Surficial Decoration of PANI on Array CNCs

TEM was employed to further investigate the morphology of these CNCs and the
decoration of the PANI on the CNCs’ surfaces. As shown in Figure 6, the morphology of the
CNCs with a diameter of 50-80 nm was consistent with the SEM results. From the HRTEM
image, as shown in Figure 6b, there was no obvious lattice fringe. This could be attributed
to the low degree of crystallinity of the CNCs or the amorphous CNCs. As shown in
Figure 6¢, the HAADF-STEM and EDX (energy-dispersive X-ray spectroscopy, JEOL-2100F
microscope, JEOL, Tokyo, Japan) mapping were employed to confirm the decoration of the
PANI on the CNCs surface. It was clear that the distribution of the N element was uniform
on the surface of the CNCs, confirming the successful decoration of the PANI on the CNCs’
surfaces. The N maintained the morphology of the pristine CNCs. The pale distribution of
the N elements belonged to the ultra-thin layer of the PANL

Figure 6. (a) TEM for PANI-CNCs, (b) HRTEM images for PANI-CNCs, (c) HAADF-STEM and EDS
mapping for the PANI-CNCs.
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Further confirmation of the decoration of the PANI layer on the CNCs was obtained
through the performance of X-ray photoelectron spectra (XPS) to. As shown in Figure 7,
the XPS spectra revealed that there were N, C and O on the surface of the 3-PANI-CNCs.
The XPS results indicated the successful decoration of the PANI on the surface of the CNCs.
As shown in the surface elements analysis spectrum, there were three peaks for Oy, Nig
and Cys. There was no Cu peak in the surface elements analysis spectrum, revealing the
successful coating of the PANI and the complete removal of the catalysts.

Intensity (a.u.)

—O0 04
N1s 1s #

Intensity (a.u.)
Intensity (a.u.)

Ny

410 405

395 390 545 540 535 530 525 1200 1000 800 600 400 200 0

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 7. XPS spectra for 3-PANI-CNCs. (a) N5 spectrum, (b) Oy spectrum and (c) surface elements analysis spectrum.

The ATR-IR spectra for the bare CNCs and the 3-PANI-CNCs are shown in Figure 8.
There were no obvious peaks on the bare CNCs spectrum. There were peaks on the 3-
PANI-CNCs spectrum. The peaks at 1486, 1415, 1304, 1213, 1160 and 822 cm~ ! were the
characteristic peaks of the PANI. The peak centered at 1486 and 1411 cm ! was attributed
to the stretching of the C=C group in the benzenoid or quinoid ring. The peaks located
at 1304 cm~! and 1213 cm~! were attributed to the stretching of the C-N group on the
secondary aromatic amines [43]. The broad peak located at 1160 cm ! was attributed to
the stretching of N=Q=N (where Q means the quinone-type rings), which is a characteristic
peak of the “electronic-like band”. The peak at 822 was attributed to the stretching of the
C-H in the benzenoid ring. The presence of the N=Q group and the C-N group offered
active sites for the adsorption of the formaldehyde because of the preferred adsorption of
RyCO and the Schiff-base reaction between the R,CO and the N=Q C-N groups [25,44].
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Figure 8. ATR-IR spectra for the bare CNCs and the 3-PANI-CNCs.

Further confirmation of the crystal structure of the coating of the CNC and PANI-CNC
samples was obtained through XRD. As shown in Figure 9, there were two broad peaks in
the CNCs’ XRD curves, which was caused by the amorphous structure of the CNCs. The
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XRD results of the CNCs further verified the HRTEM results. For the 3-PANI-CNC, there
were new peaks located at about 12° and 25°, which were attributed to (001) and (002) of the
graphitized prism-shaped hollow carbon [43]. This confirmed that with the deposition of
PANTI, the 3-PANI-CNCs’ surfaces increased as the new graphitized prism-shaped hollow
carbon emerged.

——CNC
—— 3-PANI-CNC

Intensity (a.u.)

20 40 60 80
2 theta

Figure 9. XRD Profiles for the CNC and 3-PANI-CNCs.

The ATR-IR further proved the deposition of the PANI on the CNCs, which was
consistent with the EDS mapping and XPS results. Furthermore, the functional group of
the C-N group confirmed by IR could be the active sites for the adsorption of the HCHO.
The XRD further confirmed the graphitized crystal of the PANL

3.3. Detection Performance of Array PANI-CNC-Based QCM Sensors

It is well known that there is a special interaction between the amino group and
the formaldehyde molecule. Therefore, the QCM sensors coated with polyaniline were
employed to investigate its response to formaldehyde.

From Figure 10a, it can be seen that the 3-PANI-CNC samples had a higher response
to the formaldehyde compared with the other three samples at the different concentrations.
The reason for this result is that, on the one hand, the amino loading on the surface
of the four carbon helical structures gradually increased, which was conducive to the
improvement of gas-sensing performance. On the other hand, the greater polyaniline
loading lead to a decrease in specific surface area and pore size, which is a critical factor
for gas response. Under the influence of these two aspects, the gas sensitivity of the
four samples finally showed a volcanic change. Comparing the samples of 1-PANI-CNC,
2-PANI-CNC and 4-PANI-CNC, it can be clearly seen that the response value of the 4-PANI-
CNC was greater than those of the 1-PANI-CNC and the 2-PANI-CNC due to the increase
in amino loading.

Figure 10b exhibits the response curve of the 3-PANI-CNC to formaldehyde at var-
ious concentrations. It is obvious that the frequency shift of the 3-PANI-CNC sample
changed more and more with the increase of the gas concentration form 0.5 ppm to 10 ppm.
When the gas concentration was 0.5 ppm, the response value was about 75 Hz, and the
signal-to-noise ratio was larger than 5 in this experiment; therefore, the logical limit of
detection (LOD) of the PANI-CNC-modified QCM sensor for HCHO was 260 ppb. This
was calculated by using the calibration curve (y = 57.897x + 24.489, R? = 0.99978) with
data from Figure 4b, through the equation: LOD = 30/S. The square of R represents the
correlation of the fitted straight line, and the value 0.9998 proves that the fitting of the
straight line was reliable. The error variance of the baseline was less than 5; here, we used
the maximum value of 5, so the logical limit of detection of this sensor can be inferred as
260 ppb. In addition, the response/recovery time of the QCM sensor was also satisfied.
Based on the results in Figure 10a, the response time was about 12 s and then reached an
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equilibrium state of adsorption and desorption. When the formaldehyde vapor was blown
away, the desorption of formaldehyde vapor was very quick and there was little drift in
the baseline during continuous testing.

50
Az b
e
~I
Nao] _ 5 -~ =
N0 3 - N
= | --a p =
o > [
@ 1501 o7 @ -
o i’ S
a L Q-
@ 1001 P I ;
. -
o v i B e T o -
501 i ey B T
Y- i 250 ] 10 ppm
(20
0 -300 |
0 2 } 6 3 10 0 50 100 150 200 250 300
Concentration (ppm) Time (s)
50 50
c d
104 oy 9
N N
< L w0
@ 501 [
2 2 100
9 -100- °
o 2 50
4] 4
o 150 & 50
5 5 ppm 5 ppm
200 ppm i -250
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time (s) Time (s)

Figure 10. (a) The frequency responses of x-PANI-CNCS (x = 1, 2, 3 and 4) with 0.5-10 ppm formalde-
hyde gas, (b) response of the PANI-CNC-based QCM sensors to HCHO at different concentrations
in the range of 0.5-10 ppm, (c) cycling stability of PANI-CNC-based QCM to 5 ppm HCHO vapor,
(d) dynamic responses of PANI-CNC-based QCM to 1-10 ppm HCHO vapor.

Another key factor is the repeatability of the QCM sensor. As shown in Figure 10c, the
sensor was tested three times for its ability to detect 5 ppm formaldehyde. The differences
between the response values across the three tests was less than 5 Hz, which reflected the
good repeatability of the sensor.

Figure 10d is a successive response curve of the 3-PANI-CNC samples to 1-10 ppm
formaldehyde. With the continuous increase of the gas concentration, the response value
also gradually increased, however, the frequency shift caused by the increase of the same
concentration (2 ppm) became smaller and smaller. This result meant that the sensitivity of
the material decreased as the amount of adsorption increased. This was consistent with
the Langmuir sorption theory. The results could be attributed to the decrease of the PANI
surficial active sites. Furthermore, the 3-PANI-CNC showed a high level of long-term
stability: after three months of testing, the error range did not exceed 8 Hz, as shown in
Figure S1.

Compared with previous research into formaldehyde gas sensors (Table 1), this QCM
sensor not only showed a satisfactory response and recovery speed, but also high sensitivity.
The high detection performance of the PANI-CNCs was attributed to the array CNC, which
was beneficial for the diffusion and the ultra-thin decoration of the PANI offering the active
sites. Considering the sensitivity and stability of the HCHO sensor, it is more reliable to
use this sensor when the sensitivity requirement is not particularly high.
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Table 1. Room-temperature detection properties of various sensing materials based on QCM.

Response/

Limit of

Material Target Gas Recovery Time Detection Reference
PAN-PVA HCHO 120 s/Not given 0.5 ppm [45]
Pristine PANI HCHO Not given 12.87 ppm [27]
PLY-PANI HCHO Not given 1.11 ppm [27]
LYS-PANI HCHO Not given 0.4 ppm [27]
A polyaniline/silver HCHO Not given 1.24 ppm [46]
PANI/Fluoral-P HCHO 42 s/Not given 3.7 ppm [47]
PVAm HCHO 120 s/Not given 0.5 ppm [45]
Graphene oxide HCHO Not given 0.06 ppm [18]
PANI-Cd%* HCHO 25s/30s Not given [48]
PAAmMm/MWCNTs HCHO 80s/100 s 0.5 ppm [49]
MIL-101(Cr) HCHO 245/755 1.79 ppm [50]

PANI-CNC HCHO 12s/14s 260 ppb This work

It is known that the enthalpy of adsorption (AH) is a key parameter in adsorption-
induced mass-type detection; according to classical physical-chemical adsorption theories,
weak reversible physical adsorption without selectivity occurs when the AH value is greater
than —40 kJ/mol but less than 0 k] /mol. Irreversible chemistry reactions occur when the
value of AH is less than —80 kJ/mol [51]. If selectivity and reversibility are considered
carefully, reversible chemical adsorption is ideal for meeting the needs of the gas sensor
when the value of AH is in the range of —80 kJ/mol to —40 kJ/mol. Therefore, we
used a temperature-varying micro-gravimetric method to extract the AH. Combined with
Figure 10b,d, two adsorption isotherms were fitted; they are shown in Figure 11a. The AH
was calculated to be —64.76 k] /mol, according to the Clausius—Clapeyron equation. The
moderate AH indicated a reversible Schiff base addition reaction and an -NH, functional
group of PANT.

Besides sensitivity, response/recovery time, and repeatability, selectivity for target
molecules (i.e., cross-sensitivity) is also a critical parameter of sensors. Herein, seven
different gases were used to evaluate the selectivity of the HCHO sensor. As shown in
Figure 11b, the 3-PANI-CNC sensor displayed the highest response to the HCHO, of up to
140 Hz@3 ppm; with the responses of the other interfering gases were all lower than 70 Hz
at the same concentration. The negligible interfering signals of these other gases may be
ascribed to the inevitable physical /nonspecific adsorption.
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Figure 11. (a) Based on the experimental results in Figure 10a,c, two isotherms were plotted to
calculate the adsorption heat (AH), (b) response of PANI-CNC-based QCM to different vapors in
3 ppm (25 °C).
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3.4. Discussion

Based on the results, the successful decoration of the ultra-thin PANI layer was
confirmed. The PANI-CNC sensors’ sensitivity to formaldehyde increased at first and then
decreased along with the increasing of the PANI layer. The reason for the increase in the
sensor’s performance was attributed to the gradually increase of the amino loading on the
surface of the four carbon helical structures, which was conducive to the improvement of
the gas sensor’s performance. The reason for this increase in detection performance was a
decrease in the specific surface area and pore size, which is a critical factor for gas response,
along with a further increase in polyaniline loading.

The high response/recovery performance was attributed to the fact that the formalde-
hyde molecules quickly diffused in the array PANI-CNCs. Moreover, the helical PANI-
CNCs reinforced the Knudsen diffusion, which increased the probability between the
formaldehyde molecules and the PANI layer, which in turn lead to the high response and
low detection limits. As shown in Figure 12, the -NH- group and the -NH; group acted
as active sites in the Schiff-base reaction and caused the formaldehyde molecules to be
absorbed on the surface of the PANI-CNCs. Both the quick diffusion of the formaldehyde
molecules between the array PANI-CNCs and the Schiff-base reaction between the -NHx
(-NH-and -NHy) and the formaldehyde molecules lead to a good detection performance.

Figure 12. The mechanism of the 3-PANI-CNCs.

4. Conclusions

In summary, we fabricated highly purified array CNCs through the optimization of
ALD Cu-based catalysts. The ultra-thin PANI layer was decorated on the surfaces of the
CNCs through electrodeposition. The element mapping, XPS, ATR-IR and XRD results
confirmed the successful decoration of the ultra-thin layer of the PANT on the CNCs. The
array PANI-CNC showed a high HCHO detection performance. The detection limit of the
sensor for formaldehyde was lower than 500 ppb. The thermodynamic experiments indi-
cated that CNCs-PANI material is suitable for formaldehyde detection due to the moderate
value of adsorption AH (—64.76 k] /mol). The good detection performance was attributed
to the reversible Schiff base reaction between the -NH- group and the HCHO. The high
response/recovery performance was due to the array-distributed CNC. This study offers a
novel direction for the design and application of CNCs in gas detection, which demonstrate
good selectivity, sensitivity and repeatability with formaldehyde. Furthermore, the surficial
decoration of ultra-thin PANI on nanomaterial also offers a novel strategy for the functional
decoration of materials in order to increase the adsorption of target gas.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/chemosensors9100276/s1. Figure S1: The long-term stability of the 3-PANI-CNC sensor.
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Abstract: The screening and early diagnosis of diseases are crucial for a patient’s treatment to be
successful and to improve their survival rate, especially for cancer. The development of non-invasive
analytical methods able to detect the biomarkers of pathologies is a critical point to define a successful
treatment and a good outcome. This study extensively reviews the electrochemical methods used for
the development of biosensors in a liquid biopsy, owing to their ability to provide a rapid response,
precise detection, and low detection limits. We also discuss new developments in electrochemical
biosensors, which can improve the specificity and sensitivity of standard analytical procedures.
Electrochemical biosensors demonstrate remarkable sensitivity in detecting minute quantities of
analytes, encompassing proteins, nucleic acids, and circulating tumor cells, even within challenging
matrices such as urine, serum, blood, and various other body fluids. Among the various detection
techniques used for the detection of cancer biomarkers, even in the picogram range, voltammetric
sensors are deeply discussed in this review because of their advantages and technical characteristics.
This widespread utilization stems from their ability to facilitate the quantitative detection of ions and
molecules with exceptional precision. A comparison of each electrochemical technique is discussed
to assist with the selection of appropriate analytical methods.

Keywords: liquid biopsy; electrochemical sensors; lab-on-a-chip; miniaturization; sensor integra-
tion; microfabrication

1. Introduction

A biopsy is a technique in which tissue samples are taken from the body and examined
under a microscope to see if cancer (though the concept is applicable to many other diseases)
or abnormal cells are present. Biopsies can be classified into the following categories based
on the sample being taken (Figure 1).

Ski Needle
i Endoscopic/Laparoscopic

Shave Excisional
Core needle biopsy/

core biopsy)

Fine needle biopsy/
fine needle aspiration

Punch Incisional

Figure 1. Classification of biopsies: understanding the different categories.
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In the last decades, the liquid biopsy, namely, the possibility to have a diagnosis from
body fluids without resorting to a tissue biopsy, has been increasingly investigated. The
possibility to detect and classify tumors or other diseases, even at a very early stage, in
a minimally invasive and repeatable way could have a significant clinical impact, and
significant progress has been made in the development of devices able to do this in a
smarter manner compared to standard analytical methods. Despite the great advantages
for patients’ compliance and the minimally invasive features, this approach has not yet
attained the status of a conventional tool in the armory of clinical oncologists [1].

Biosensors are considered to be promising tools for the quantitative or semi-quantitative
detection of analytes [2]. In this type of sensor, a biological molecule interacts with the
analyte, previously immobilized on the biosensor, producing a physicochemical signal that
is detected by the transducer. Biosensors can be divided into two categories: catalytic-based,
which produce a substance starting from substrate’s compounds, and affinity-based, which
directly bind the analyte. According to the type of signal being transmitted, biosensors
can be classified as electrochemical, optical [3], magnetic, or piezoelectric, just to name a
few [4].

Electrochemical techniques excel among these methods by offering rapid, sensitive, se-
lective, and cost-effective detection and monitoring of a wide range of biological molecules
associated with diverse diseases. Additionally, their seamless integration into portable
systems enables the implementation of point-of-care diagnostic approaches [5]. An elec-
trochemical biosensor is a compact device that utilizes both biorecognition processes and
electrochemical transducers to convert biological information into electrical signals. This
conversion provides either quantitative or semi-quantitative information about the analyte
being detected [6].

Electrochemical biosensors were recommended by the international union of pure
and applied chemistry (IUPAC). Which states that an electrochemical biosensor is a self-
contained integrated device that is capable of providing specific quantitative or semi-
quantitative analytical information using a biological recognition element (biochemical
receptor) which is kept in direct spatial contact with an electrochemical transduction
element.

Electrochemical methods, such as electrochemical impedance spectroscopy (EIS), dif-
ferential pulse voltammetry (DPV), and cyclic voltammetry (CV), play a crucial role in
both the development of biosensors and the evaluation of their performance [7]. These
methods are highly valuable approaches in the field of liquid biopsy (Figure 2). For research
purposes, the CV technique is widely used in biosensor development because it provides
valuable information such as the types of redox processes present in the analysis and
the reversibility of reactions. A sensing system that can identify a cell’s location within
a microfluidic channel was designed by Rapier et al. The results from electrochemical
impedance spectroscopy (EIS) show that cells in microfluidic channels can be positioned be-
tween different pairs of electrodes at varied locations along the device’s length. Impedance
spectra distinguish among confluent, sparse, and empty microfluidic channels. A huge
boost to the development of this kind of sensors as well as to their application in the liquid
biopsy was given by their high suitability to miniaturization. Electrodes’ architecture,
indeed, can be easily achieved through micro- and nanofabrication methods, increasing the
number of sensing elements per area and allowing high-throughput performances [8].

Also, lab-on-a-chip integration is directly linked to miniaturization. The possibil-
ity to perform multiple assays by lowering the dimensions of sensing elements has led
to the necessity to differently functionalize and use them for the detection of different
biomarkers [9,10].

The utilization of impedance-based methods significantly facilitated the simplification
of cellular assays, providing quantitative and highly sensitive results that are amenable to
automation and scalability in multi-well formats. An extensive review by W. Gamal et al.
shed light on their efficacy. Moreover, in the context of the real-time monitoring of a three-
dimensional cell culture, dielectric spectroscopy and electrical impedance tomography
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emerged as promising alternatives to two-dimensional impedance sensing [11]. These
impedance-based cellular assays (IBCAs) serve as label-free phenotyping assays and are
gaining increasing interest in the field of regenerative medicine applications [12]. To
determine the flow in a microfluidic chip, Evangelos S. et al. developed a strain-sensing
module based on microfluidic and lab-on-a-chip systems that offers simple integration with
most microfluidic systems. The sensor consists of interconnected platinum nanoparticles
that self-assemble on flexible polyolefin substrates, which also serve as the sealing layer
for the microfluidic channels. These nanoparticle networks are formed using a modified
sputtering approach and are implemented on printed circuit board substrates (PCBs)
through milling and computer numerical control machining. The resulting module exhibits
a competitive limit of detection (LOD), cost-effectiveness, low power requirements, and
seamless integration with existing microfluidic systems. It can be utilized as an independent
unit or integrated into the sealing material, enabling the detection of flow rates as low as
5 uL/min (equivalent to a strain of 0.00337%). The sensor demonstrates a sensitivity of
0.021 pL per minute [13].

Biomarkers
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Figure 2. Overview of the electrochemical biosensors’ operation.

Lucile et al. reported another novel microfluidic method that can selectively extract,
preconcentrate, and fluorescently detect IL-6 directly on the chip by the fluidization of
magnetic beads. The ability to switch between packed and fluidized states allowed the
authors to evaluate how the physical characteristics of the beads could be altered to increase
mass transport, lessen non-specific binding, and triple the detection signal. A high dynamic
range (10 pg/mL to 2 ng/mL) and a twofold reduction in LOD compared to traditional
approaches were demonstrated by integrating the entire ELISA protocol into a single
microfluidic chamber [14].

In this review, an overview about electrochemical methods and their applications as
transduction techniques in the development of biosensors is provided. Particular attention
is paid to the liquid biopsy and to the use of a miniaturized platform, allowing for the
spread of point-of-care devices in this field.

Essential Biomarkers for Liquid Biopsy Detection and Monitoring

The liquid biopsy is increasingly used for the detection, analysis, and monitoring
of circulating tumor cells (CTCs), circulating tumor DNA, and circulating extracellular
nucleic acids [15], in blood or other body fluids such as urine, with the main advantage
of diagnosing cancer at an early stage. In contrast to a traditional invasive biopsy, which
includes cells or tissues from the lesion, the liquid biopsy is a non-invasive procedure
that can also be used during treatment planning as well as in the follow-up of the disease.
In addition to blood, other body fluids are under consideration for the liquid biopsy:
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urine [16] is already used as a source of biomarkers (PCA3 in prostate and pancreatic cancer
detection), and several examples of state-of-the-art detection from saliva, seminal fluid [17],
or stool were described [18].

The liquid biopsy is a non-invasive method for detecting, analyzing, and monitoring
cancer cells, DNA, and other nucleic acids in body fluids such as blood and urine. It offers
several advantages over traditional biopsy methods, including the ability to diagnose
cancer at an early stage without the need for invasive procedures. This technique can be
used not only for the initial diagnosis of cancer but also during treatment planning and in
follow-up procedures. Other body fluids such as urine, saliva, seminal fluid, and stool are
also being studied as potential sources of biomarkers for the liquid biopsy.

Biomarkers are recognized to have a critical role in the early detection of cancer, the
creation of personalized treatments, and the identification of the disease-related underlying
processes. An ideal cancer biomarker would have high clinical sensitivity and specificity,
rapid release in the blood for early detection, high concentration in the blood for prolonged
periods of time, and the possibility to be quantified.

The detection targets of the liquid biopsy primarily encompass cells and nucleic acids
found in body fluids, including circulating tumor cells (CTCs) in blood, cell-free DNA
(cfDNA), circulating tumor DNA (ctDNA), exosomes, micro-RNA (miRNA), and proteins.

Circulating tumor cells are released either from primary tumors or from secondary
metastatic sites. Identifying CTCs among blood cells and enumerating them has significant
prognostic value [19]. Investigating their presence in blood at the early stage of tumor
pathologies means that a highly sensitive method should be used, since a very low number
of cells/mL should be detected. To this aim, the presence of a specific membrane biomarker
can be used as the target for probes aiming to immobilize or label CTCs [20].

Protein biomarkers are widely used in the liquid biopsy, more often but not only in
blood and serum. As an example, urine is already being used to detect PCA3 in prostate
and pancreatic cancer, and several state-of-the-art detection methods were developed for
other body fluids [21]. Typically, in the development of an electrochemical sensor, a protein
biomarker can be identified using antibody/antigen probes immobilized on the surface
of the electrodes, aptamers specifically designed to bind the protein, and molecularly
imprinted polymers (MIP) directly synthesized on the electrodes’” surface, producing
artificial antibodies [22-24].

Nucleic acid biomarkers include several kinds of molecules, ranging from fragments of
DNA circulating in blood (i.e., cell-free DNA) to miRNA-associated (or not) to extracellular
vesicles (EVs) to circulating DNA, also in this case associated with CTCs or as the cargo
of EVs. The interest in these last entities is strongly increasing since EVs are identified
as important messengers of information among cells and body districts. Indeed, they are
physiologically produced and up taken by all types of cells and released into all biofluids.
EVs are commonly divided into two classes: large EVs, including microvesicles originating
from membrane budding, and small EVs, including exosomes originating from intracellular
vesicular bodies. Capturing, counting, and deeply characterizing the surface and the cargo
of these membrane bodies is one of the biggest challenges in molecular and cellular biology,
as they could be very informative as diagnostic and prognostic biomarkers. The standard
methods for the analysis of EVs suffer from strong limitations, and some biochip-based
devices were developed to overcome them [25,26].

An innovative way of using the liquid biopsy, going in the direction of point-of-care
medicine, is the integration of smart assays into portable devices, which need a small
amount of the sample, low power to work, and minimal equipment [27]. Electrochemical
methods are particularly suitable for integration into the near-the-bed platform, since most
of them are label-free methods, and all the components can be easily miniaturized into lab-
on-a-chip platforms. A list of examples from literature including biomarkers investigated,
biofluids and electrochemical methods with related LODs is reported in Table 1.
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Table 1. Some common biomarkers used for liquid biopsy, the biofluid in which they are detected,
and electrochemical method used.

. . . Electrochemical
Biomarker Biofluid/Sample Method LOD Ref.
20 pM [28]
. ) 106 mL~? [29]
Exosomes Plasma Potentiometric 43 particles Lﬂfl 130]
<105 vesicles/10 uL [31]
Circt}latir'lg Human serum Drv 3.9 x 1072 g/mL 321
nucleic acids [33]
° Circulating tumor DNA (ctDNA) [15]
e  Circulating microRNA (miRNA) Serum DPV and EIS 045 M [34]
Circulati Blood Amperometry 5 cells/mL [35]
. “‘“ua :‘(‘:gT o) Blood DPV 27 cells/mL [36]
umor cells s Peripheral blood DPV 3 cells/ml [37]
Proteins Human serum and saliva CV and EIS 3.3fgm/L [38]

2. Miniaturization Strategies for Biosensing

Miniaturization is the key challenge and research trend currently pursued in the field of
biosensing. Moore’s law, a theory in the field of microelectronics, postulates the continuous
advancement of the industry by the doubling of the number of on-chip transistors every
two years. This exponential growth in the transistor count has led to a reduction in the cost
per function. Miniaturizing the transducer as well as the biosensing element means a boost
in the enhancing sensitivity and specificity features. This advancement will contribute to
the achievement of three key performance metrics in biosensors: enhancing the limit of
detection, reducing the response time, and lowering production costs.

One of the practical and technological advantages of miniaturizing the biosensing
system, indeed, is the improved sensitivity of electrochemical and electronic sensors by
increasing the system’s signal-to-noise ratio, reaching dimensions of the micro-structured
electrodes and nanomaterials that are comparable with entities of interest (as examples: cells
in the case of microstructures and protein and nucleic acids in the case of nanomaterials).
Signal enhancement in this condition is achieved by the presence of nanogaps and/or
nanostructured electrodes that obtain the noise reduction by making available a high
surface area for biosensing interactions. This holds true for systems based on field-effect
transistors as well as nanoscale electrochemical biosensors. Additionally, reducing the
interelectrode spacing at the nanoscale can be also considered as a strategy to amplify the
redox current and, in this way, to obtain an electrochemical single-molecule analysis by
generating a significate signal-to-noise ratio [39].

The kinetics of transport reactions in biosensing are closely linked to the time needed
for biorecognition events to take place. In this context, the background current associated
with the charging of the double layer (capacitive current) varies in proportion to the
electrode’s conductive area. In miniaturized electrochemical cells, the resistive drop is
minimized by shortening the ionic current pathway. As a result, the capacitance is reduced,
leading to a decreased time constant for the system. This enables faster electron-transfer
kinetics compared to macroscale systems.

The possibility of reducing dimensions brings several side advantages. Among these,
first of all, is adding portability and integration into a complex platform, which allows for
the realization of a multiplexed analysis, including sample treatment tools and parallelized
functions. This not only enables the creation of compact yet robust devices but also has
the added benefit of reducing manufacturing costs by minimizing material and fabrica-
tion expenses per device. This efficiency in mass production contributes to overall cost
reduction.
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2.1. Micro- and Nanofabrication Methods

Several methods for the micro- and nanofabrication of electrodes are available, al-
lowing for the production of the desired geometries of transducers and sensing elements
for electrochemical biosensing. In addition to the consolidated optical and electron-beam
lithography technologies, some innovative tools are gaining popularity thanks to the possi-
bility they provide to achieve a better resolution and higher customizable processes in a
relatively short time with respect to the standard techniques. These tools offer wide-range
opportunities to innovate alongside Moore scaling without requiring high investment
levels but offering large-feature, low-end production and high-end performances [40].

Among these technologies, maskless lithography methods based both on a direct laser
writing source (for example, a femtosecond laser or UV laser) and two-photon systems
are widely used for the fabrication of microelectrodes, ensuring a very high resolution of
lithographic patterns even over a large surface area and in a three-dimensional operating
mode [41,42]. Recently, several groups were working on these kinds of processes. Zhu
and coworkers dealt with the realization of planar electrodes onto flexible substrates and
realized direct laser writing on the stacked graphene multilayer of a large-area micro-
supercapacitor onto a polyaniline substrate, demonstrating the possibility to fabricate
pressure/gas sensors with high sensitivity for multiple applications [43]. Dotan et al. imple-
mented a novel approach for the development of soft and flexible microelectrode structures
used in electric and electrochemical sensing. Their method involved the combination of
the supersonic cluster beam deposition (SCBD) of gold nanoparticles onto Polydimethyl-
siloxane (PDMS), followed by femtosecond (fs) laser processing. Through this technique,
they successfully produced a nanocomposite film with mechanical properties comparable
to those of the elastomeric substrate [44]. Two-photon lithography is a very versatile and
flexible micro- and nanofabrication technology that allows for the 3D architecture of a
lab-on-a-chip and an integrated platform. The possibility to combine planar and multilevel
structures into the same chip thanks to two-photon lithography was explored by Luitz and
coworkers, who realized complex 3D micro- and nano-objects using a platinum-containing
photoresin, which can be structured via direct lithographic two-photon polymerization,
paving the way for novel applications like the production of innovative metamaterials for
biomedical applications, where high surface areas and the physicochemical properties of
Pt are highly desirable. Moreover, with the subsequential steps of lithography, the two-
photon lithography method enables the possibility of embedding sensor structures into
microfluidic devices, thus obtaining a monolithic platform for on-chip sample preparation
and characterization [45—47].

Microfluidic devices offer the ability to control the flow of fluids at the microscale, en-
abling the rapid and precise detection of biomolecules. When combined with nanomaterial-
based sensors, the real-time monitoring of low concentrations of biomolecules in body
fluids such as blood [48], urine [49], tears [50], and saliva [51] can be achieved. The avail-
able and easy methods for the fabrication of PDMS made this material emerge as the most
popular polymer for the realization of microfluidic channels, which is useful for sample
preparation or reaction chambers. Its property of sticking onto various substrates and the
possibility to mold it in microstructures allow for its application in a wide range of research
fields. Moreover, its adhesion on the surface of connection pads often does not interfere
with electrical /acoustic/magnetic signals, allowing for the integration of microfluidics
with sensing modules [52-54].

On the other hand, despite the large use of PDMS in research contexts, it has several
drawbacks. First of all, its reversible hydrophilicity limits long-term experiments with
biological materials and hinders the transition into industrial applications. Moreover,
PDMS is not suitable for use with most commonly used solvents (ethanol, isopropanol,
acetone, etc.), which could be necessary for preliminary sample treatment. The resistance
of PDMS microchannels to high pressures is also limited in the case of stand-alone devices,
thus forcing operators to use screws and clamps to secure and keep the watertight sealing.
To overcome these aspects, some other polymers are on the rise due to their properties
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that are more suitable for the realization of robust monolithic devices. Among them, the
list includes thermoplastic polymers (plastics) like poly(methyl methacrylate) (PMMA),
polystyrene (PS), cyclic olefin copolymers (COC), and polycarbonate (PC), which allow for
easy surface treatments, are biocompatible and transparent, and meet some of the industrial
requirements for the LOC market [55,56].

2.2. Nanomaterials in Electrochemical Sensors Integrated in LOC Device: From 2D to
3D Electrodes

Nanomaterials have emerged as a promising class of materials for sensing applica-
tions due to their unique physicochemical properties [57-59]. The exceptional properties
exhibited by nanomaterials, including high surface area, excellent electrical and ther-
mal conductivity, and unique optical characteristics, make them highly advantageous for
seamless integration into lab-on-a-chip (LOC) devices as electrochemical sensors. This
integration enables the detection of molecules in body fluids with significantly improved
sensitivity and accuracy [22].

The incorporation of nanomaterials in electrochemical biosensors holds the potential
to bring about a revolutionary transformation in the field of clinical diagnostics. This
advancement facilitates the rapid, sensitive, and highly specific detection of biomolecules in
body fluids, paving the way for significant advancements in medical diagnosis and patient
care. This enhancement is achieved by either promoting electronic transfers or increasing
the volume/surface area ratio [58]. This has significant implications for medical diagnosis
and treatment, as it can enable the early detection and monitoring of diseases such as cancer,
diabetes, and cardiovascular diseases or the timely identification of bacterial infections.

The integration of nanomaterials onto the electrode surface of microfluidic devices
plays a crucial role in the advancement of high-performance electrochemical sensors. This
is particularly important when electrodes are situated in less accessible locations, as often
encountered in lab-on-a-chip systems. By incorporating nanomaterials, the sensitivity
and overall performance of the electrochemical sensors can be significantly enhanced,
enabling accurate and reliable detection in challenging sample environments. In this kind
of device, nanomaterials are typically integrated onto the electrode surface using various
techniques, such as in situ synthesis [60], drop casting [61], spin coating [62], electrochemical
deposition [63], electrospinning [64], and inkjet printing [65]. Drop casting and spin coating
are simple and cost-effective techniques that involve the deposition of nanomaterials onto
the electrode surface using a dropper or a spinning device, respectively. Electrochemical
deposition involves the deposition of nanomaterials onto the electrode surface by applying
a voltage or a current to the electrode in the presence of the nanomaterials in solution.
Inkjet printing involves the precise deposition of nanomaterials onto the electrode surface
using a specialized printer. Among them, electrochemical deposition and inkjet printing are
the techniques that allow for the most precise and controlled deposition of nanomaterials
onto the electrode surface, which is critical for the development of high-performance
electrochemical sensors.

Various types of organic and inorganic nanomaterials, including carbon nanotubes,
graphene, metal and metal oxide, polymer, quantum dots, Prussian blue [66], nanorods,
and tubes, are incorporated into electrochemical transducers to enhance electrochemical
sensing (Figure 3).

Metallic nanostructures, such as gold [67], silver [68], and platinum [69], are widely
used in electrochemical sensors and integrated into microfluidic devices for the detection
of molecules in body fluids. Gold nanoparticles (AuNDPs), for example, are extensively
studied due to their unique electronic, optical, and surface properties, which make them
ideal for use in biosensing applications [70]. AuNPs are used in a variety of electrochemical
sensors for the detection of different biomolecules, such as glucose, cholesterol [71], and
prostate-specific antigen (PSA) [72].
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Figure 3. An overview of the nanomaterials used for biosensing.

Magnetic nanoparticles (MNPs), such as iron oxide nanoparticles, are also used in elec-
trochemical biosensors integrated into microfluidic devices for the detection of biomolecules
in bodily fluids. MNPs have unique magnetic and surface properties, which make them
ideal for use in biosensing applications [73]. These nanomaterials not only improve the
limit of detection of the sensors but also enable the separation and transportation of bioana-
lytes inside the microfluidic device, thereby allowing for the miniaturization of analytical
methods [74]. For example, MNPs functionalized with iridium oxide nanoparticles and
tyrosinase are used for the detection and quantification of methimazole in microsystems.
In the analytical measurements, a permanent magnet was used to immobilize the magnetic
complex on the electrode surface. The system was highly sensitive with a low limit of de-
tection (0.004 uM) and demonstrated effectiveness in serum samples. Interestingly, the use
of a microfluidic device allows for an improved limit of detection, reusability, automation,
the volume of the sample, and response time compared to batch configuration [75].

Among nonmetallic nanomaterials, carbon nanotubes (CNTs) [76], graphene [77],
and quantum dots [78,79] (QDs) show high sensitivity toward various analytes, including
glucose [77], cholesterol [80], and proteins, [81] with detection limits in the subnanomolar
range. Moreover, carbon-based nanomaterials such as graphene and carbon nanotubes are
also combined with metallic nanoparticles or polymeric layers to produce nanocomposites
with improved performance [82-84] in terms of electronic transfer and selectivity.

One of the challenges associated with the use of nanomaterials in electrochemical
sensors integrated into microfluidic devices is the reproducibility and stability of the
sensors. Due to the small size of nanomaterials, synthesizing and functionalizing these
materials can be challenging, leading to variations in sensor performance. Additionally, the
stability of nanomaterial-based sensors can be affected by factors such as temperature, pH,
and humidity, resulting in reduced sensor performance over time. Efforts are being made
to address these challenges, by developing reproducible synthesis and functionalization
methods and optimizing sensor design to enhance stability.

Another challenge related to the use of nanomaterials in electrochemical sensors in-
tegrated into microfluidic devices is the integration of these sensors into practical clinical
applications. While many studies demonstrated the feasibility of using nanomaterial-based
sensors for detecting biomolecules in body fluids, further development and optimization
are required before these sensors can be widely adopted in clinical settings. This includes
optimizing the sensitivity, selectivity, and stability of the sensors, as well as developing
user-friendly and cost-effective instrumentation for their use. In fact, despite the enhanced
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sensor performance offered by nanomaterials implemented on electrode surfaces, the two-
dimensional planar electrodes can still limit component and signal transmission when used
in vivo, thereby affecting sensor accuracy and sensitivity [85,86]. This limitation is particu-
larly true for complex samples such as blood or plasma used in point-of-care-devices [87,88].
Furthermore, the planar structure of two-dimensional electrodes poses challenges in achiev-
ing the adequate immobilization of active components and an efficient signal transmission,
leading to potential issues in sensing accuracy. To address these limitations, the integra-
tion of macroscale three-dimensional (3D) porous materials, comprising nanomaterials
combined with polymers [89-92], can be employed as electrodes. This approach facilitates
expanded microfluidic transport and enables the incorporation of multianalyte detection
capabilities, thereby enhancing the overall performance of the sensor system.

The incorporation of porous channels in biosensing systems offers several advan-
tages, including increased surface area, enhanced ion/mass transport pathways, and the
improved immobilization and stability of active components. In this context, graphene
emerged as a promising avenue for the development of three-dimensional (3D) electrodes.
Graphene can be fabricated in the form of aerogel or combined with polymers, providing
an excellent opportunity to create highly efficient and versatile 3D electrode structures.
Furthermore, the surface of graphene can be easily engineered with other nanomateri-
als and biorecognition elements. For instance, Xu et al. [93] demonstrated the use of a
graphene foam (GF) modified with carbon-doped titanium dioxide nanofibers (nTiO5)
as an electrochemical working electrode. The three-dimensional and porous structure of
the GF facilitated the penetration and attachment of nTiO, onto its surface, resulting in
enhanced charge-transfer resistance, increased surface area, and improved access of the
analyte to the sensing surface. The GF-nTiO, composite was further functionalized with
the ErbB2 antibody for the specific detection of the target ErbB2 antigen, a biomarker for
breast cancer. The sensor was employed for quantification of the ErbB2 antigen using
differential pulse voltammetry and electrochemical impedance spectroscopy techniques.
Remarkably, both methods exhibited high sensitivity across a wide concentration range
of the target antigen, demonstrating excellent specificity even in the presence of other
members of the EGFR family.

In another study, Zhang et al. [94] conducted a study where they developed an
enzymatic electrochemical microfluidic biosensor for glucose detection. The biosensor
incorporated a three-dimensional porous graphene aerogel and glucose oxidase (GOx),
taking advantage of the aerogel’s high electrical conductivity and specific surface area
to enhance the immobilization of GOx. The microfluidic system implemented in the
biosensor reduced sample consumption during testing. The biosensor exhibited excellent
selectivity and stability and successfully monitored glucose levels in serum samples. This
innovative biosensor shows promise for clinical applications in diabetes diagnosis, and the
method employed for preparing the graphene-aerogel-modified electrode holds potential
for broader use in diverse electrochemical sensors.

In addition to high sensitivity, nanomaterial-based sensors are highly selective, en-
abling the detection of specific molecules in complex biological samples. This selectivity is
achieved through the functionalization and modification of nanomaterials, by attaching
specific ligands (e.g., antibodies, DNA, RNA, aptamers, and enzymes) [95] through cova-
lent or non-covalent interactions to enhance specificity and electronic transfer in sensors.
For example, Fan et al. (2022) developed a smartphone-based electrochemical system
composed of CNTs functionalized with gold nanoparticles, thionine, and antibodies for
the detection of CA125, a biomarker for prostate cancer [96]. The biosensor exhibited high
selectivity toward CA125, with no interference from the other biomolecules present in
human serum.

Another approach to obtaining sensors with high specificity is the creation of molec-
ular imprinted polymers (MIPs). MIPs are polymer-based artificial receptors with the
ability to recognize different types of target molecules such as amino acids, peptides [97],
pesticides [98], drugs [99], and even larger molecules such as proteins [100] and whole
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cells [101]. The target molecules act as a template and interact with functional monomers
to form a complex during polymerization, and then the template can be removed, leaving
cavities able to rebind the template molecules thanks to its geometry and chemical moieties.
MIPs are largely used as recognition elements in electrochemical sensors and offer great
advantages such as improved stability, cost-effectiveness, and a rapid fabrication procedure,
overcoming the limitations of natural receptors (antibodies, nucleic acids, and peptides)
such as sensitivity to enzymatic digestion, low preservation temperature, etc.

So, by combining the advantages of MIPs and electrochemical transducers, several
sensing platforms were realized, joining the sensitivity and ease of use of electrochemical
sensors with the high selectivity and stability of MIPs [102]. To realize a high-performance
sensing platform based on a MIP as an artificial receptor, it is necessary to consider at
least two key aspects: (i) the choice of polymer and (ii) imprinting processes. Electro-
chemical sensors are compatible with different imprinting approaches such as in situ bulk
polymerization, surface imprinting, and electrosynthesis.

The most commonly employed approach for imprinting is bulk imprinting, wherein
the transducer surface is coated with a mixture of the template and pre-polymer, which
exhibit mutual interaction. Then, after polymerization, template molecules are entrapped
inside the polymer matrix and can be removed by a washing step, creating cavities able to
recognize the analyte in the subsequent analytic steps. To apply this technique to larger
molecules is necessary to realize a very thin layer of polymer, so the imprinted binding sites
are near the interface, making template removal and rebinding easier. Another possibility
for the recognition of large molecules such as proteins is epitope imprinting, which consists
of imprinting only a portion of the target molecules [103].

An alternative approach is based on electrosynthesis, in which polymerization is
induced by applying a suitable potential range to a solution containing the monomers
with the template molecules without any initiator. The characteristics of resulting films
can be tuned by modulating electrochemical parameters. Conductive polymers (CP) and
insulators/non-conductive polymers (NCP) can be used with different advantages and
disadvantages. Non-conducting MIP films self-limit their growth, to allow a fine control on
their thickness, while CPs are more flexible and offer the possibility to tune not only the
thickness but also the conductive properties by changing the deposition conditions. The se-
lection of polymers is strictly related to the detection methods: for example, capacitive [104]
or impedimetric [105] sensors require nonconductive polymers, while for amperometric
detection it is better to use conductive ones [106].

Surface imprinting is one of the most used techniques for the development of MIPs for
large molecules, cells, and microorganisms: it consists within the template imprinting only
on the MIP surface. Several techniques such as soft lithography, microcontact imprinting,
and sacrificial template support methods were exploited to confine the imprinted sites on
the MIP interface [105].

The analytical performances of electrochemical MIP-based sensors can be furtherly
improved by combining MIP technology with nanomaterials and realizing an imprinted
nanocomposite. Different nanomaterials were used for this purpose ranging from carbon-
based materials (e.g., nanotubes [107,108] and graphene [109]) to metallic nanoparti-
cles [110]: this transition toward a nanoMIP significantly improved the analytical per-
formances of MIP-based sensors in terms of detection limits and sensitivity, and the nanos-
tructuration of the material allowed for better diffusion of the analyte on the transducer
surface, resulting in a faster response time for the sensor. Nevertheless, further efforts are
still necessary to have standardized procedures for industrial applications and medical
diagnostics.

3. Electrochemical Biosensors

Electrochemical biosensors are interesting because they are simple to miniaturize
and enable low-cost mass production. In the following section, the most used techniques
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in electrochemical biosensors and their working principles are briefly illustrated and
discussed.

3.1. Amperometric Method

In amperometric biosensors, the electrode current is measured, and most amperometric
electrochemical biosensors are based on an enzyme’s redox activity (most often horseradish
peroxidase (HRP)). Enzymes enhance biosensing systems by catalyzing chemical reactions,
thus improving sensitivity [111]. The performance of enzyme-based biosensors relies on
factors such as the electrode surface, enzyme type, substrate, and mediator usage [112].
HRP is commonly employed as a secondary detection reagent, with the TMB/H,0O, sub-
strate proving most effective. Amperometric biosensors measure current at a constant
potential to detect the analyte. This method provides selectivity, as the potential used is
characteristic of the analyte. The current is measured after directly setting the desired
potential, enhancing the accuracy of the analysis [113].

Zhang et al. reported the development of a nonenzymatic immunosensor for the
detection of SCC-Ag, utilizing rGO-TEPA and AuAg NCs [114]. In another study, a compet-
itive RNA/RNA hybridization-assay-based biosensor was developed using Streptavidin—
Horseradish Peroxidase (SA-HRP) and biotinylated capture probes. The biosensor em-
ployed H,O; as substrate and hydroquinone (HQ) as a RedOx mediator. Two separate plat-
forms, a screen-printed electrode (SPE) with Au NPs and a GCE with tungsten diselenide
and Au NPs, were used in the biosensor [115]. Additionally, a microfluidic amperometric
immunosensor was developed for the detection of the cancer biomarker CLD? in circulating
extracellular vesicles (EVs). The immunosensor was validated in colorectal cancer (CC)
patients [116].

The amperometric graph in Figure 4 is used to detect the biomarker miRNA-211. The
biosensor, made of a gold-nanoparticle-modified electrode with an attached RNA probe,
measures the change in electric current when different concentrations of miRNA-21 are
added. The current is high when no miRNA-21 is present, as all the biotinylated miRNA-21
can bind to the probe. When miRNA-21 is present, it competes with the biotinylated
miRNA-21 for hybridization with the probe, reducing the current. The lower the current is,
the higher the concentration of miRNA-21 is in the sample.
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Figure 4. Direct competitive hybridization assay developed for miRNA determination shown
schematically (Reprinted with permission from Ref. [117]). The competitive assay is obtained incubat-
ing a thiolated RNA complementary to the target miRNA assembled onto an AuNPs-modified SPCE
with a biotinylated, short-stranded RNA whose sequence is identical to that of the target miRNA (a).
Conversely in (b), a mix of biotinylated and target miRNA is present. The higher the concentration of
the target miRNA the lower amperometric response was measured as a consequence of the smaller
number of biotin-miRNA molecules attached to the electrode.

Chronoamperometry is a variation of an amperometric technique that involves moni-
toring the current generated by the faradaic process at the electrode over time. It involves
applying a sufficiently large potential step to the working electrode to initiate a chemical
reaction and then observing the current as a function of time.
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3.2. Potentiometric Method

Potentiometric biosensors use a tiny amount of current to monitor the potential of
an electrochemical cell [118]. Potentiometric sensors, employing the controlled current
method, utilize an electrochemical cell containing two reference electrodes to measure the
potential across an ion-selective membrane. Enzymes are commonly used to facilitate ion
production, which is then detected by the supporting electrode. Controlled current meth-
ods offer the advantage of using more affordable measurement instrumentation compared
to controlled potential methods. The Nernst equation relates concentration and potential in
potentiometric measurements, offering a low limit of detection (LOD) for early-stage cancer
diagnosis [117]. Jia et al. developed a Light Addressable Potentiometric Sensor (LAPS) for
the detection of the liver cancer biomarker hPRL-3 [119]. Another study [120] utilized sur-
face molecular imprinted self-assembled monolayers (SAM) for a potentiometric biosensor
with a linear range of 2.5-250 ng/mL [121]. Label-free potentiometric detection targeted
the HAPLN1 protein biomarker in MPM, achieving a pM-range LOD. Goda et al. created a
hybridization-based potentiometric microarray for exosomal miRNA identification [28].

Potentiometric methods were employed to target malignant cells, investigating their
electrochemistry in microenvironments affected by lactate release and pH fluctuations.
Shaibani et al. achieved an LOD of 103 cells per ml, revealing pH flux alterations around
cancer cells and their connection to altered cell metabolism [122]. The selective detection of
circulating tumor cells (CTCs) in prostate cancer was achieved by utilizing an anti-EpCAM
functionalized graphene oxide potentiometric biosensor based on the Light Addressable
Potentiometric Sensor (LAPS) approach [123].

Based on pH monitoring, a sensor-integrated microfluidic technique is employed to
find cancer cells. In this instance, the CTC’s metabolic alteration resulted in a decrease in
the pH of the surrounding environment. Potentiometric methods with Ag/AgCl and ZnO
electrodes were employed to assess pH variations and cell modifications in vitro, utilizing
three cell lines (A549, A7r5, and MDCK) in a microfluidic setup (Figure 5) [124].
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Figure 5. A microfluidics-based pH sensor (A) was successfully created with the use of rf sputtered
ZnO thin films and Ag/AgCl ink. The potentiometric curve (B) obtained using this sensor. (Reprinted
with permission from Ref. [124]. Copyright 2017 American Chemical Society.).

The potentiometric curve in Figure 5 shows the effect of the flow rate on the potential
difference between the working and reference electrodes in the microfluidic device. The
authors tested four different flow rates from 24 to 120 uL/min with four different pH
buffer solutions from 1.68 to 9.18. The results indicated that the potential difference was
not significantly affected by the flow rate, which implies that the microfluidic device has
high stability and reliability over a wide range of flow speeds. The authors also observed a
minimal drift of +3 mV /h for each pH solution, which is acceptable for many applications.
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3.3. Impedimetric Method

Electrochemical impedance spectroscopy (EIS) is a technique that examines the resis-
tive and capacitive characteristics of a system by applying an AC excitation signal with
varying frequencies. By analyzing the impedance spectra, it is possible to determine the
resistive and capacitive components of the system based on the in-phase and out-of-phase
current responses. At higher frequencies, the migration rate of redox species can become
rate limiting, resulting in a frequency-dependent phase lag when analytes impede access to
the electrode surface.

Electrochemical impedance spectroscopy (EIS) evaluates the interfacial characteristics,
ion passage, and biomolecule interactions with electrode surfaces. It involves applying the
AC potential to an electrochemical cell and measuring the resulting current signal. The
resulting frequency-dependent impedance is represented on a Nyquist plot using a Randles
circuit, showing semicircles at higher frequencies for electron transfer restrictions and a
linear line at lower frequencies indicating the diffusion-limited electron transfer (Figure 6).
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Figure 6. The Nyquist plot exhibits a depressed arc, indicating polarization caused by a combination
of kinetic and diffusion processes.

The R value reflects electron-transfer kinetics, while RS represents bulk electrolyte
characteristics, and ZW represents diffusion. The Nyquist plot helps calculate ZW, rep-
resented by a 45-degree sloped straight line intercept. EIS is utilized for the label-free
detection of cancer cells.

Elshafey et al. developed a label-free impedimetric biosensor for detecting the cancer
biomarker EGFR. The biosensor utilized protein G and gold nanoparticles on a modified
gold electrode for efficient immobilization. The calibration curve exhibited a wide dynamic
range, from 1 pg/mL to 1 g/mL, with a low detection limit of 0.34 pg/mL in PBS and
0.88 pg/mL in human plasma. Interference from various substances in human plasma led
to slight variations in the electrochemical signal during real-world experiments [125]. Han
et al. developed a label-free cytosensor for cancer cell identification using phage display
technology and EIS, demonstrating rising Rct values with an increasing cell concentration,
indicating reduced electron transfer efficiency. The approach employed a specific phage
immobilized on a gold electrode, with [Fe(CN)¢] as the redox probe indicator, offering high
specificity and repeatability and eliminating the need for complex steps of purification of
recognition elements [126].

Hu et al. utilized EIS for the detection of liver cancer cells. They immobilized a
mannose-specific lectin (con A) on a gold electrode, leading to changes in the charge-
transfer resistance that correlated with the concentration of cancer cells (Bel-7404). This
label-free approach directly targeted cancer cells, providing a direct, selective, and sensitive
method with a detection limit of 234 cells/mL, eliminating the requirement for probe
labeling [127]. Azzouzi et al. developed an impedimetric electrochemical biosensor using
a biotinylated DNA /LNA molecular beacon (MB) probe linked with gold nanoparticles
(AuNPs) for miRNA-21 detection in blood samples. This biosensor demonstrated high
selectivity, good repeatability, and a wide linear detection range of 1-1000 pM, with a low
detection limit of 0.3 pM. The use of neutravidin as a recognition element on the electrode
surface enhanced biosensing properties, including sensitivity [128]. Kilic et al. introduced

133



Chemosensors 2023, 11, 517

a label-free electrochemical sensor to compare the secretion levels of extracellular vesicles
(EVs) in hypoxia and normoxic MCF-7 cells. The sensor utilized functionalized gold elec-
trodes and employed differential pulse voltammetry (DPV) and electrochemical impedance
spectroscopy (EIS) for EV detection (Figure 7). The sensor exhibited a linear operating
range of 102-10° EVs/mL, with a limit of detection (LOD) of 77 EVs/mL. Selectivity was as-
sessed using the RhD protein, and the results were compared with ELISA and Nanoparticle
Tracking Analysis (NTA) [129].
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Figure 7. Differential pulse voltammograms recorded for various EVs concentrations (10-10'° EVs/mL)
(left) and EIS measurements in the concentration range of 10%-5 x 10° EVs/mL (right). (Reprinted from
Ref. [129]).

3.4. Conductometric Method

Conductometric biosensors offer exciting possibilities for advanced bioanalytical de-
tection. They measure changes in electrical conductivity during chemical reactions, using
enzymes to modify the ionic strength of the sample solution. These biosensors are ad-
vantageous due to their miniaturization potential, low voltage requirement, and lack of a
reference electrode. They are promising for applications in healthcare, environmental mon-
itoring, and food safety [130]. Capacitive biosensors have the benefit of their capacitance
measurements being more informative about the biosensor’s insulating qualities [131].
Even slight sensor layer desorption generally results in a rise in the capacitance baseline.
Furthermore, nonspecific binding is less likely with capacitive sensors.

Liang et al. established a conductometric immunoassay for the detection of alpha-
fetoprotein (AFP) in the serum of liver cancer patients. The assay demonstrated robust
conductometric responses, achieving a low detection limit of 4.8 pg/mL across a dynamic
linear range of 0.01-100 ng/mL [132]. For the quantification of prostate cancer antigen,
Bhardwaj et al. [133] introduced a conductometric immunosensing platform utilizing
tetracyanoquinodimethane (TCNQ)-doped thin films of copper MOF, Cu3(BTC),. The
platform exhibited a dynamic linear range of 0.1-100 ng/mL for PSA detection, with a
limit of detection as low as 0.06 ng/mL. Lin and coauthors devised conductometric sensors
based on silicon nanowires for the detection of apolipoprotein A1, a biomarker associated
with bladder cancer. The sensors demonstrated a wide dynamic range spanning from
0.2 ng/mL to 10 ug/mL, with a detection limit of approximately 1 ng/mL [134].

3.5. Voltammetric Method

Voltammetric biosensors measure current intensity by applying potential between a
working and a reference electrode, detecting analyte concentration. They offer high sensi-
tivity and multiplexed biomarker detection and serve as valuable point-of-care diagnostic
devices [135].

Voltammetry is widely used for characterizing reaction kinetics and obtaining qual-
itative and quantitative information about analytes. It provides valuable insights into

134



Chemosensors 2023, 11, 517

complex electrode reactions through current measurements. Voltammetry offers technical
advantages and fewer limitations compared to other techniques for quantitative deter-
mination. It is commonly employed for detecting biomarkers during the liquid biopsy.
The voltammetric methods broadly used for the detection of biomarkers under the liquid
biopsy are described in the following sections.

3.5.1. Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is a widely used method for investigating redox processes,
monitoring reaction intermediates, and assessing reaction product stability. It involves
measuring the potential between the working electrode and reference electrode, while
measuring the current between the working electrode and counter electrode. CV plots the
electrochemical current on the y-axis and the working electrode potential on the x-axis, with
the potential cycling back to its starting value. It provides information on the oxidation
and reduction of redox species [136]. A partial cycle, a complete cycle, or a series of cycles
might be performed depending on the results of the study. The electrons are transferred
from the analyte to the WE or from the electrodes to the analyte during the redox reaction.

Kumar et al. utilized nanostructured zirconia (nZrQO,) as a transducer surface in a CV-
based technique for detecting the oral cancer biomarker CYFRA. The immobilized receptor
antibody (anti-CYFRA) on amine-functionalized nZrO, showed proportional electrochemi-
cal current changes, enabling detection in the range of 2-16 ng/mL with a sensitivity of
2.2 mA mL/ng [137]. Later on, Wang et al. developed an electrochemical sensor using a
glassy carbon electrode modified with silver hybridized mesoporous silica nanoparticles
(Ag@MSNis) to detect the prostate cancer biomarker PSA. The sensor exhibited improved
bioreceptor adsorption and electron-transfer rates, utilizing hydroquinone as a redox probe.
PSA detection was achieved in a wide concentration range of 0.05 to 50.0 ng/mL, with a
detection limit of 15 pg/mL [138]. A study conducted by Kumar et al. was based on using
two-dimensional Ti3C2-MXene nanosheets to detect the carcinoembryonic antigen (CEA)
biomarker with a detection range of 0.0001-2000 ng/mL [139].

Taleat et al. employed a sandwich technique for detecting the MUC1 protein, a key
contributor to tumor development in various cancers. They combined MUC1 monoclonal
antibody immobilized on a poly-aminobenzoic-acid-modified graphite screen-printed
electrode with a methylene-blue-modified aptamer (specific ss-DNA) [140]. Feng et al.
coupled CV and electrochemiluminescence (ECL) techniques to achieve the simultaneous
detection of AFP and CEA by tagging the detection antibody and using methylene blue
as an electrochemical indicator that binds directly to aptamers’ G base for MUC1 protein
concentration identification [141].

3.5.2. Differential Pulse Voltammetry (DPV)

Differential pulse voltammetry (DPV) involves the scanning potential with small
amplitude pulses while measuring the current at two points before and after each pulse.
The difference in current measurements is calculated and plotted as a function of the base
potential, allowing for analysis of non-faradaic current decay.

DPV is a widely used electrochemical procedure known for its sensitivity and speed.
It involves applying fixed-amplitude electrochemical pulses on a slowly increasing base
potential and recording the resulting current differential. DPV is utilized to detect early
cancer and study drug performance in cancer. Lin et al. developed a reusable biosensor
using a magnetic graphene-oxide-modified gold electrode (MGO-Au) to detect VEGF in
human plasma for cancer detection [142]. The DPV-based sensor demonstrated effective
sensitivity, a rapid reaction time, and a wide linear detection range, outperforming the
ELISA approach.

Amjadi et al. studied the influence of doxorubicin (DOX) and a flavonoid-modified
drug (FMD) on lung cancer cells (A549) using the DPV approach, revealing that the FMD
had a stronger effect on cancer cells compared to DOX, as demonstrated by the reduction in
electrochemical reactivity with increasing drug concentration [143]. Additionally, Pacheco
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et al. and Wang et al. utilized electrochemical techniques (CV and DPV) with breast cancer
cells immobilized on working electrodes to quantify cancer cells in unknown samples using
a known cancer cell calibration curve [144,145].

The fabrication and alteration of electrodes are important in electrochemical measure-
ment. The screen printing technique is widely employed in this context for the manu-
facturing of portable low-cost electronics, particularly disposable electrodes. Compared
to conventional electrode fabrication methods, this technology presents numerous ad-
vantages, encompassing the precise manipulation of electrode dimensions, a wide range
of electrode designs, compact device sizes, reduced production expenses, user-friendly
operation, and the capability to create diverse arrays of electrodes [146]. Furthermore,
screen-printed electrodes allow for additional customization of the electrode surface by
altering it with different nanomaterials, resulting in an increased surface area, increased
biomolecule immobilization efficiency, and unique electrochemical characteristics.

Using eight disposable screen-printed microelectrode arrays as the transducer surface,
Zani et al. established a sensitive and easy PSA detection technique. Magnetic beads
were employed to collect the main PSA antibody in this experiment. The electrochemical
measurements were taken using DPV after the collected beads were washed with the
antibody-labeled enzyme alkalinephosphatase (AP). The detection range of this biosensor
was linear (0-20 ng/mL), with a lower detection limit of 1.4 ng/mL [147]. Erdem et al.
described an electrochemical biosensor based on a multichannel screen-printed array of
electrodes (MUX-SPE16) for assessing the nucleic acid hybridization of distinct miRNA
sequences (MiRNA-16, miRNA-15a, and miRNA-660). In this study, streptavidin-coated
magnetic beads were placed on the electrode surface before a biotinylated DNA probe was
immobilized. Following the hybridization procedure, the electrochemical response was
measured using the DPV method on the guanine oxidation signal [148].

Furthermore, due to the limited sensitivity and specificity of a single biomarker,
measuring or tracking it is insufficient for reliable cancer diagnosis. Therefore, researchers
are interested in the simultaneous detection of numerous tumor markers to obtain more
accurate and dependable results. Serum VEGF-C had a specificity of 68% and a sensitivity of
85%, whereas MMP-9 had a specificity of 75% and a sensitivity of 63%. Similarly, VEGF had
a specificity of 59% and a sensitivity of 80%, but the combination of these three markers had
a greater sensitivity and specificity (83% and 76%, respectively) than the single-biomarker
strategy for lung cancer detection [149]. CEA was also demonstrated to enhance cancer
prediction when combined with other biomarkers. When CEA was combined with CA
15-3, for example, its sensitivity rose from 89% to 96% [150].

Wau et al. introduced a novel approach for the concurrent detection of CA 19-9 and
CA 125 cancer biomarkers, which involved the utilization of a disposable two-throughput
immune-electrode array. The researchers applied a cellulose acetate membrane onto the
graphite working electrodes (W1 and W2) of a screen-printed chip, followed by the co-
immobilization of thionine/CA 19-9 and thionine/CA 125 on separate electrodes. Antibod-
ies labeled with HRP were then detected on these working electrodes. By establishing an
electron shuttle mechanism facilitated by the immobilized thionine, the enzymatic reduc-
tion of HyO, by HRP resulted in the generation of electrochemical signals, enabling the
simultaneous detection of both biomarkers [151,152].

Two separate cancer biomarkers (CEA and AFP) were concurrently identified utilizing
DPV technology and a metal-ion-tagged immunocolloidal gold nanocomposite as a signal
tag in another manner. The signal antibody was modified with two metal ions (AuNPs/anti-
CEA/Cu21 and AuNPs/anti-AFP/Pb21) in this manner. The authors leveraged the intrinsic
electrochemical characteristics of metal ions in this study to obtain the multiplex detection
of cancer biomarkers on a single platform with high sensitivity. The findings were also
confirmed using a conventional ELISA, indicating that they might be used in clinical
settings [153].

In the realm of quantitative real-time evaluation and early cancer detection, circulat-
ing tumor markers (CTMs) such as extracellular vesicles (microvesicles and exosomes),
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circulating tumor cells (CTC), and circulating nucleic acids in the blood emerged as valu-
able indicators. These CTMs offer a range of advantages, including their potential as
cost-effective, reproducible, dynamic, and non-invasive diagnostic tools for both cancer di-
agnosis and the monitoring of disease progression during the early stages. Several detection
techniques were employed to identify CTMs, including quartz crystal measurement (QCM),
microcantilevers, colorimetric assays, the enzyme-linked immunosorbent assay (ELISA),
surface-enhanced Raman scattering (SERS), surface plasmon resonance, the polymerase
chain reaction (PCR), and electrochemical methods [154].

Moscovici et al. developed a microfabricated glass chip with gold apertures for
cell counting using DPV, enabling the specific detection of 125 prostate cancer cells in
15 min, even in complex cell populations [155]. Yang et al. demonstrated a microelectrode-
based electrochemical biosensor for micro-RNA detection using nanostructured palladium
electrodes, achieving detection as low as 10 aM of a target with enhanced signals using the
DPV approach and Fe(III) regeneration of Ru(Ill) for amplification [156].

Zhang et al. utilized DPV to detect capecitabine in serum specimens without the need
for labels, using an electrochemical biosensor based on stacked graphene nanofibers (SGNF)
and gold nanoparticles (AuNPs). The biosensor showed a wide linear detection range of
0.05-80.00 M and an exceptional detection limit of 0.017 M for capecitabine electrochemical
reduction [157]. Venu et al. published an electrochemical biosensor based on a ZrO, /rGO
nanocomposite for the detection of an anticancer medication (regorafenib; REG). The
fabricated biosensor had a wider linear detection range of 11-343 nM, with a remarkable
lower detection limit of 59 and a remarkable limit of quantifications of 59 and 17 nM. For
the accurate assessment of REG, the biosensor’s effectiveness was also good in both blood
samples and pharmaceutical formulations. The biosensor was also useful for detecting
REG, uric acid, and ascorbic acid all at the same time [158].

3.5.3. Linear Sweep Voltammetry (LSV)

Throughout the scan, the electrode potential is adjusted at a constant rate, and the
resultant current is recorded in LSV. Yan et al. developed an immunosensor of carbon
combining screen printing with an excellent material, vegetable parchment. The pro-
posed immunosensor, involving linear sweep voltammetry as the electrochemical method
and prostate specific antigen (PSA) as a model analyte, showed a limit of detection of
2 pg/mL [159].

In their study, Bo et al. presented an electrochemical immunosensor that employed
a double signal amplification strategy utilizing enzyme-encapsulated liposomes and bio-
catalytic metal deposition. This innovative approach was specifically developed for the
detection of human prostate-specific antigen (PSA). Linear sweep voltammetry (LSV)
was employed to measure the quantity of deposited silver, which served as an indicator
of the target analyte. The experimental findings demonstrated a linear relationship be-
tween the anodic stripping peak current and the concentration of PSA within the range
of 0.01-100 ng/mL. Impressively, the detection limit achieved by the sensor was as low as
0.007 ng/mL, thereby illustrating its high sensitivity for PSA detection.

3.5.4. Square Wave Voltammetry (SWV)

The excitation signal in SWV consists of a symmetrical square-wave pulse with an
amplitude, Esw, superimposed over a staircase waveform with step height E, where the
waveform’s forward pulse corresponds to the staircase step. The difference between the
forward and reverse currents is used to calculate the net current, which is centered on the
redox potential. SWV provides various benefits, including high sensitivity, speed, and
non-faradic current discrimination.

The combination of autocatalytic deposition and square-wave stripping voltammetry
with enlarged gold nanoparticles labeled on goat anti-rabbit immunoglobulin G enabled
the detection of the rabbit immunoglobulin G (RIgG) analyte with a remarkably low limit
of 1.6 fM, highlighting the sensitivity enhancement of the electrochemical immunoassay
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(GaRIgG-Au) method [160]. In a subsequent study, Liu et al. conducted a comparative
analysis between square-wave voltammetry (SWV) and electrochemical impedance spec-
troscopy (EIS) for the development of a label-free electrochemical immunosensor targeting
the hormone estradiol. The researchers aimed to assess the performance of these two
techniques in terms of sensitivity. Notably, the results revealed that SWV outperformed EIS,
with a lower detection limit of 18 pg/mL for estradiol, compared to 26 pg/mL achieved
by EIS. This comparative evaluation highlighted the superior sensitivity of SWV in the
context of estradiol detection, suggesting its potential for enhanced analytical applications
in hormone analysis [161]. Zhang et al. detected CTCs using SWV based on catalytic
amplification, and the limit of detection of was 1 cell/mL.

3.5.5. Stripping Voltammetry (SV)

This technique has the lowest detection limits with respect to the commonly used elec-
trochemical techniques. SV is also known as a pre-concentration technique, and the most
commonly used stripping voltametric techniques involve anodic stripping voltammetry,
cathodic stripping voltammetry, and adsorptive stripping voltammetry.

Despite the fact that each approach has its own distinct characteristics, they all fol-
low the same two procedures. The target analyte is first concentrated onto the working
electrode in the sample solution. In the second phase, the potential is used to remove the
preconcentrated analyte off the electrode surface, which is then measured. In the stripping
process, potential waveforms such as the linear sweep, differential pulse, and square wave
can be employed. Due to their ability to distinguish against charging current, differential
pulses and square waves are the most prevalent. In addition, compared to the differential
pulse, the square wave offers the advantages of a faster scan rate and greater sensitivity.

The Joseph Wang group introduced a novel electrically heated carbon paste electrode
specifically designed for conducting adsorptive stripping measurements of trace amounts
of nucleic acids. This groundbreaking approach combines the principles of electrochemistry
with electrically heated electrodes and adsorptive constant current stripping chronopo-
tentiometry. The integration of these techniques brings forth notable advantages when it
comes to the precise detection and quantification of nucleic acids at trace levels. This inno-
vative coupling of electrochemistry with electrically heated electrodes presents a promising
avenue for achieving enhanced accuracy and sensitivity in nucleic acid analysis [162].

A recapitulation of the working principle of a biosensor with electrochemical methods
available for biosensors is reported in Figure 8.
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Figure 8. A general presentation illustrating diverse electrochemical techniques employed in biosensing.
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4. Sensor Integration

In the advancement of point-of-care and wearable biosensors, miniaturization plays
a pivotal role in achieving portability, user-friendliness, and cost-effectiveness as well as
maintains high sensitivity with rapid response times. The downsizing of sensing electrodes
or their constituents to the nanoscale, as seen in nanoelectrode, nanotextured, nanogap, and
field-effect transistor-based biosensors, can significantly enhance the signal-to-noise ratio.
It is worth noting, however, that this enhancement can potentially introduce an undesired
increase in the biosensor’s response time. Therefore, while nanoscale miniaturization
offers various advantages, careful consideration must be given to strike a balance between
improved sensitivity and response time to ensure the optimal performance of the biosensor.

The above-mentioned electrochemical methods, discussed in the related paragraphs,
are well-suited for implementation in miniaturized systems. Achieving miniaturization,
along with the features discussed in Section 2, is essential for creating compact, user-friendly,
and cost-effective point-of-care, portable, and wearable biosensors. These biosensors offer
competitive limits of detection and rapid response times while maintaining their convenient
and accessible nature.

Lab-on-a-Chip Platforms: Wearable and Portable Devices for PoC

Lab-on-a-chip (LOC) devices, notably multitasking devices, show the most attractive
advantages for performing several lab procedures on a single chip with small volumes of
chemicals and great efficiency. One of the most challenging features of LOCs, also known
as a micro total analysis system (uTAS), is to fully integrate a microelectromechanical sys-
tem (MEMS) with automated microfluidic tools to allow their widespread use in medical
applications (liquid biopsy, therapeutic follow-ups, and health and disease monitoring).
These user-friendly, sensitive, and portable LOC sensors for real-time analysis have various
benefits over traditional analytical techniques. In this review, we list several examples of
sensors suitable for integration into LOC devices. Nevertheless, the step over technological
gap to overcome limitations in the widespread diffusion of such devices is still linked to the
scalability of systems and the poor affordability of highly integrated platforms. A few exam-
ples, indeed, are the commercially available platforms including electrochemical systems,
and their use for monitoring health parameters is going in the direction of self-diagnostics
and fitness applications but not toward becoming a gold standard in clinical practices.

Recently, Atkcakoca and coworkers reported on the realization of an electrochemical
biosensor with an integrated microheater improving the performance of the nucleic acid
hybridization assay based on electrochemical impedance spectroscopy, paving the way
for the development of highly sensitive and specific integrated label-free biosensors [163].
Kasturi and collaborators developed a microfluidic channel with integrated valves and an
electrochemical biosensor for the detection of beta-amyloid, a biomarker for Alzheimer’s
disease. Gold microelectrodes are the transducer holding the antibody—antigen complexes
inside the fluidic chambers governed by pneumatic valves. A linear response of the sensor,
through DPV measurements, was reported for beta-amyloid antigen concentrations from
2.2 pM to 22 uM [164]. One of the most promising applications of an integrated LOC for
diagnostic purposes is the realization of smartphone-based and wearable devices, which
can really realize all the features of portability, low-cost, and the rapid response needed to
fully embody the point-of-care concept.

Flexible electronic devices, making use of specific methods of fabrication and detec-
tion, have properties such as flexibility, wearability, conductivity, stretchability, mechanical
resistance, and biocompatibility. In this scenario, a plethora of materials suitable as sub-
strates for electrochemical transducers were considered [165]: cellulose-based, polyaniline
(PANI), polyimide (PI), and specific fabrication methods were demonstrated. Most of them
were able to electrochemically detect ion concentrations from skin and sweat as well as
monitor fitness parameters like heartbeat, blood pressure, body temperature, and oxygen
concentration [166,167].
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Sempionatto and collaborators recently developed a non-invasive device for the simul-
taneous monitoring of blood pressure and heart rate via ultrasonic transducers and multiple
biomarkers via electrochemical sensors. They conformally optimized the integrated device
to curved skin, thus ensuring mechanical resistance and the reliable sensing of several
compounds: glucose in interstitial fluid; lactate, caffeine, and alcohol in sweat [168].

The integration of small microfluidic channels into wearable devices is also a challeng-
ing topic for the development of such devices, since biological fluids, easily exploitable for
the liquid biopsy (sweat and interstitial fluid), could be conveyed toward the sensing areas
of the devices.

Electrochemical sensors measure the reaction caused by the interaction between the
sensing surface and the analytes, and the corresponding response is then converted into
electric signals that can be monitored by potentiometry, amperometry, and conductometry
measurements [169]. The integration of electrochemical biosensors into point-of-care (PoC)
platforms, especially when combined with smartphones, emerged as a powerful tool for
personalized health monitoring, thus enhancing the practicality of diagnosis compared to
the traditional laboratory-based diagnostic methods [170]. In the last years, smartphone-
based biosensors have been widely employed for human health PoC testing to improve the
diagnosis and treatment of several diseases, thanks to their cost-effectiveness, ease of use,
and portability. Figure 9 illustrates the diagnosis steps in smartphone-based electrochemical
biosensors.
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Figure 9. Smartphone-based electrochemical biosensors for health monitoring.

One of the first applications of a smartphone-based electrochemical biosensor sys-
tem was described as amperometric sensing [171]. Amperometry is a type of voltametric
technique in which a constant voltage is applied to the working electrode, and the cur-
rent provided by the oxidation/reduction of an electroactive analyte is then measured
as a function of time. Liu et al. reported an amperometric aptasensor integrated with a
smartphone-assisted portable wireless biochip for the simultaneous real-time monitoring
of insulin and glucose in saliva with the lowest detectable concentration of 0.85 nM and
0.8 nM, respectively. The sensing platform combined with a Bluetooth transmission system
to generate the digital diagnosis by a smartphone signal readout, providing a PoC testing
tool for the diagnosis of diabetes and other insulin-resistance-associated diseases [172].
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Voltammetry is another electrochemical technique that includes different type of mea-
surements such as differential pulse voltammetry (DPV), cyclic voltammetry (CV), square
wave voltammetry (SWV), and linear sweep voltammetry (LSV) and is widely used in
smartphone-integrated electrochemical sensors [173]. In 2020, Low et al. developed a
DPV-based electrochemical sensor combined with a smartphone for the detection of the
circulating miRNA-21 biomarker in saliva. They demonstrated that the smartphone-based
biosensing system, equipped with a specific Android application, displayed comparable
performances with commercial workstations for the detection of miRNA-21 [174]. Combin-
ing a screen-printed immunosensor with a smartphone-based electrochemical system, Fan
et al. reported the detection of cancer antigen 125 (CA125) by DPV measurements. Data
were transmitted to a smartphone by Bluetooth, acting as the interface for communication
with a remote medical center via the Internet. The developed system provided a sensitive
detection of CA 125 with an LOD of 2 mU mL~1 [96].

Electrochemical impedance spectroscopy (EIS), in which the impedance of the system
is measured as a function of frequency, is also widely used in the fabrication of EIS-based
electrochemical sensors combined with smartphones. For example, Talukder et al. reported
a portable system for the personalized monitoring of the blood cell count, consisting of a
smartphone-based microfluidic impedance cytometer [175].

The recent advances in this field highlight the advantages of electrochemical sensing
systems integrated with a smartphone, thanks to their high simplicity of fabrication [176].
Moreover, the development of multiplexing smartphone-based electrochemical systems
can be used for the simultaneous detection of various biomarkers, thus enabling the remote
control of diseases by doctors and accelerating the diagnosis and treatment of a pathology.

5. Comparison of Liquid Biopsy Electrochemical Methods: Advantages
and Limitations

Nowadays, cancer is the major disease affecting human health and life, and its large
diffusion requires the development of simple, practical, and facile diagnosis methods for
simplifying its treatment and improving its cure rate. Compared with medical imaging and
a pathological examination, which are the most common cancer diagnosis methods, the
liquid biopsy represents a promising strategy for cancer biomarker detection, opening the
way to direct and rapid diagnostic methods with high efficacy [177,178]. Among several
biomarkers, circulating tumor cells (CTCs) are well-established as promising targets for the
detection of tumors via the liquid biopsy. Since tumor cells can be shed into the blood before
the formation of visible solid tumor lesions, detecting CTCs before the imaging findings
or clinical manifestations is an efficient method for the early diagnosis and monitoring
of cancer [179]. However, the content of CTCs in peripheral blood circulation is very
small, and the techniques used for its detection (fluorescence imaging, magnetic resonance
imaging, and cytological detection [180-182]) have several shortcomings, such as high cost,
a large amount of time, low sensitivity, and a lack of specificity, thus limiting their use in
clinical applications [183].

In the last years, electrochemical sensing technology has been widely investigated
as a good alternative method for the detection of CTCs because of its advantages of high
sensitivity, good selectivity, low cost, easy portability, and rapid detection. Compared
with traditional detection techniques, electrochemical methods demonstrate competitive
results in terms of the LOD and selectivity. CTCs can be electrochemically detected by
using two common types of approaches. The first one is often related to impedimetric
sensors and exploits the change in the electron transfer produced by CTCs captured on the
electrode, usually conjugated to various recognitive materials including antibodies [184],
aptamers [185], and receptors [186]. However, this type of sensor usually needs just one
electrode to work, thus resulting in a lack of capture efficiency. To overcome this limit,
modifying electrodes with nanomaterials can be a good strategy to enhance the capture
efficiency for CTCs. For example, Wang et al. conjugated gold nanostars with a high
surface area, with CTCs’ specific aptamer. Owing to this design, the sensor showed a
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sensitive detection limit of 5 cells/mL [187]. Cai et al. developed a dual-recognition electro-
chemical cytosensor for the detection of CTCs. The sensor, based on Cabot carbon black
(BP2000)/ AuNPs anchoring anti-epithelial cell adhesion molecule (anti-EpCAM) antibod-
ies as capture probes and novel branched PtAuRh trimetallic nanospheres (b-PtAuRh TNS),
linked with aptamers targeting mucinl (MUC1) as signal probes, exhibited a wide linear
range of 5-1 x 10 cells per mL~! and a low detection limit of 1 cell per mL~! [188]. In
another work, Zhang et al. exploited the reaction of LiFePO, with sodium molybdate to
generate an electrochemical signal for detecting CTCs. In particular, they captured CTCs
from sample by using Fe3O; magnetic nanospheres (MNs) modified with the EpCAM
antibody, while gold-nanoparticle-modified LiFePO4 (LiFePO4/Au) was used as an elec-
trochemical probe. The assay presented a detection range from 3 to 10,000 cells per mL !,
with a detection limit of 1 cell per mL~1[189]. Although several studies demonstrated
the advantages of electrochemical sensing technology for the detection of CTCs and the
significant advances in the biosensing research area thanks to immunotechnology, microflu-
idics, and nanotechnology, the clinical use of such biosensors is still limited. In fact, the
number of CTCs in the peripheral blood circulation is very little, and detection can be very
difficult. Moreover, the existing detection techniques use nucleic acids and antibodies as
target molecules, which, lacking specificity for the classification of captured CTCs, cannot
be utilized to give precise information about patient-specific tumor biology. Thus, com-
bining advanced technologies such as microfluidics and the DNA walker and exploring
more cell-specific targets could be a significative strategy to improve the sensitivity and
specificity of such biosensors. Recently, Ming et al. developed a new on-skin optoelectronic
biosensor based on cyclic voltammetry that can measure various vital signs related to blood
flow and oxygenation in a non-invasive and continuous way [190].

As voltammetry is the most commonly used electrochemical technique for liquid
biopsies, this review primarily focuses on the DPV technique, a subtype of voltammetry,
because DPV is considered to be an important electrochemical method for liquid biopsy
applications because it offers high sensitivity, selectivity, a wide dynamic range, rapid
analysis, and minimal interference from other components in body fluids.

Scientists can determine which electrochemical methods are best-suited for partic-
ular applications by comparing the various electrochemical techniques used in liquid
biopsy biosensing, depending on elements like the type of biomarker being analyzed, the
concentration range, and the complexity of the sample matrix.

Such a comparison can help to guide the development of new biosensors for liquid
biopsy analysis as well as to optimize existing methods for improved performance and
sensitivity. Additionally, understanding the advantages and limitations of different electro-
chemical methods can aid in the interpretation of experimental results and can inform the
selection of appropriate analytical methods for a given research question. These aspects
have been summarized in Table 2.

Each electrochemical technique has advantages and disadvantages of its own. The
choice of method depends on the specific analyte of interest and the requirements of the
analysis.

The desire to manufacture micro total analysis systems, low-cost point-of-care diag-
nostics, and environmental monitoring devices sparked the creation of tiny and portable
biosensor devices. So, for the development of such a biosensor, it is essential to understand
the electrochemical method on which this biosensor operates.

The efficient transducer surface or immobilization matrix is the most significant step
in the fabrication of a miniaturized electrochemical biosensor. For optimal biosensor per-
formance, we need to carefully select the materials, electrochemical methodology, and
manufacturing process. The PoC devices used for the liquid biopsy might benefit from
a wise device design and efficient detection procedures. Research needs to be conducted
to create combinatorial electrochemical biosensors with a high throughput and low cost
for cancer diagnosis, therapy, and monitoring, utilizing the liquid biopsy. The commer-
cialization of biosensors will increase when an electrochemical-based biosensing platform
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effectively works in a real-world sample environment with excellent selectivity, sensitivity,

and stability.

Table 2. A comparison of various electrochemical methods employed in biosensing applications for

liquid biopsy analysis.
EC Method Advantages Limitations
High selectivity f ifi lytes th h -
150 seiectivity for specitic anatyles taroug Limited sensitivity compared to other electro-
the use of ion-selective electrodes (ISEs) .
. chemical methods
Wide range of analytes that can be detected us- o . .
. ‘ L Limited dynamic range, as ISEs typically have
ing ISEs, including ions, gases, and molecules - g
. . . ; . . a limited linear response range
Potentiometric Simple instrumentation, with ISEs often con- R .

- . Interference from other ions or molecules in the
sisting of a single electrode and a reference elec- -
trode sample can affect the accuracy of the analysis

. . Slow response time compared to other electro-
Non-destructive, as the sample is not con- .
. . chemical methods
sumed during the analysis
High sensitivity for certain analytes Requires complex instrumentation and data
Can measure non-faradaic processes such as analysis
Impedimetric adsorption and desorption Limited dynamic range compared to other elec-
P Can provide information on both the electron- trochemical methods
transfer kinetics and the charge-transfer resis- Sensitive to electrode fouling and surface de-
tance of the system fects
High sensitivity, as changes in conductivity can Limited selectivity compared to other electro-
be highly sensitive to analyte concentration chemical methods
Wide range of analytes that can be detected, Interference from other ions or molecules in the
including ions, gases, and molecules sample can affect the accuracy of the analysis
Conductometric Simple instrumentation, with conductometric May be affected by changes in temperature, hu-
biosensors often consisting of a pair of elec- midity, and other environmental factors
trodes and a transducer May require the optimization of electrode and
Non-destructive, as the sample is not con- transducer properties to achieve the desired
sumed during the analysis sensitivity and selectivity
Limited selectivity; it can be affected by inter-
High sensitivity for certain analytes fering species
Cyclic Simple instrumentation and low cost Low resolution; the current signal can be diffi-
Voltammetry (CV) Can measure both oxidation and reduction re- cult to interpret

actions

Slow scan rate that can limit the speed of analy-
sis

Differential Pulse
Voltammetry
(DPV)

High sensitivity and selectivity for certain ana-
lytes

Wide dynamic range

Rapid analysis

Minimal interference from other components
in the sample

Limited applicability to certain types of ana-
lytes (e.g., those with weak redox activity)
Requires the careful optimization of parameters
such as pulse width and amplitude

High background noise can be a problem in
complex samples

Stripping
Voltammetry (SV)

High sensitivity and selectivity for analytes,
like heavy metals and trace elements

Wide range of analytes that can be detected,
including ions, gases, and molecules
Non-destructive, as the sample is not con-
sumed during the analysis

Can be used for both qualitative and quantita-
tive analysis

Requires pre-concentration of the analyte
before measurement, which can be time-
consuming and may limit the speed of analysis
Can be affected by interference from other
species in the sample

Limited dynamic range, particularly for quanti-
tative analysis

May require specialized instrumentation, such
as a mercury electrode

6. Future Perspectives and Concluding Remarks

This review paper highlights the significance of screening and early diagnosis in
disease management, particularly in the context of cancer. It emphasizes the importance of
non-invasive analytical methods capable of detecting biomarkers to facilitate successful
treatments and improve patient survival rates. The focus of the study is on the electrochem-
ical methods used for the development of biosensors in the liquid biopsy, owing to their
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ability to offer a rapid response, precise detection, and low detection limits. This review
discusses the advancements in electrochemical biosensors, which hold the potential to en-
hance the specificity and sensitivity of conventional analytical techniques. Electrochemical
biosensors demonstrate the ability to detect minute quantities of analytes, including pro-
teins, nucleic acids, and circulating tumor cells, even in complex bodily fluids such as urine,
serum, and blood. Among the various detection techniques explored for cancer biomarker
detection, voltammetric sensors are extensively discussed due to their advantages and
technical characteristics, which led to their widespread use in the quantitative detection of
ions and molecules.

This review also provides a comprehensive comparison of different electrochemical
techniques to aid in the selection of the appropriate analytical methods based on the spe-
cific requirements. This comparative analysis helps researchers and clinicians identify the
most suitable approach for their intended applications. Looking toward the future, the
development and refinement of electrochemical biosensors hold tremendous potential for
advancing diagnostic capabilities in the field of the liquid biopsy. Further advancements
in sensor design and surface modification techniques and integration with emerging tech-
nologies like nanomaterials and microfluidics are expected to enhance the performance,
reliability, and multiplexing capabilities of electrochemical biosensors. These developments
will likely contribute to improved disease detection and monitoring, enabling personalized
and targeted treatment strategies.

However, it is important to acknowledge that while electrochemical biosensors offer
great promise, there are still challenges to overcome. Some of these challenges include
improving the selectivity and stability of sensors, standardizing protocols for clinical use,
and addressing the complexities associated with analyzing biomarkers in diverse biological
matrices. The continuous innovation and optimization of electrochemical biosensing
technologies are expected to play a vital role in improving disease diagnosis, monitoring
treatment efficacy, and, ultimately, enhancing patient outcomes.

The potential and ambition of the liquid biopsy pose significant challenges and oppor-
tunities for personalized medicine and point-of-care diagnostics and follow-ups. Within
this context, the utilization of miniaturized and rapid detection tools, such as electrochemi-
cal sensors, holds great promise for advancing the field. These devices can be seamlessly
integrated into everyday objects like smartphones, smartwatches, and more. Furthermore,
as individuals become increasingly health conscious and emphasize early disease screen-
ing, the introduction and widespread use of user-friendly sensors, lab-on-a-chip devices,
and similar tools for manipulating and analyzing biofluids are poised to greatly benefit
self-awareness and disease detection.

Despite the significant advances in electrochemical biosensors for the liquid biopsy,
there are still some challenges and limitations that need to be addressed. These include
the optimization of the biosensor design, the selection of the most suitable biomarkers
and detection techniques, the validation of biosensor performance in clinical samples,
and the standardization of biosensor fabrication and operation. Moreover, there is a need
for more interdisciplinary collaboration among researchers from different fields, such as
chemistry, biology, engineering, and medicine, to develop innovative and effective solutions
for the liquid biopsy. Furthermore, there is the potential for combining electrochemical
biosensors with other analytical methods, such as optical or magnetic sensors, to achieve
complementary and synergistic results. Electrochemical biosensors for the liquid biopsy
have a bright future ahead, as they can revolutionize the approach to diseases and improve
the quality of life of patients.
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Abstract: Surface plasmon polaritons (SPPs) are optical surface waves propagating along a metal
surface. They exhibit attributes such as field enhancement and sub-wavelength localization, which
make them attractive for surface sensing, as they are heavily exploited in surface plasmon biosensors.
Electrochemistry also occurs on metal surfaces, and electrochemical techniques are also commonly
applied in biosensors. As metal surfaces are integral in both, it is natural to combine these techniques
into a single platform. Motivations include: (i) realising a multimodal biosensor (electrochemical
and optical), (ii) using SPPs to probe the electrochemical double layer or to probe electrochemical
activity, thus revealing complementary information on redox reactions, or (iii) using SPPs to pump
electrochemical reactions by creating non-equilibrium energetic electrons and holes in a working
electrode through the absorption of SPPs thereon. The latter is of interest as it may yield novel redox
reaction pathways (i.e., plasmonic electrocatalysis).

Keywords: surface plasmon; electrochemistry; waveguide electrode; cyclic voltammetry; chronoamperometry;
convolutional voltammetry

1. Introduction

Analyzing biomolecules is required in many fields, ranging from food safety inspection
to medical diagnostics [1-3]. Many labelled detection methods have been used to detect
biomolecules. These labeled detection techniques include enzyme-linked immunosor-
bent assay (ELISA) [4,5], colorimetric and fluorescence detection [6-8], polymerase chain
reaction (PCR) [9,10], radioactive isotopes (radio-immunoassays) [11], vibrational spec-
troscopy (e.g., infrared and Raman spectroscopy) [12], and some other techniques [13,14].
Labelled techniques generally create problems due to the use of labels, e.g., the interfer-
ence of fluorophores with binding kinetics, or changes in fluorescence dynamics due to
dye—protein interactions [15]. Problems such as these do not exist in label-free methods
to detect biomolecules, such as mass spectrometry (MS) [16], quartz crystal microbalance
(QCM) techniques [17], surface plasmon resonance (SPR) [18] or localized surface plasmon
resonance (LSPR) [19] techniques, and methods based on long-range surface plasmon
polaritons (LRSPPs) [20] or the anomalous reflection from gold [21].

A biosensor is a transduction device that is used to measure biological or biochemical
reactions by generating quantitative signals (electrical, thermal, optical) proportional to the
concentration of an analyte [2,22,23]. A biosensor has a recognition element (e.g., enzymes,
nucleic acids, cells, and micro-organisms or antibodies) to selectively capture the analyte of
interest in a sample. Depending on the underlying transducer technology, one can identify
several types of biosensors: electrochemical [24,25], piezoelectric [26,27], thermal [28], and
optical [29].

The most common type of biosensor is electrochemical [30-33]. Electrodes have an
essential role as solid support for the immobilization of biomolecules and electron transfer
to/from the redox species. As a result of certain electroactive species undergoing a redox
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reaction in the system, a voltage or a current is generated. One of the critical aspects of an
electrochemical biosensor is the use of enzymes as predominant recognition elements due
to their specific binding capabilities and biocatalytic activity [31,32]. In this sensing method,
different electrochemical detection techniques such as amperometric, potentiometric, and
conductometric techniques are used [33].

QCM biosensors exploit the piezoelectric effect and are the most widespread example
of a piezoelectric sensor [34]. In such biosensors, changes in accumulated surface mass
density change the resonant frequency, which is monitored in real time, while sensing in
gaseous or fluidic environments [35].

Thermometric biosensors use thermometry (measurement of temperature) to moni-
tor biochemical interactions, using, for instance, a thermometer [28] or sensitive thermis-
tors [36], as heat-producing biochemical absorption takes place. Thermometry has also been
integrated with ELISA in a new method known as thermometric ELISA (TELISA) [37,38].

Optical biosensors measure an optical parameter such as absorption or refractive
index associated with surface mass loading resulting from biomolecular interaction, optical
emission such as fluorescence emitted by a label, or Raman scattering specific to a molecular
species [39-41]. Optical biosensors can provide highly sensitive, direct, real-time, and label-
free detection of many biological and chemical substances [42]. Optical biosensors operate
in label-based or label-free mode [42]. In label-based sensors, a fluorescent label is used,
and the optical emission produced (or quenched) by a biochemical reaction is monitored. In
label-free devices, the detected signal is generated directly by the interaction of the analyte
with recognition elements immobilized on the transducer surface [42]. There are different
varieties of optical biosensors, such as optrode fibre optics, evanescent-wave waveguides,
flow immunosensors, and SPR.

Surface plasmon polaritons (SPPs) are optical surface waves propagating at the in-
terface between a metal and a dielectric. Biosensors based on SPPs are among the most
studied and used because of the large overlap of SPPs with an adlayer forming on the
metal, and their large surface fields [43]. These features make SPPs very sensitive to
changes in the refractive index near the metallic surface. However, propagation losses
associated with the absorption of light in the metal is a limitation. This problem can be
addressed using symmetric structures based on a thin metal layer to support long-range
SPPs (LRSPPs) [44]. LRSPPs require that the top and bottom claddings have a similar index
of refraction. Biosensing occurs in an aqueous environment, which limits the choice of
materials for the bottom cladding to, for example, low-index polymers such as Teflon or
Cytop [20]. The use of such polymers imposes limitations during the fabrication of devices,
particularly with regards to thermal processing. An alternative approach consists of using
a one-dimensional photonic crystal (1IDPC) [43]. A 1DPC can be used on one of the sides
of a thin metal layer and can mimic the optical properties of the medium on the other
side over a limited wavelength range. The modes supported in such a structure are called
Bloch LRSPPs.

A trend in (bio)chemical sensor research is to combine electrochemical techniques with
surface plasmons. This combination is natural because both techniques involve reactions
occurring on a metal surface. In such systems, surface plasmons can be used to probe
the electrochemical double layer or to influence electrochemical reactions by involving
energetic carriers that are naturally generated in the working electrode as surface plasmons
are absorbed therein [30]. In this paper, we introduce concepts related to optical sensing
using SPPs and concepts related to electrochemical sensing in a tutorial-like fashion. We
then review some representative literature on the integration of both techniques, aiming to
realize multimodal sensors, or to investigate fundamentals by optically probing electro-
chemical activity or uncovering electrochemical effects due to optical absorption (pumping)
of working electrodes. Section 2 introduces concepts of importance to SPPs on planar struc-
tures. Section 3 introduces concepts related to electrochemistry, and it non-exhaustively
but representatively reviews some of the literature on the integration of electrochemical
techniques with surface plasmons. Section 4 then provides a brief conclusion.
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2. Surface Plasmons
2.1. Optics of Metals

Metals are traditionally used for circuitry and guiding microwaves or far-infrared
EM waves. Metals are often modelled as perfect electric conductors (PECs) in these low-
frequency applications because the conduction electrons cancel out the external field,
effectively preventing wave propagation through the metal. Field penetration increases as
the frequency increases into the near-infrared and visible regions of the electromagnetic
spectrum, which increases absorption and dissipation. Metals exhibit complex, frequency-
dependent dielectric functions in this region of the spectrum. The metal permittivity can
be described by various models. In the following, two well-known models, the Drude-
Sommerfeld and Drude-Lorentz models, are briefly explained.

The permittivity of metals at optical frequencies can be modelled simply as a plasma
(free electron gas). Optical waves induce electron oscillations relative to the lattice of
positive ions. An oscillation can be described by its frequency and interaction with the
lattice by the relaxation time, which is inversely proportional to the collision frequency of
the free electrons. The expression for the dielectric function of a (non-magnetized) plasma
is given by the Drude-Sommerfeld equation [45]:
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where w), is the plasma frequency, v is the collision frequency that is proportional to the
inverse of the relaxation time of the electrons (t = 1/7) [46], and ¢(w) is the relative
permittivity. The plasma frequency is given by:
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In the above, e is the electronic charge, 1, is electron density, m* is the effective electron
mass in the metal, and g is the permittivity of free space. The plasma frequency occurs in
the visible range for most metals.

The frequency dependent dielectric function of plasma has real and imaginary components:
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The plasma (free electron gas) is metallic if w, > w and w > 7, as the permittivity is
mostly real and negative.

For wy < w, corresponding to short visible wavelengths and the ultraviolet region for
most metals, the plasma is dielectric as the real part of permittivity becomes positive. In this
region, too, the free electron gas model typically does not match the measured permittivity
due to the onset of vertical (inter-band) electron transitions in the metal, which dramatically
increase the imaginary part of the permittivity [45]. In this case, the Drude-Sommerfeld
model is improved by adding terms [47,48]:

wp
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where ¢ is the high-frequency relative permittivity, and ¢;,;(w) is a fitted relative permit-
tivity that models inter-band transitions:

o2
w
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In the above, Wy is similar to w) of the Drude-Sommerfeld model. The corrected
model (5) and (6) is termed the Drude-Lorentz model.

The optical permittivity is usually modelled from experimental data [48,49]. Figure 1
shows the relative permittivity of Au given by the Drude-Sommerfeld and Drude-Lorentz
formulas, along with experimental data [50]. The Drude-Sommerfeld equation fits the
experimental data only at long wavelengths, Ay > 700 nm, whereas the Drude-Lorentz
model captures the measurements accurately for Ap > 500 nm on the long-wavelength side
of the absorption peak caused by inter-band transitions. Thus, Au behaves as a good optical
metal at wavelengths longer than the absorption edge, Ag > 700 nm, into the infra-red,
approaching a perfect electric conductor at long wavelengths beyond about 10 um.

| ——— Drude
Drude-Lorentz
601 o Experimental

o . : o)

Im{e}

400 600 800 1000 1200
wavelength (nm)

Figure 1. (a) Real and (b) imaginary parts of the permittivity at optical wavelengths. Black dots
correspond to experimental data. The red and blue curves are fitted to the Drude-Sommerfeld
and Drude-Lorentz formulas. Reprinted with permission from [50]. Copyright 2011 American
Chemical Society.

2.2. Surface Plasmon Polaritons (SPPs)

Electromagnetic (EM) waves in the visible and near-infrared ranges can couple, under
the right circumstances, to electron oscillations on the surface of a metal. The resulting
excitation is termed a surface plasmon polariton (SPP), and it propagates as a surface
wave along the metal-dielectric interface with fields that are maximum at the interface
and decay exponentially (evanescently) away [45,50-53]. The two main types of SPPs
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include localized SPPs, which exist as resonant modes on nanostructures, such as metal
nanoparticles, and propagating SPPs, which exist on a plane metal surface bounded by a
dielectric, as sketched in Figure 2.
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Figure 2. Coupled excitation involving EM fields (curves) and an electron surface charge density
wave (+ and —) forming a propagating SPP along a metal-dielectric interface.

As depicted in Figure 2, the coupled excitation involves EM fields that induce a
coherent oscillation of surface charges indicated by the “+” and “—" signs. The curved
arrows indicate the associated electric fields. The SPP will propagate along the interface in
the x-direction with a complex propagation constant Ks,p, implying an exponential decay
with propagation distance due to absorption.

The electric displacement (D,) must be continuous across the boundary, i.e.,
emEzm = €4E, 4, where g, is the relative permittivity of the metal, ¢, is the relative permit-
tivity of the dielectric, and E; is the normal electrical field in both regions. Since €, # ¢,
there is a discontinuity at the surface in the electric field, resulting in surface charges at
the interface. The real permittivity of a metal at optical frequencies is negative, while the
permittivity of dielectrics is positive, resulting in a change in direction of the normal electric
field across the interface, which enables the existence of an optical surface wave, in this
case the SPP. TE (transverse-electric) polarized waves (s-polarized) have no electric field
component perpendicular to the surface, so they cannot induce a polarization. Only TM
(transverse-magnetic) polarized waves (p-polarized) can propagate.

Solving the vector wave equations for a planar interface between optically semi-
infinite metal and dielectric regions (i.e., a single interface) yields the dispersion equation
for propagating SPPs as follows [54]:

w Ed€m
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in which w is the optical angular frequency, and c is the speed of light in free space. Based
on the Drude-Sommerfeld model, ¢;;, can be expressed as Equation (3). For visible and
near-infrared light, v < wp, Equation (3) is often simplified to:
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The dispersion curve of the propagating SPP can be obtained by inserting Equation (8)
in Equation (7), yielding Figure 3. SPPs behave like free-space photons at low frequencies,
but their dispersion curves move increasingly to the right of the light line as frequency
increases. Atwy, = wp/+/2, Kspp reaches an asymptotic limit. SPPs have greater momentum
than incident light at the same frequency, so the dispersion curve bends to the right of the
light line, which means that SPPs cannot be excited directly by light. A grating or a prism
coupler can be used to increase the momentum of the incident light. Such approaches
compensate the momentum mismatch, allowing light to couple into propagating SPPs
travelling along the metal-dielectric interface.
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Figure 3. Dispersion plot of a propagating SPP showing the problem of momentum mismatch
between illuminating light (blue line) and the SPP (orange curve). It is necessary to overcome
momentum mismatch in order to couple the incident light to the SPP, because the SPP is on the right
side of the light line, having higher momentum (Kjpp) than a free space photon (ko) of the same
frequency. In order to provide additional momentum, one can use evanescent wave coupling in total
internal reflection from a prism, k = kon sin a (red line).

Figure 4a sketches the real part of the normal electric field profile of the single-interface
SPP on a metal of relative permittivity ¢, bound by a dielectric of relative permittivity
£41 [47]. The field is observed to peak at the interface and decay exponentially on each
side. A single-interface SPP propagates along the surface until its energy is dissipated via
absorption in the metal or scattered. This leads to a propagation length typically of the
order of 10 to 100 um at visible and near-infrared wavelengths. The metals most useful to
support SPPs over this wavelength range are Al and Ag, with Au and Cu being limited
primarily to the near-infrared [55,56].
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Figure 4. Sketch of 1D normal electric field profiles (real part), Re{E,(z)}, for (a) the single-interface
SPP, and (b) two coupled SPP modes on a thin metal film, a; and s;. The propagation direction may
be taken along the y axis.
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Figure 4b illustrates a metal slab of finite thickness bound by dielectrics on both sides.
The SPPs supported by the top and bottom interfaces couple through the metal to become
coupled modes (supermodes). They are described by symmetric (s,) or asymmetric (a;,)
transverse electric field profiles, as sketched in Figure 4b.

An interesting condition that occurs for the modes on the metal slab if the permittivity
of the bounding dielectrics is lossless (lower-cladding and upper-cladding) is that they
are equal (e57 = £4p) [44]. The attenuation of the symmetric mode drops as the metal
thickness decreases and as the fields therein are expelled. Conversely, the attenuation of
the asymmetric mode increases as the metal thickness decreases because confinement to
the metal increases. On a thin metal slab, the symmetric mode is termed the long-range
surface plasmon polariton (LRSPP) as they have a lower attenuation (10x to 100 x lower)
than the asymmetric mode and the corresponding single-interface SPP. A lower attenuation
allows for longer optical interaction lengths with the analyte in sensor applications.

The metal slab sketched in Figure 4b can be limited to a width w, forming a metal
stripe, as depicted in Figure 5, which introduces lateral (horizontal) confinement. This
limitation dramatically changes the modal solutions, adding modes to the system that are
symmetric or asymmetric about the z-axis. This leads to four fundamental modes, including
one that is symmetric about both the x and z axes, referred to as the ss;J mode [57]. If the
permittivity of the lower cladding equals that of the upper cladding, the ssz mode exhibits
vanishing attenuation as the metal stripe vanishes (w, t — 0) and is referred to as the LRSPP
mode of the metal stripe waveguide [57]. Furthermore, the symmetric LRSPP profile is
amenable to efficient end-fire excitation by an incident Gaussian beam or by butt-coupling
to an optical fibre [44]. The metal stripe waveguide enables integrated optical structures
such as straight waveguides, bends, splitters, and Mach-Zehnder interferometers, useful
for sensing applications [58-60].

Figure 5. Metal stripe of thickness t and width w bound by dielectrics. The substrate and cladding are
generally not the same, but £4; = ¢, is required for LRSPP propagation. The propagation direction
is along the y axis.

The lateral confinement changes the modal solutions dramatically, and modal analysis
requires the use of numerical methods. Numerical methods for modal calculations include
the method of lines (MoL) [61,62], the finite element method (FEM) [62], or the finite
difference method (FDM) [63].

For the waveguide structures shown in Figures 4 and 5, the SPP mode propagates
along y following an e~ ¥ dependence, where v = a + jKp) is the complex propagation
constant, Ky is the phase constant, and « is the attenuation constant (e*f“’ t time harmonic
form implied). The mode power attenuation (MPA) [dB/m], computed from «, is [46]:

MPA = 20« log;, e )
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The mode power is reduced by a factor of 1/e at a distance from the launch point
defined as the propagation length of the mode (L) [46]:

1

Le=—
¢ 2

(10)

2.3. Excitation of Surface Plasmon Polaritons

To excite SPPs, both energy and momentum (phase matching) conservation must be
fulfilled. Phase matching requires that the propagation constant of the input light (k = w/c)
be equal to the phase constant of the SPP (Kpp). Figure 3 shows that Ky, is always larger
than k for single-interface SPPs, so the direct excitation of SPPs by light is not possible.

The most common technique to excite single-interface SPPs is via prism coupling,
where the attenuated total reflection (ATR) condition is indicative of SPP excitation at
the metal dielectric interface. The Otto configuration, sketched in Figure 6a, is one prism-
coupling method used to excite SPPs [64,65], where a dielectric gap exists between the prism
and the metal surface. The Kretschmann-Raether configuration, sketched in Figure 6b,
is another technique for exciting SPPs, and is more convenient as the metal film is de-
posited directly onto the base of the prism [66,67]. A prism-coupled system based on the
Kretschmann-Raether configuration is the most common method of exciting SPPs in SPR
sensors [68-70].

High- High-

p-polarized . p-polarized .
index - index :
source Detector — Detector

/ prism , / prism J

). 4 ®w <
v ‘.‘/’

@ 5 (b)

Air \ SPP_ Metal \

Metal Air or Water SPP
Figure 6. Excitation of SPPs using (a) Otto and (b) Kretschmann-Raether configurations.

In the Kretschmann geometry, the momentum matching condition for the excitation of
SPPs on the metal film is described as:

27 .
ky = <7>np sin® = Re{Kspp } (11)

where ky is the in-plane wavenumber of the incident light at incident angle 6 that can
couple into SPPs, 11, is the refractive index of the prism, and A is the free-space wavelength.
Prism coupling has been employed extensively to excite SPPs at a metal liquid inter-
face, where SPPs were used to address a large number of biodetection problems, e.g., bulk
refractive index sensing [71], biosensing of pesticides in environmental applications [72],
sensing the effects of toxins on cells [73], sensing involving two parameters [74], biosens-
ing proteins [75], monitoring cellular motion within fibroblast cells [76], detecting E. coli
bacteria [77], detecting pathogens in food [78], and for sensing Bovine Serum Albumin
(BSA) [79], cardiac troponin [80], Benzo[a]pyrene (BaP) [81], and pituitary hormones [82].
LRSPP excitation can be performed either by a prism coupled system based on at-
tenuated total reflection (ATR), or, as discussed in the previous sub-section, in an end-fire
coupling scheme using a TM-polarized Gaussian beam or a polarization-maintaining single
mode fibre (PM-SMF) (butt-coupling) [83,84]. In a prism-coupled system, the incident
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angle can be changed beyond the critical angle and the reflected power is monitored using
a photodetector as shown in Figure 7.

p-polarized source High index prism
'f\x } / - Detector

% 4 ™
N ) ¢

. A 4

Figure 7. Prism coupling technique for exciting LRSPPs; ¢, is the relative permittivity of the prism
(=np?) and g4 is the relative permittivity of the dielectrics bounding the metal, the outer one being
the sensing solution.

The in-plane wavenumber of the incident beam is equal to the wavenumber of the
propagating LRSPP mode at a certain angle, and a drop in the reflected power is ob-
served (similar to the Kretschmann—Raether configuration for single-interface SPPs). In
this configuration, a thin metal slab is bound by two dielectric (insulator) layers, forming
an insulator-metal-insulator (IMI) structure that can support LRSPPs. For sensing applica-
tions, the dielectric layer separating the metal film from the prism should have a relative
permittivity of £4; matching that of the aqueous sensing fluid on the other side of the film.

Another method of exciting SPPs and LRSPPs is with grating couplers. Figure 8 shows
a grating, formed of periodic bumps of period A. Grating couplers are designed and
realized to satisfy momentum conservation:

A = m(Angsp — nesing) (12)

where 7, is the refractive index of the medium of incidence, A is the free-space wavelength,
m (integer) is the order of the grating, 6 is the angle of incidence, and 1,y is the average
effective index of the SPP propagating along the waveguide bearing the grating.

]e
o
=
S

Figure 8. Geometry of a grating coupler for SPPs as a step-in-height metal pattern.
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Figure 8 illustrates a metal grating, but the grating can be patterned in another material
such as a dielectric. Grating couplers operate by scattering incoming light of wavenumber
k at the angle of incidence 6 into SPPs of phase constant Kp,. Using Equation (12), the
phase matching condition (momentum conservation) is written:

. 27
Kspp = ksinf + mK (13)

Grating couplers are easy to align and excite but the coupling efficiency is limited due
to the nature of the structure. This approach has been applied to metal stripes embedded
in Cytop [85], and to metal stripes on a truncated photonic crystal [43,86]. As an alternative
to raised metal bumps, nanoholes can be milled into the metal film and used for similar
purposes, or support resonances therein [87,88].

As mentioned previously, end-fire coupling is a particularly apt scheme for exciting
LRSPPs on the metal stripe waveguide (cf. Figure 5) because the mode fields of the LRSPP,
Figure 5, overlap very well with those of a PM-SMF or with an incident Gaussian beam [44].
In such an excitation scheme, the coupling efficiency can be obtained by estimating the
overlap factor C of the LRSPP mode with the source field:

JJ Ex-EZ, dA
VS EaEzy dA) (ff BB, dA)
which is computed from the spatial distribution of the main transverse electric field compo-
nent of the LRSPP, E.;, and of the source field, E.>. The mode power coupling efficiency is

given by |C |2 if there is no discontinuity in the materials at the coupling plane. The mode
power coupling loss (Cp) is expressed in dB:

C= (14)

Cp = -20 logy,|C| (15)

Butt coupling to a PM-SMF can produce coupling efficiencies to LRSPPs on a metal
stripe greater than 90%, and has been heavily used to excite biosensors based on such
waveguides [20].

2.4. Bloch Long-Range Surface Plasmon Polaritons (Bloch LRSPPs)

In biosensing applications based on metal stripe waveguides (Figure 5), the lower
cladding material must be selected in such a way that its refractive index is close to that
of the sensing fluid, which also acts as the upper cladding. This is needed to ensure that
the LRSPP is supported, because a symmetric dielectric environment is required near the
metal stripe, and to ensure that any microfluidic channels etched into the cladding to
define the sensing region are non-invasive optically once they are filled with sensing fluid.
Sensing fluids in biosensors are generally aqueous, e.g., high-purity buffer-carrying analyte,
or a patient sample such as urine or blood diluted in the buffer. The material used for
the cladding should have a refractive index close to that of water, e.g., Cytop [20,89] or
Teflon [90].

An alternative approach consists of using a truncated one-dimensional photonic crystal
(1DPC) as a substrate [43]. This approach has the advantage of material flexibility because
several inorganic materials can be used to implement the stack. A 1IDPC can be used as a
lower cladding because it can be designed to mimic the optical properties of the medium
on the other side of the metal stripe or slab over a range of wavenumber and wavelength.
A mode supported in this structure is termed a Bloch LRSPP.

Figure 9a shows such a structure. The 1DPC is formed on a Si substrate and covered
by an optically semi-infinite Cytop layer or by the sensing medium. The 1DPC depicted
was formed as a 5iO, /Ta,Os multilayer stack, designed to tailor the field decay into the
stack and minimize losses from light tunnelling into the Si substrate [43].
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Figure 9. (a) Au stripe on a truncated 1DPC covered by Cytop, supporting Bloch LRSPPs. (b) Profiles
of the squared magnitude of the perpendicular electric field of the LRSPP on a Au stripe buried in
Cytop (left panels), and of the Bloch LRSPP on a Au stripe on a truncated 1DPC covered in Cytop
(right panels). Reprinted with permission from [43]. Copyright 2017 American Chemical Society.

The distribution of the squared magnitude of the perpendicular electric field compo-
nent of the LRSPP in the corresponding Cytop embedded structure is shown on the left
panels of Figure 9b, and of the Bloch LRSPP on the truncated 1DPC on the right panels of
Figure 9b. The field distributions extend similarly into the claddings, with the exception
that the Bloch LRSPP has an oscillatory character as it decays into the IDPC. Both modes
present essentially the same surface sensitivities as they overlap similarly with a thin
adlayer on the metal stripe [91,92].

Figure 10 illustrates schematically an excitation scheme for Bloch LRSPPs consisting of
exciting an Au grating coupler on a Au stripe with a p-polarized Gaussian beam launched
using an aligned PM-SMF. Such an excitation scheme has the advantage of not requiring
a high-quality input facet as well as simpler optical alignments in comparison to butt-
coupling. However, typically, the coupling efficiency is lower than end-fire coupling in
such a scheme. The grating consists of rectangular ridges of width W and height H defined
over the period A. The grating was modeled with the 2D FEM in the frequency domain
using commercial software, and the coupling efficiency was calculated by computing the
power carried by the Bloch LRSPP and normalising it to the incident power, as described
in [93]. A coupling efficiency of 16% was deduced at Ay = 1310 nm over about 70 nm of
optical bandwidth [43].

2.5. Optical Interrogation of Surface Plasmon Biosensors

Four primary optical interrogation methods can be applied to a surface plasmon
sensor [94], depending in part on the excitation scheme used—prism, grating, or end-fire
coupling. Firstly, phase interrogation, where a phase shift in the collected light is measured
indicating a change in refractive index, with the wavelength and excitation conditions
remaining constant—this scheme must be incorporated into an interferometer to convert
phase changes to changes in intensity. Secondly, angular interrogation, where a single wave-
length (monochromatic) laser is used and the shift in angle of SPP coupling is measured
indicating refractive index changes—this scheme, commonly termed SPR, requires a prism
or grating, and, fundamentally, also interrogates phase, albeit by varying the coupling
conditions. Thirdly, spectral interrogation uses a broadband source with a spectrograph
or a tunable laser with a power sensor, measuring a shift in the resonant or coupling
wavelength in reflection or transmission to examine the change in refractive index—this
scheme is broadly applicable using prism, grating, or end-fire coupling. Fourthly, intensity
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Figure 10. Isometric sketch of a metal stripe waveguide with a grating coupler on a 1DPC, illustrating
an excitation arrangement involving a polarisation-maintaining single-mode fibre. Reprinted with
permission from [43]. Copyright 2017 American Chemical Society.

Structures for sensing applications can be characterized by the surface sensitivity,
the bulk sensitivity, and the figure of merit (FOM). The bulk sensitivity is defined as a
change in measurand, e.g., a coupling or resonant wavelength A, vs. the change in the
refractive of the bounding medium (e.g., 0Aes/9n). By changing the refractive index of
the bounding medium from a nominal value to another, step by step, one can determine
the bulk sensitivity.

The metal surface in a biosensor is functionalized chemically with a receptor chemistry
to react selectively with the target analyte, which is in contact with the sensing solution, also
operating as the optical bounding medium (cladding). As analyte binds to the receptors, an
adlayer of refractive index higher than the sensing solution forms, causing the measurand
to change. The surface sensitivity is defined as the change in measurand, e.g., a resonance
wavelength A, as a function of adlayer thickness a forming at the metallic/solution
interface (e.g., OAres /0a).

Conventional SPR biosensors based on the Kretschmann-Raether configuration use a
glass prism to excite SPPs. An immobilized bio-recognition element is coated on the metal
surface as shown in Figure 11. Plasmon excitation occurs at a specific angle, termed the
SPR angle. At this angle, the incident light is coupled to SPPs, which leads to a decrease
in the intensity of the reflected beam. The refractive index of the sensing solution and the
presence of an adlayer at the metal/solution interface determine the SPR angle. Biochemical
reactions change the thickness of the adlayer, which changes the SPR angle required to
maintain excitation of SPPs. Changing the refractive index of the dielectric medium on
the other side of the metal film, or forming an adlayer thereon, will result in significant
changes in the SPP coupling angle (Equation (11), as Ksp), is altered). Plotting the intensity
vs. the incidence angle over time produces a sensorgram from which binding kinetics
can be extracted by tracking features in the angular response, such as the coupling angle
(minimum reflected intensity), as shown on the left panel of Figure 11 [68,69].
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Figure 11. Schematic illustrating the SPR immunoassay technique. Adapted with permission
from [69]. Copyright 2007 Elsevier.

Wavelength interrogation is also possible, where the excitation of SPPs is manifested
by the appearance of a dip in the reflectance spectrum at a fixed angle of incidence. The
full width at half-maximum (FWHM) of such a dip is typically ~50 nm [70]. The reflected
field near the dip also undergoes a phase change. SPR biosensors conventionally exploit
single-interface SPPs, which have a high attenuation and broad resonance conditions.

3. Electrochemical Surface Plasmon Sensors

A recent trend in (bio)chemical sensors is to combine electrochemical techniques
with surface plasmon sensors. Such a merger is natural because both techniques exploit
reactions occurring on a metal surface, often Au due to its inertness, in both types of
system. In such systems, surface plasmons can be used to probe the electrochemical double
layer or to influence electrochemical reactions by involving energetic carriers that are
naturally generated in the working electrode as surface plasmons are absorbed therein. For
instance, electrochemical surface plasmon resonance (EC-SPR) probes faradaic processes
by monitoring the change in refractive index that happens with the change in redox state
at the electrode surface in electrochemical Kretschmann SPR systems [95]. EC-SPR is an
important application of SPR to study local electrochemical reactions on the surface of
the electrode. We briefly discuss cyclic voltammetry before reviewing the literature on
such systems.

3.1. Cyclic Voltammetry

Cyclic voltammetry (CV) is an electrochemical technique that probes the reduction
and oxidation reactions of a redox species [96]. Figure 12 shows cyclic voltammograms
resulting from the application of this technique [97]. Here, the x-axis corresponds to the
potential applied to the system (V), and the y-axis represents the response (measurand),
which is the resulting current (C). CV data are commonly reported using two conventions,
but the sign convention used to obtain and plot the data is rarely stated. As shown in
Figure 12, the potential axis clarifies the convention.
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Figure 12. Schematic voltammograms. To report CV data, US and IUPAC conventions are commonly
used. The data reported in the two conventions appear rotated by 180°. Reprinted with permission
from [97]. Copyright 2018 American Chemical Society.

During a CV experiment, the potential is varied linearly at a rate of a few millivolts
per second. This parameter is called the scan rate and it is one of the most important
parameters in cyclic voltammetry. Figure 13a shows the relation between time and applied
potential, with the potential plotted on the x-axis, commensurate with the corresponding
voltage voltammogram of Figure 13b. In Figure 13a, the potential is swept in the positive
direction during the forward scan, from the initial potential E; to the switching potential
E,, forming the anodic portion of the trace. The scan direction is then reversed in such a
way that the potential is swept in the negative direction to E;, forming the cathodic portion
of the trace.
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Figure 13. (a) Applied potential vs. time in a cyclic voltammetry experiment, with the starting,
switching, and ending potentials identified. (b) Voltammogram of a reversible reaction (IUPAC
convention). Reprinted with permission from [97]. Copyright 2018 American Chemical Society.

The Nernst equation holds at equilibrium between the oxidized and reduced species [97]:
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The Nernst equation relates the relative concentrations of the oxidized and reduced
species in the system at equilibrium to the standard potential of the redox species (E")and
the potential of the electrochemical cell (E). [Red] and [Ox] are the concentration of the
reduced and oxidized species, T is the temperature, R is the universal gas constant, F is
Faraday’s constant, and 7 is the number of electrons transferred in the reaction.

The formal potential is specific to the experimental conditions and is often determined
by Ej, the average of potentials f and ¢ on Figure 13b. The Nernst equation predicts how
a system will respond to a change in concentration of the redox species or a change in
electrode potential. For E = E” = E;», the Nernst equation predicts that the oxidized species
will be reduced until the concentration of the oxidized and reduced species are equal at
equilibrium. The concentration of the species near the electrode changes following the
Nernst equation as the potential is varied during a CV experiment.

Reduction locally at the electrode occurs when a solution of oxidized species is scanned
to negative potentials (cathodic direction) from the rightmost point in Figure 13b, resulting
in a current and in depletion of the oxidized species at the electrode surface. At potential f
shown on Figure 13b, where the maximum cathodic current (i,) is observed, the current is
limited by the diffusion of additional oxidized species from the bulk solution. During the
scan, the diffusion layer continues to grow at the surface of the electrode containing the
reduced species. As a result, mass transport of the oxidized species slows. Therefore, upon
scanning to more negative potentials, the diffusion of oxidized species from the bulk to the
electrode surface slows, thereby decreasing the current.

When the minimum potential is reached, the scanning direction is reversed to scan the
potential in the positive (anodic) direction. At the electrode surface, the concentration of
reduced species then decreases while the concentration of oxidized species increases, satis-
fying the Nernst equation. Following the Nernst equation, at E = E1», the concentrations
of reduced and oxidized species at the electrode’s surface are equal. These concentrations
occur at the two points corresponding to the potential between the two peaks, oxidation—c
and reduction—f, from which E is estimated for a reversible 1-electron transfer reaction.
The two peaks are separated (not coincident) due to diffusion of the redox species to and
from the electrode.

When the reaction on the electrode is limited by diffusion, a plot of the peak currents
(anodic or cathodic), ip, vs. the square root of the scan rate (9), satisfies the Randle-Sevcik
equation [83]:

1/2
n F19D> 17

RT

where A is the electrode area, D is the diffusion coefficient, iy is the peak current, ¥ is the
scan rate, and C is the concentration of the redox species.

ip = 0.4463 nFAC<

3.2. Electrochemical Surface Plasmon Resonance (EC-SPR)

An interesting study of SPR to probe electrochemical reactions was reported by
Wang et al. [98]. In this work, EC-SPR led to a new way to measure convolution voltam-
metry directly without the need for numerical integration of the electrochemical current
response. With convolutional voltammetry, it is possible to determine diffusion constants,
bulk concentrations, and the number of electrons transferred between electroactive species.

In EC-SPR, the output optical signal is proportional to the time convolution of the
electrochemical current density [98]:

1 gt
A6(t) = B(arDg"/? — aoD; /) (nFr?) / i) (=) 2 ar (18)
0

where A8 = 0(t) — 6p measures the changes in SPR resonance (coupling) angle.
0y = B(agCg + aR C% ) is the SPR angle at t = 0 and Dy and Dy are the diffusion coef-
ficients of the redox species. The constant B is the bulk sensitivity given by the change in
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SPR angle relative to the change in the bulk refractive index, and can be determined for a
particular SPR system and redox species.

The experiments reported used a prism-based SPR imaging setup as illustrated in
Figure 14A. This experiment utilized a BK7 prism and a red collimated LED (wavelength
670 nm) as the light source, with a high-speed CCD camera for detection. An Au-coated
microscope slide was used as the SPR sensing surface, placed on the prism using intervening
index matching fluid. A Pt wire counter electrode and a Ag/AgCl reference electrode were
inserted into the electrolyte through an opening in the electrochemical cell.

e CE
A —=® RE

sa —— Ly \
Gold coated slide —»

P-polarized light

Figure 14. (A) Sketch of the SPR setup. (B) SPR images in 11.78 mM Ru (NH3)2Jr dissolved in
phosphate buffer (0.5 M pH 7), at potentials of —0.1 and —0.3 V (vs. Ag/AgCl), and their difference.
The Au (bare) and SAM-coated regions used for data extraction and processing are highlighted by
yellow squares. Reprinted with permission from [98]. Copyright 2010 American Chemical Society.

In Figure 15A, the cyclic voltammograms are plotted for three scan rates, 0.01, 0.1, and
1.0 V/s, indicating that the peak current increases by 10x when the scan rate is increased
from 0.01 to 1.0 V/s. The SPR voltammograms recorded simultaneously at different
scan rates, plotted in Figure 15B, show that the SPR response is not strongly dependent
on the scan rate, as expected from the theory (c¢f. Equation (18)). Figure 15C plots the
computed SPR voltammograms using the measured current responses of Figure 15A,
yielding reasonable agreement with the directly measured SPR voltammograms plotted in
Figure 15B.

Another study involving EC-SPR investigated how electrochemical reactions affect
the metal/liquid interface to shift the reflection minimum. A prism coated with a Ag film
was used in an EC-SPR configuration with halide and perchlorate electrolytes to probe
optically the electrochemical reactions [99]. As the electrode potential becomes increasingly
positive, the resonance shifts to a smaller wavevector at a fixed wavelength, as shown in
Figure 16. Changes in ion adsorption, in the optical properties of the ionic double layer,
and in electron density at the metal surface are some of the factors contributing to this shift.
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Figure 15. (A) Measured current voltammograms. (B) Measured SPR voltammograms. (C) SPR
voltammograms calculated using Equation (18) and the results of panel (A) as inputs. The electrolyte
was 3 mM Ru (NH3)2+ in phosphate buffer and the electrode/SPR surface was bare gold. Reprinted
with permission from [98]. Copyright 2010 American Chemical Society.
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Figure 16. Shift in SPR peak position and width vs. potential for a silver coated prism in 0.1 M NaF
and 0.1 M NaClOy. The shifts are relative to the position and width at —0.76 V [99]. Reprinted with
permission from [99]. Copyright 1980 Elsevier.

EC-SPR was also demonstrated to be a highly effective tool for detecting and mea-
suring intermediates, and it is being explored as a potential tool for studying reaction
kinetics [100-102]. The semiquinone radical anion BQ™ was detected in the hydroquinone-
benzoquinone ion system by producing a large negative shift in a flow-through EC-SPR
system, as shown in Figure 17 [100]. This study shows that flow-through EC-SPR can be
used to monitor chemical reactions in solution in addition to surface interactions.

During potentiostatic oxydoreduction, an EC-SPR biosensor with an absorptive redox
mediator film, was used to detect reversible refractive index changes in the film [101].
Using the organic dye Methylene Blue (MB) as an electroactive label, this work examined
the theoretical and experimental foundations of EC-SPR sensing. Electrochemical influence
on the SPR response is dependent on the local MB concentration and can be used to design
highly selective and sensitive biosensing systems [101].

3.3. Energetic (Hot) Charge Carriers in EC-SPR

Energetic (hot) charge carriers refer to either photoexcited holes or electrons that exist
in non-equilibrium high-kinetic-energy states in photoactive materials, e.g., metals and
semiconductors, after being exposed to photons [103,104]. Photoexcited, non-equilibrium
hot carriers in metallic structures could lead to bandgap-free photodetection and selective
photocatalysis [105]. However, hot carrier devices must be significantly improved to meet
practical application requirements. A promising pathway to increase the efficiency of these
systems is to involve the excitation of SPPs [105].

The energy in an SPP is dissipated as free-space radiation (radiative loss) through scat-
tering, or as absorption (nonradiative decay) in the metal. The absorption of SPPs produces
energetic carriers—electrons and holes—in the metal that are not in thermal equilibrium
with the lattice. These non-equilibrium hot carriers enable energy-harvesting applications
in photovoltaics, photodetection, photon up-conversion, and photocatalysis [103-108].
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Figure 17. (Left panel): Top-view sketch of a Au-coated sensing chip with two flow channels
connected in a U-shape and the electrodes. The width, height and length of each channel are,
respectively, 2.0, 0.5, and 5 mm. The working electrode (WE) is connected to the sensing chip by
a contact pin. The counter electrode (CE) and reference electrode (RE) are in the flow channel
at the locations indicated. The solution is injected into the cell via channel 1 and emerges from
channel 2. Position 1 is on the WE, and positions 2 and 3 are downstream. It takes 0.1 and 5 s for
the solution to flow from position 1 to positions 2 and 3, for a flow rate of 100 pL/min. (Right
panel): Characterization of BQ®*~ by CV-SPR at positions 1, 2, and 3. (a) Current of the HQ-BQ and
of the solvent (0.1 M BuyNPF; in acetonitrile), and of HQ-BQ over a non-reactive potential window.
(b) SPR signal of the HQ-BQ and of the solvent (0.1 M BuyNPF; in acetonitrile), and of HQ-BQ in
a non-reactive potential window at position 1. (c) SPR signal of the HQ-BQ at position 2. (d) SPR
signal of the HQ-BQ at position 3. Flow rate: 100 pL./min. Potential scan rate: 0.1 V/s. Reprinted
with permission from [100]. Copyright 2010 Elsevier.

Recent attention has focused on studying energetic carriers created from SPP ab-
sorption and their role in electrochemical reactions [30]. Plasmonic electrocatalysis could
improve the efficiency of chemical processes, or could enable reaction pathways that are not
accessible or difficult to access thermally. However, the details of hot carrier transfer in pho-
tochemical processes are nebulous, specifically in processes where hot holes are involved.
Using photoelectrochemistry, hot holes and hot electrons can be localized on photoan-
odes and photocathodes, allowing the investigation of hole-transfer and electron-transfer
dynamics in oxidation and reduction reactions separately.

Electrodes in electrochemical setups are classified as anodes on which oxidation
reactions occur, and as cathodes on which reduction reactions occur, both of which can
be used as plasmonic photoelectrodes. The working principles and structures used for
photoanodes (metal or metal/n-type semiconductor) and photocathodes (metal or metal /p-
type semiconductor) are briefly discussed given their prevalence in the literature [106,107].

Heterostructures as a metal on an n-type semiconductor have been extensively investi-
gated as photoanodes in plasmonic photocatalysis. The Fermi level is near the conduction
band in an n-type semiconductor. When semiconductors come into contact with metals,
they donate electrons to the metal to equalize Fermi levels. An upward band bending
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occurs at metal /semiconductor interface (called a “Schottky barrier”). When hot electrons
created in the metal have sufficient energy, they can overcome the Schottky barrier to reach
the conduction band of the semiconductor, as depicted in Figure 18a [106]. However, due
to upward band bending, they are rapidly swept from the interface into the semiconductor.
Such heterostructures are useful as a means of extending the lifetime of energetic electrons,
which is longer in a semiconductor than in a metal. Electrons are then carried by the
external circuit to the counter electrode, as shown in Figure 18a, where they participate in
reduction reactions, e.g., H,O reduction. Hot holes on the metal surface drive oxidation
reactions, e.g., H,O oxidation, as shown in Figure 18a, producing an anodic photocurrent
on the working electrode.
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Figure 18. Plasmonic metal /n-type semiconductor photoanode working electrode for redox of water.
(a) Energy band diagram of a Au/TiO; photoanode. Absorption of visible light in Au generates
energetic electron-hole pairs therein. Hot electrons emitted from Au into TiO, enable water reduction
on the counter electrode (acting as cathode), and hot holes in Au are extracted by a Co-based oxygen
evolution catalyst (Co-OEC) on Au to enable water oxidation. Current vs. time for Au/TiO; (b) with
Co-OEC, and (c) without Co-OEC. Reprinted with permission from [106]. Copyright 2012 American
Chemical Society.

Plasmonic photocathodes, which consist of a heterostructures formed of a metal on a
p-type semiconductor, as sketched in Figure 19a, have also been reported [107]. Plasmon-
generated hot electrons are extracted from the metal to drive reduction reactions thereon,
but plasmon-generated hot holes in the metal are captured by the p-type semiconductors.
Theoretically, photoexcited holes above the interband edge in Au are considerably hotter
than their photoexcited electron counterparts, which suggests a greater collection efficiency
for hot holes compared to hot electrons, given similar Schottky barriers. However, due
to the comparatively short mean free path of hot holes in a metal and the lack of p-type
semiconductors with wide bandgaps, harvesting hot holes from plasmonic metals is a
challenge. p-GaN has recently been used as the semiconductor in plasmonic photocath-
odes, as sketched in Figure 19a. In Au/p-GaN heterostructures, excited holes in the Au
nanoparticles transfer into the valence band of p-GaN. During plasmon-driven CO, reduc-
tion, electrons trapped in the Au nanoparticles contribute to the cathodic photocurrent, as
shown in Figure 19b.
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Figure 19. Plasmonic photocathode comprised of a metal on a p-type semiconductor and reduction of
CO;. (a) Energy band diagram of a Au/p-GaN photocathode, illustrating the conduction band edge
Ecp, the valence band edge Ey, the Fermi level energy Er, the bandgap energy E¢ and the Schottky
barrier potential ¢ p. Plasmon absorption creates hot electrons (red) and hot holes (blue) above and
below Ef, respectively. Hot holes with energies larger than e¢p can overcome the Schottky barrier
to populate available valence band levels in p-GaN. (b) Linear sweep voltammetry of Au/p-GaN
(red) and bare p-GaN (blue) photocathodes. Reprinted with permission from [107]. Copyright 2018
American Chemical Society.

Creating energetic carriers through SPP absorption on metals increases the local
temperature and heat diffuses into the adjacent reaction volume. Due to the temperature
dependence of electrochemical reactions, isolating the roles of temperature and energetic
carriers is essential to provide an understanding of results [108-113].

An analytical and experimental investigation of thermal effects on the electrochemical
response of working electrodes bearing plasmonic nanostructures was reported in [113].
The time-dependent temperature profiles near illuminated electrodes was computed by
considering heat flow via conduction, away from the interface between a planar electrode
and the solution, yielding expressions for the temperature distribution in the system, for
the corresponding increase in electrochemical reaction rate due to enhanced diffusion [113].

Figure 20 gives the distribution of velocity (left) and temperature (right) near a cylindri-
cal glassy carbon electrode embedded in an insulating sheath dipped in an electrochemical
cell filled with an electrolyte, assuming an input power of 10 Wem 2 dissipated by the
electrode over 10 s [113]. Heating the electrode surface produces significant solution flow
in the vertical direction along the electrode surface and away from its end. Such convection
has the effect of lowering the temperature at the electrode surface by a factor of ~2, serving
as a mechanism for transferring heat away from the electrode surface.

Increasing local temperatures affects electrochemical reaction rates through enhance-
ments in mass transfer due to convection and by altering the diffusion coefficients of the
redox species. Furthermore, heterogeneous electron transfer rates and redox potentials
are temperature dependent. As predicted by the theoretical analyses of heat transfer by
conduction and convection, optical absorption on electrodes would produce a temperature
increase resulting in solution flow. The enhancement of mass transfer alone would produce
significant current increases in any electrochemical reaction in the system concerned.

Models of diffusion, convection, and mass transport predict that redox currents in-
crease approximately linearly with heating power rather than exponentially (as might be
expected from the Arrhenius law), and that the current rises due to convection within 10 s
of heating (e.g., [113]). Thus, temperature trends are not evident, implying that electro-
chemical cells should be stabilized and electrode temperatures monitored. Furthermore,
independent thermal control experiments should be carried out and optical parameters
other than intensity should be varied to isolate the effects of energetic carriers from those
due to temperature.
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Figure 20. (Top left): velocity and (top right): temperature distributions of the electrolyte near
a glassy carbon electrode (1.5 mm radius) embedded in an insulating sheath (white rectangle) in
an electrochemical cell, obtained via FEM modelling of heat transfer including conduction and
convection in electrolyte for 10 Wem 2 heat input at the surface. The magnitude of the velocity and
the temperature are shown on their respective color bars 10 s after the onset of heating. The (bottom
panels) give the corresponding vertical distributions of the z-component of the velocity, v,, and of
the temperature. The red curve on the bottom right panel gives the temperature profile computed
using a simple 1D model neglecting convection. Reprinted with permission from [113]. Copyright
2019 American Chemical Society.

Most plasmonic catalysis research has involved arrangements of colloidal Au nanopar-
ticles excited by visible light. This scenario, however, poses certain challenges. The
temperature near nanoparticles can be difficult to measure or predict due to collective
effects [110], and carriers excited at visible photon energies above the interband threshold
of Au (hv~2 eV) have short lifetimes due to electron-electron scattering at high carrier
energies [114]. Nanoparticles arranged lithographically on a substrate can alleviate the
former challenge—-for instance, arrangements supporting surface lattice resonances [115],
which can also be used in catalysis [116].

Alternatively, electrochemistry can be carried out with lithographically-defined and
evaporated Au microelectrodes on a substrate [117-119], provided the electrodes are an-
nealed prior to use [117]. Such electrodes were shaped as a stripe and used simultane-
ously as a surface plasmon waveguide supporting Bloch LRSPPs at infrared wavelengths
excited by grating couplers, as sketched in Figure 21 [43,118,119]. The use of infrared
wavelengths ensures that energetic carriers created in the stripe by LRSPP absorption
are long lived. Counter electrodes can also be defined on chip, enabling an integrated
plasmonic/electrochemical sensing chip.

The chip bearing an Au stripe waveguide also serving as a working electrode and
a Pt counter electrode was integrated into a three-electrode electrochemical cell using
an external reference electrode, and cyclic voltammograms were obtained while varying
the incident optical power and wavelength, as shown in Figure 22A [118]. By studying
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oxidation and reduction reactions separately, energetic hole processes were separated from
energetic electron processes. Excitation of LRSPPs increased the redox current density by
10, as shown in Figure 22A. The reduction, oxidation, and equilibrium potentials dropped
by about 2%, and they split following the photon energy beyond a clearly observed thresh-
old with SPP power, as shown in Figure 22C. Electrochemical impedance spectroscopy
measurements showed that under LRSPP excitation, the charge transfer resistance was
reduced by a factor of almost 2. During LRSPP excitation, the working electrode tempera-
ture was monitored in situ and in real time. Chronoamperometry measurements obtained
as the LRSPPs are on-off modulated at 600 Hz to yield a current response modulated at
the same frequency, which excludes thermally-enhanced mass transfer. The opening of
non-equilibrium redox channels due to the transfer of energetic carriers to the redox species
was invoked to explain these observations [118].

The optical power output from a waveguide working electrode that supports propa-
gating Bloch LRSPPs is proportional to the time-convolution of the electrochemical current
density, which enables real-time convolutional electrochemistry [119]. The optical response
of a waveguide working electrode was formulated theoretically, and then verified exper-
imentally via cyclic voltammetry and chronoamperometry measurements for different
concentrations of potassium ferricyanide in potassium nitrate used as the electrolyte [119].
By increasing the optical power, the LRSPP no longer acts solely as a probe of electrochem-
ical activity, but also as a pump creating hot (energetic) electrons and holes, leading to
significantly enhanced currents in this regime (cf. Figure 22). The output optical power
remains proportional to the time-convolution of the current density in this high-power
regime, even when energetic carriers are responsible for the redox reactions [119].
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Figure 21. Schematic in top view of the sensing chip. The thickness of the Au working electrode (WE,
yellow) and of the Pt counter electrode (CE, gray) is t = 35 nm and their dimensions are: [; =29 um,
I = 2600 pm, I3 = 1850 um, Iy = 250 pm, lpip = 3000 pm, we = 100 pm, w =5 pm, Is = 40 pm. The Bloch
LRSPPs propagating along the WE are excited using an optical beam normally incident on an input
grating coupler. The output grating coupler produces a normally emerging output optical beam that
can be monitored. Reprinted with permission from [119]. Copyright 2022 American Chemical Society.
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Figure 22. Cyclic voltammetry under optical illumination. (A) CV curves obtained at a scan rate of
100 mV/s, on a Au WE in 0.5 mM K3[Fe(CN)] + 100 mM KNOj electrolyte, as the optical power
at Ag = 1350 nm increases (legend—the output power was monitored). The incident optical power
ranged from 0 to 6.3 mW. The black dots plot the reference CV curve (laser off). (B) Redox current
peaks, and (C) potentials vs. output optical power, from CV curves measured at A = 1330, 1350 and
1370 nm. The blue dashed lines on Parts (B,C) plot the linear thermal trends measured independently,
ruling out thermal effects. Reprinted with permission from [118]. Copyright 2022 The Authors,
licensed under a Creative Commons Attribution (CC BY) license.

4. Conclusions

We introduced in a tutorial-like fashion basic electrochemical concepts and concepts
pertaining to SPPs on planar structures, and we reviewed representative literature on their
integration in the same structure. Integration is motivated by the prospect of multimodal
biosensors where the strengths of both techniques can be leveraged. Other motivating
factors include the use of SPPs to probe electrochemical activity, leading naturally to real-
time convolutional voltammetry by monitoring the output optical signal, or the use of SPPs
as a “pump” affecting electrochemical reactions. Pumping occurs through SPP absorption
in the working electrode, leading to the creation of energetic (hot) electrons and holes
that can transfer more readily to the redox species. Enhanced carrier transfer can lead to
enhanced electrochemical currents or may open new redox channels (pathways).

Integration challenges remain on several fronts. For instance, clearly differentiating
thermal effects from the effects of energetic carriers in plasmonic hot carrier electrochem-
istry and developing robust fabrication methods that integrate on-chip sealed microfluidic
channels with optical (plasmonic) working and counter electrodes. Non-trivially, three
types of interface must be simultaneously integrated on-chip: (i) sealed fluidic interfaces to
couple microfluidic channels to external tubing, (ii) optical structures to couple incident
light to plasmonic working electrodes and extract output light therefrom, and (iii) inte-

176



Chemosensors 2023, 11, 196

grating isolated electrical contacts to connect to working and counter electrodes. These
motivating factors and challenges, and the promise of new and exciting applications, are
driving a vigorous global expansion of the field of surface plasmon electrochemistry.
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