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Halogenated organic compounds are ubiquitous in water bodies due to anthropogenic activities and some of
them pose a real threat to the aquatic environment and human health. That is the case of artificial sweeteners
such as sucralose and haloacetic acid disinfection byproducts such as trichloroacetic acid (TCA), classified as
contaminants of emerging concern. This motivates the search for rapid, cost-effective and easy-to-use analytical
tools that could be deployed to facilitate the analysis of organohalide pollutants and aid in accurately monitoring
water quality. This work explores the rapid detection of sucralose and TCA using a very simple miniaturized
sample-to-result integrated electrochemical sensor. The device incorporates a screen-printed three-electrode
electrochemical cell (SPE) where the working electrode is made of a nanocomposite of Ag nanoparticles and
porous C (Ag/C). The material is prepared from bread waste, in an attempt to add value to one of the largest
fractions of food leftovers and thus contribute to the sustainable circular economy. The electrochemical process
behind the sensor analytical performance is initially evaluated using free Cl~ ions in solution and then, the sensor
is used to analyze the mentioned target analytes. A paper disk integrated over the electrode area and loaded with
the reagents required for the sample conditioning makes the analysis straightforward. The sensor thus produced
can be inserted in a highly compact low-power instrument connected to a mobile phone, making an easy-to-use
device suitable for on-site analytical studies.

1. Introduction

Organohalides are ubiquitous chemical species that have been
recognized as pollutants or indicators of a variety of contamination
events produced in the environment [1]. Among them, sucralose is a
chlorinated carbohydrate that has been widely added as a sugar sub-
stitute to thousands of food products [2]. Despite its widespread use, the
safety of sucralose is still controversial [3-5]. Sucralose is not easily
metabolized in the human body. Indeed, it travels through the digestive
system and is excreted through urine and feces, going into wastewater
and eventually reaching the municipal wastewater treatment plants
(WWTPs) [2]. Sucralose is very stable and not efficiently removed or
transformed in WWTPs. Owing to its widespread occurrence and
persistence, sucralose is cataloged as an emerging contaminant by the U.
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S. Environmental Protection Agency (EPA) [6], and its monitoring and
control in waters will become necessary. Another relevant organohalide
pollutant is trichloroacetic acid (TCA). It is of big environmental concern
due to its extensive use in agriculture and public health programs [1]. It
is found in industrial wastes and as a byproduct of water chlorination
[7]. TCA may enter aquatic systems via anthropogenic and natural
events, including water overflow, as a degradation product of chlori-
nated solvents or chlorination processes including drinking water pro-
duction and water disinfection of swimming pools [1]. Moreover, TCA
has potential carcinogenic and mutagenic effects [8] that make its
analysis and control in water mandatory.

Chromatography and mass spectrometry detection approaches
currently enable the simultaneous determination of sucralose and TCA
in different water matrices with adequate sensitivity and selectivity, but
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using costly bench-top equipment, and time-consuming derivatization
and extraction processes, implemented in centralized laboratories [6,9].
Up to now, few initiatives have put the focus on developing alternative
analytical platforms that facilitated the rapid and reliable detection of
these hazardous chemicals and could potentially be applied in-field. In
this context, electrochemical detection approaches could be an excellent
alternative thanks to their simplicity, instrument portability, low power
requirements, and safety of operation [1,10,11],. Some nice examples
can be found in the literature [1,9-14]. For instance, Nikolelis et al.
reported an electrochemical sensor for the rapid screening of sucralose
based on surface-stabilized bilayer lipid membranes [14]. Bashami et al.
produced a highly conductive thin film of a composite integrating Ag
nanoparticles (NPs) onto a commercial glassy carbon electrode (GCE)
for the selective electrochemical sensing of TCA [10]. Qian, et al. pre-
pared a voltammetric sensor for TCA using a GCE modified with Au@Ag
nanorods and hemoglobin [11]. However, the major drawback of these
devices is that they cannot be mass-produced because of the multi-step
complex fabrication processes, including the modification of commer-
cial bulky GCEs with specific functional materials.

Here, we describe the fabrication of a sample-to-result miniaturized
electrochemical sensor for the analysis of sucralose and TCA. Ag/C
screen-printed electrodes (Ag/C_SPEs) were prepared from a Ag
nanoparticle-modified carbon nanocomposite whose synthesis process
has been reported in our previous work [15]. This nanocomposite was
produced using bread waste as the source of the carbon component, in
an attempt to revalorizing one of the main food leftovers worldwide by
converting it into a functional material that could also aid in the
decrease of the Ag/C_SPEs fabrication costs. In order to make the sensor
performance as simple and straightforward as possible, we integrated a
filter paper disk loaded with chemical species over the screen-printed
electrode area to enable, upon addition of a small sample volume, the
automatic sample preconditioning and subsequent analyte detection.
This simplified electrochemical sensor configuration combined with a
compact low-power instrumentation connected to a mobile device
makes it very convenient for in-field analytical studies.

2. Experimental section
2.1. Reagents and materials

All chemicals were purchased from Sigma-Aldrich and uses as
received, unless stated otherwise. These include potassium chloride
(KCl, 99+%), sodium hydroxide (NaOH), trichloroacetic acid (99+%,
CI3CCOOH), sucralose (98+%, chemical structure included in the Sup-
porting Information, SI, as Figure S1), 2-butoxyethyl acetate
(CH3COOCH,CH30(CH3)3CH3), potassium nitrate (KNO3, 99.0%) and
ferrocene-methanol (C;1HjoFeO, 97%). Silver nitrate (AgNO3) was
purchased from AppliChem GmbH (Germany). Ortho-phosphoric acid
(85%) was used to prepare a 0.075 M phosphate buffer (PB) solution,
whose pH was adjusted to 6 by adding a certain volume of a KOH so-
lution. 0.5 mm-thick PET sheets (Autostat WP20) were purchased from
MacDermid (UK). WALSRODER™ Nitrocellulose A 500 ISO 30% was
purchased from Dow Wolff Cellulosics GmbH (Germany). Carbon con-
ducting paste ref. C2030519P4 was purchased from Gwent Electronic
Materials, Ltd (UK). Electrodag PF-455B photocurable dielectric and
725A silver pastes were obtained from Henkel (ES). Whatman® mem-
brane nylon filters (pore size 0.45 pm, diam. 47 mm, WHA7404004) and
self-adhesive tape (PPI Adhesive products Ltd, Lot No:375,736) were
used to produce the paper disk. They were patterned using a CO» laser
cutter (Epilog Mini 24, Epilog Laser, United States). Salt-free bread,
containing less than 0.05 wt.% NaCl was bought from a local super-
market. Information about the bread composition is shown in Table S1
(SI). The bread was placed in a cool and dry place for 2 weeks, before
use.
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2.2. Preparation of the electrode functional material

The Ag/C nanocomposite material was prepared following the pro-
cedure reported in our previous work, with slight differences [15]. The
raw materials were scaled up 15 times to obtain enough nanocomposite
material for the screen printing process. In brief, 49 g of bread were
immersed in 200 ml of a 0.1 M AgNOs; water solution and left to
impregnate for about 10 min. Then, the mixture was stirred slightly to
get a slurry-like structure. Next, the mixture was poured into several
evaporating dishes to spread it out and let it dry in a stove (60 °C) for 2
days. Thereafter, the resulting impregnated material was pyrolyzed at
1050 °C in an Ar protective atmosphere for 2 h. Finally, the carbonized
material was ball-milled to obtain a powder with an average particle size
of 12 pym.

2.3. Preparation of the Ag/C ink

The ink was prepared following a formulation previously reported by
our group, the difference being just the Ag/C powdered material [16].
Briefly, this material was mixed with a nitrocellulose binder solution
(15-20 wt.%) prepared in 2-Butoxyethyl acetate. The weight molar ratio
of the Ag/C material to binder is 3:1. Afterward, the mixture was stirred
thoroughly with the assistance of 2.0 mm ZrO, balls until the resulting
paste presented a honey-like texture. The ZrO, balls were used to
enhance the dispersion of the Ag/C powder to avoid agglomeration.
Then, the ink was used to print the working electrode of the Ag/C
screen-printed electrodes.

2.4. Fabrication of screen-printed electrodes

Three-electrode electrochemical cells (Figure S2, SI) were manually
screen printed on PET substrates with a homemade screen-printer ma-
chine [16]. First, silver conducting tracks were printed on the PET
substrate. Then, the commercial C ink was applied to print the
pseudo-reference and auxiliary electrodes. In the next step, the Ag/C ink
was used to print the working electrode. Finally, a dielectric layer was
printed to isolate the conducting silver tracks from the environment, just
leaving uncovered the contact pads and an area around the
three-electrode arrangement. 12 screen- printed electrochemical cells
were printed on the same PET substrate using around 0.4 g Ag/C ma-
terial. 120 of these cells could be printed in one batch with around 6 g
Ag/C material (Figure S2, SI). Then, they were cut into individual units
with the CO; laser cutter (Figure S3, SI). The resulting electrochemical
cell were referred as Ag/C_SPE.

2.5. Fabrication of the miniaturized analytical platform

A 1 cm-diameter paper disk (Whatman® nylon membrane filter,
0.45 um pore size) and a vinyl plastic layer showing a holed structure
(Fig. 1) were cut using the CO; laser cutter [16]. The paper disk was
loaded with phosphate salts. For this, some 20 pl of a 0.075 M PB so-
lution (pH 6) were drop-cast on the disk and left to dry at room tem-
perature (Fig. 1B). Then the modified paper disk was placed covering the
electrode area and was tightly fixed with a vinyl plastic layer (Fig. 1C).
The resulting sample-to-result electrochemical sensor platform was
named after Ag/C_SPE_paper.

The Ag/C_SPE paper was ready to be used and just required the
addition of 20 pl sample volume (Fig. 1D). This device was combined
with a compact low-power minipotentiostat connected to a mobile de-
vice, for potential on-site analytical measurements (Fig. 1E).

2.6. Characterization techniques
The morphological characterization of the composite material was

performed using a scanning electron microscope (SEM, Auriga from Carl
Zeiss) operated at 3 — 10 kV. The Ag/C ratio was estimated by energy
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Fig. 1. Schematics of the process for integrating a filter paper disk with the Ag/C_SPE (A-C) and illustration of the simple use of the resulting Ag/C_SPE_paper (D) and
its coupling to a compact low-power potentiostat connected to a mobile phone for potential deployed measurements (E).

dispersive X-ray spectroscopy (EDS).

Assessment of the electrochemical performance of the Ag/C_SPEs
was initially performed using an Autolab PGSTAT30 potentiostat,
controlled by NOVA v2.0 software (Metrohm Hispania, Spain). Elec-
trochemical measurements of the compact electrochemical device in
solutions of the two target analytes were conducted using the Sensit
Smartphone minipotentiostat (PalmSens BV, Houten, the Netherlands),
which was operated by PStouch software for Android.

All measurements were carried out by cyclic voltammetry (CV) and
square wave voltammetry (SWV) techniques. In order to evaluate the
electrochemical performance of the Ag/C_SPEs, CV measurements were
firstly performed in a 0.1 M KNOj3 solution containing 1 mM ferrocene-
methanol at 100 mV s~ ' scan rate. Next, CV and SWV measurements
were performed for assessing the sensor analytical performance toward
the detection of sucralose and TCA, respectively. The SWV parameters
were 5 mV step, 25 mV amplitude and 20 Hz frequency.

3. Results and discussion
3.1. Microstructural characterization of Ag/C_SPE

Fig. 2 depicts the SEM images of the rough surface of a screen-printed
working electrode made of the Ag/C nanocomposite ink. The surface
morphology is similar to the surface of a commercial carbon (graphite)
screen-printed electrode and the Ag/C material appears to be uniformly
dispersed. The higher magnification SEM image in the secondary elec-
tron mode shown in Fig. 2C reveals the existence of small bright particles
on the surface and within the bulk of the material. The bright contrasting
small particles and the bulk material can be ascribed to the Ag NPs and
the C component, respectively. The size distribution of the Ag NPs is
between 12 nm to 18 nm, estimated with the Image J software

(Figure S4, SI) by carrying out a detailed study of different SEM images.
The Ag to C ratio on the electrode surface is around 10.8 wt.% based on
the EDS analysis (Figure S5, SI).

3.2. Electrochemical evaluation of the Ag/C_SPE performance

In order to evaluate the electrochemical performance of the pro-
duced Ag/C_SPEs, 20 units from the same batch were measured in a 0.1
M KNOj3 solution containing 1 mM ferrocene-methanol reversible elec-
troactive species at a potential scan rate of 100 mVs ™. Fifteen of them
provided comparable signals, showing a peak-to-peak separation (AEp)
and an anodic to cathodic peak current ratio of 187+7 mV and 0.94
+0.02, respectively (Table S2, SI). Thus, the fabrication yield was esti-
mated to be 75%. Figure S6 (SI) shows three examples of the CVs
recorded with the Ag/C_SPEs. Even though the fabrication yield was not
high, this could be increased by optimizing different aspects of the
material synthesis, such as the effective mixing of bread waste and Ag
precursor or the use of an automatic screen-printing machine. Never-
theless, the protocol described above was implemented in the lab to
assess the electrochemical performance of the Ag/C_SPEs and select
those ones that were further used for measuring halide compounds, as
described below.

The CV of the Ag/C_SPE was recorded in 0.075 M PB background
solution (pH = 6) to show the electrochemical redox processes that the
Ag NPs underwent (Fig. 3). The well-defined anodic peak at + 0.27 V
(vs. C pseudo-ref. electrode) could be ascribed to the oxidation of Ag and
the formation of Ag,0 [17-19]. Two other anodic processes are visible
at around +0.15 V and +0.45 V that could be ascribed to the formation
of Ag(OH) and AgO, respectively. The cathodic peak centered at around
—0.15V (vs. C pseudo-ref. electrode) could be related to the reduction of
the Ag oxides and the formation of Ag® species on the electrode surface
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Fig. 2. SEM images of the surface of a Ag/C composite screen-printed electrode
at different magnifications. Inset in (A) is a photograph of the SPE three-
electrode cell. The scale bar is 0.5 cm.
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Fig. 3. Cyclic voltammogram in PB solution (pH = 6.0) using a Ag/C screen-

printed composite electrode at a scan rate of 100 mVs 1. The arrows indicate
the potential scan direction.
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[17-19]. These processes were similar to those observed in the charac-
terization of the Ag/C material using carbon paste electrodes [15].
Although the peak definition could be further improved by finely tuning
the ink composition and screen-printing fabrication process, the elec-
trochemical performance of commercial SPEs is often not as good as that
of the bulky electrode counterparts, such as glassy carbon or pyrolytic
graphite electrodes. This is likely due to the ink composition showing a
low mass percentage of the conductive material (75 wt.% for the Ag/C
conductive material in this work).

Cl™ was initially used as a standard analyte to explore the perfor-
mance of the Ag/C_SPEs for detecting chlorinated species. Fig. 4 shows
the CV signals recorded in Cl™ solutions in a concentration range from
50 uM to 2723 uM. There is an apparent increase in the peak current
recorded at around +0.19 V (vs. C pseudo-ref. electrode) with the in-
crease of Cl™ concentration in solution. This peak was recorded at a
lower overpotential than that related to the oxidation of Ag when no C1~
ions are present in solution (Fig. 3). It could be ascribed to the oxidation
of Ag"' favored by the production of a AgCl precipitate on the AgNP
surface. Also, the peak potential shifted towards more negative values
with the increase of Cl™ concentration as can be expected from the
Nernst equation [20,21]. A calibration curve was constructed and the
corresponding analytical parameters were summarized in Table 1. Two
linear ranges were observed, showing a behavior similar to that of the
Ag/C material tested using carbon paste electrodes and a standard
electrochemical cell [15]. A limit of detection in the low uM range was
estimated. Electrochemical measurements showed a good reproduc-
ibility reflected in the low coefficients variation that were below 5%, for
all the concentrations measured. Then, studies were conducted to
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Fig. 4. (A) Cyclic voltammograms recorded with Ag/C_SPE in PB solutions
containing from 50 pM to 2723 uM Cl~ (the signals from bottom to top corre-
spond to: 0, 50, 74, 100, 149, 199, 297, 395, 491, 682, 917, 1147, 1373, 1639,
1983, 2318 and 2723 uM), scan rate 100 mVs ™. (B) Calibration curve of the
Ag/C_SPE for measurement of Cl~. Each point represents the mean value of
three measurements carried out with three electrochemical sensors from the
same batch, the error bars being the corresponding standard deviation.
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Table 1
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Analytical parameters obtained from the calibration curves for Cl~, sucralose and TCA analysis.

sensor analyte method slope (nA uM 1) intercept (pA) R[2] (n=3) LOD (uM) Linear range (uM)
Ag/C_SPE Cl™ Ccv 3.0+0.1 0.030+0.006 0.991 15.2 50-491
0.50+0.02 1.20+0.02 0.994 - 491-2723
sucralose Ccv 0.20+0.01 1.80+0.01 0.993 145 200-2920
0.030+0.001 2.20+0.01 0.991 - 3850-16,690
TCA SWV 0.300+0.003 0.70+0.01 0.999 19.8 100-5508
Ag/C_SPE_paper sucralose Ccv 0.200-£0.004 0.20+0.01 0.994 240 400-2920
0.070+0.001 0.70+0.02 0.998 - 3850-13,070
TCA SwWv 0.200+0.002 0.300+0.001 0.999 23.8 100-4295

*Limit of detection (LOD) is calculated using the 36 IUPAC criterion.

monitor sucralose and trichloroacetic acid in waters as representative
examples of organochloride water contaminants.

It should be pointed out that these studies and the ones described
below were carried out in the same background electrolyte, that is a
0.075 M PB solution pH 6. Solutions at different pHs were previously
tested [15] but the electrochemical signals recorded at pH 6 showed a
better discrimination between the anodic peak related to the formation
of the AgCl precipitate and the ones ascribed to the production of
different silver oxide species (Fig. 3).

3.3. Electrochemical detection of sucralose and TCA using the Ag/C_SPE

Fig. 5 shows the cyclic voltammograms recorded with Ag/C_SPE in
PB solutions containing increasing concentrations of sucralose. A peak at

64 ..
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Fig. 5. (A) Cyclic voltammograms recorded with Ag/C_SPE in PB solutions
containing from 0 to 16.69 mM sucralose (the signals from bottom to top
correspond to: 0, 0.2, 0.4, 0.99, 1.97, 2.92, 3.85, 4.77, 6.12, 7.42, 9.11, 13.07,
14.92 and 16.69 mM), scan rate 100 mVs L. (B) Zoomed in image of the cyclic
voltammograms shown in (A). (C) Calibration curve of the Ag/C_SPE for
sucralose. Each point represents the mean value of three measurements carried
out with three electrochemical sensors from the same batch, the error bars
being the corresponding standard deviation.

around +0.18 V was recorded, at a value very close to that observed in
the measurements of free Cl~ in solution. This peak may also be related
to the oxidation of Ag favored by the formation of a AgCl precipitate
with Cl™ ions present in solution. The formation of free Cl~ ions may be
produced in solution upon the cleavage of the sucralose C—Cl bonds.
This process appeared to also be catalyzed by the AgNPs, as explained in
detail in a previous publication of our group [15]. Briefly, a two step
process may take place. Initially, the target analyte undergoes a deha-
logenation step via the formation of an attenuated radical intermediate
between the halogenated species and Ag, which rapidly induces the
break of the C—Cl bond and the release of Cl- ions. Then, free CI- ions
adsorb on the AgNP surface, reacting with Ag to form AgCl.

Peak currents increased upon increasing the sucralose concentration
in solution. The corresponding calibration curve was constructed, and
the extracted analytical parameters are gathered in Table 1. The cali-
bration curve also shows two linear ranges and a limit of detection of
145 M was estimated.

The detection of TCA was firstly attempted by CV. The sensor showed
a limited sensitivity and a limit of detection in the mM range (data not
shown). As in a previous report by B. Liu et al. [7], square wave vol-
tammetric (SWV) measurements were attempted aiming at improving
the sensor analytical performance. Figure S7 (SI) shows the SWV signal
recorded with the Ag/C_SPE in 0.075 M PB solution (pH = 6.0). An
anodic peak at around +0.28 V was observed, which can be ascribed to
the oxidation of Ag NPs. This result is in accordance with the CV mea-
surement shown in Fig. 3.

Then, square wave voltammograms were recorded in PB solutions
containing TCA. First, three parameters influencing the SWV response
were optimized. These were the applied conditioning potential and
conditioning potential time together with the initial scan potential
(Figure S8, SI). An anodic peak at around +0.12 V (vs. C pseudo-
reference) was ascribed to the electrocatalytic reaction of TCA with
the electrochemical sensor, while the peak at around +0.28 V corre-
sponds to the direct oxidation of Ag NPs on the electrode surface.
However, the peak related to the detection of the TCA target species was
not observed when the applied conditioning potential was below 0 V
(Figure S8A). As this potential value increased steadily from +0.15 V to
+0.7 V, the recorded peak at +0.12 V appeared and its peak current
increased, becoming predominant at conditioning potentials values >
+0.3 V. A clear explanation for this behavior cannot be given. However,
we hypothesized that the application of these conditioning potential
values might induce an activation of the Ag NPs. That is, Ag NPs were
oxidized to a certain extent, generating Ag* species that were required
for the effective interaction of the TCA target analyte with the Cl™ res-
idues. From the voltammograms shown in Figure S8A, a + 0.5 V po-
tential was selected for further experiments. Regarding the influence of
the initial scan potential, Figure S8B shows that this potential should be
lower than —0.05 V for recording the TCA peak. Two separated small
peaks appear when the starting potential was set to —0.1 V. By
decreasing this value to —0.3 V or —0.5 V, the TCA peak increased and
was better defined. Thus, the selected potential scan range was between
—0.5V and +0.6 V. Next, the conditioning potential time was optimized
in the measurements presented in Figure S8C. As the time increased
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from 15 s to 30 s, 60 s and 120 s, the peak intensity for measuring TCA
slightly increased when the applied time was 15 and 30 s, and then it
decreased, the effect being more dramatic for longer conditioning times.
This behavior might be related to activation of the AgNPs, as explained
above, at short activation times and the excessive oxidation and in turn
degradation of the AgNPs upon application of the conditioning potential
for times longer than 60 s. Thus, 30 s was used for further measurements.

Sensor SWV responses were recorded in solutions containing TCA.
Figure S7B (SI) shows SWVs for three different TCA concentrations in
the potential range from —0.5 V to +0.25 V. The peak ascribed to the
detection of TCA increased with the TCA solution concentration, as
expected. Fig. 6A shows the sensor responses for the whole TCA con-
centration range assayed. The calibration curve was then plotted
(Fig. 6B) and the corresponding analytical parameters are included in
Table 1. A linear response in the concentration range of 100 - 5508 pM
TCA was obtained, with a sensitivity of 0.3 + 0.003 nA pM~*. The LOD
was 19.8 uM, estimated using the 3o IUPAC criterion [22].

3.4. Electrochemical detection of sucralose and TCA using the complete
analytical sensor platform

As previously described in the Experimental section, in order to make
the Ag/C_SPE sensor of potential use for on-site analysis, a paper disk
loaded with the reagents required for sample conditioning, was imple-
mented over the sensor area (Ag/C_SPE_ paper). The paper disk allows
for the sample filtering and pH and ionic conductivity adjustment in an
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Fig. 6. (A) Square-wave voltammograms of some representative concentrations
of TCA recorded with Ag/C_SPE electrode (the signals from bottom to top
correspond to: 100, 395, 682, 1639, 2318, 3114, and 5508 pM; (B) Calibration
curve for the measurement of trichloroacetic acid using SWV method. Each
point represents the mean value of three measurements carried out with three
electrochemical sensors from the same batch, the error bars being the corre-
sponding standard deviation. The SWV parameters were 5 mV step, 25 mV
amplitude and 20 Hz frequency. A baseline correction was carried out to better
visualize the peak signals.
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automatic fashion. Thus, the addition of 20 ul of sample was just
required for carrying out one measurement, producing a sample-to-
result sensor device. The developed sensor was combined with a mini-
aturized potentiostat connected to a smartphone in order to get a highly
compact analytical platform for deployed in-field analysis (Fig. 1 and
Fig. 7). A similar electrochemical sensor architecture was previously
reported by us for measuring chemical oxygen demand [16].

CV measurements were carried out using water solutions containing
different concentrations of sucralose with the Ag/C_SPE_paper platform.
The addition of 20 pl of a solution over the paper disk area produces the
dissolution of the phosphate salts loaded in the paper that allowed the
adjustment of the phosphate concentration in solution to 0.075 M and of
the pH to 6, thus obtaining the same experimental conditions to those
used in the previous studies using the Ag/C_SPE. Fig. 8 shows a zoom
image of the recorded peak. It can be seen that the current of the anodic
peak ascribed to the sucralose detection increased with the sucralose
concentration. Accordingly, the calibration curve was obtained and the
corresponding analytical parameters are summarized in Table 1. The
calibration curve also shows two linear ranges. The range at low con-
centrations between 0.4 mM and 2.92 mM, shows a higher slope than
the second range between 3.85 mM to 13.07 mM. These values are in the
same range as those obtained with the Ag/C_SPE device.

Finally, the same platform was used to measure TCA by SWV. Fig. 9A
and 9B show the SWV sensor responses at different concentrations of
TCA and the corresponding calibration. The analytical parameters were
shown in Table 1 and, again, a similar behavior to that observed with the
Ag/C_SPE sensor was demonstrated.

Previous reports describing similar sensor approaches were sought
for comparative purposes. To the best of our knowledge, the detection of
sucralose using an electrochemical sensor platform was just reported in
one paper by Nikolelis et al.. This sensor approach incorporated a
surface-stabilized bilayer lipid membrane. A change in the ionic con-
ductivity of the membrane was produced upon adsorption of the target
analyte that transduced into a faradaic current using a two-electrode
configuration, whose value was directly proportional to the analyte
concentration in solution [14]. This work just reports a proof-of-concept
of a sensor transduction mechanism using lipid membrane receptors,
which was not explored any further. Moreover, the sensor lifetime was
short and proved to be difficult to implement in decentralized analytical
studies.

Electrochemical sensor approaches for TCA detection were previ-
ously reported and are summarized in Table S3 (SI). Some of these
outperform the sensor described in our work in terms of linear range and
limit of detection. However, most of them are based on complex sensor
architectures, thus making the manufacturing process unsuitable for
mass production purposes. In addition, the use of conventional elec-
trochemical cells comprising commercial working electrodes such as
glassy carbon, restricts their use to laboratory bench-top analytical
studies.

4. Conclusion

A sample-to-result miniaturized Ag/C_SPEs_paper electrochemical
sensor was successfully fabricated and showed the potential to be
applied to detect sucralose and TCA in water samples. 40 g bread waste
could be used for producing a functional carbon material composite
doped with Ag NPs that could be processed as an ink to batch fabricate
around 200 electrochemical sensors by screen-printing technology. The
analysis performance of the Ag/C_SPEs electrochemical sensor toward
the detection of chlorinated compounds was demonstrated by firstly
detecting free Cl™ in solution and then detecting sucralose and TCA
representative chlorinated organic pollutants at sub-mM concentrations
by cyclic and square-wave voltammetric techniques. By integrating a
modified paper disk with the Ag/C_SPEs, a compact analytical platform
was eventually constructed that successfully performed in the analysis of
the selected target species. Although the presented sensor platform
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Fig. 7. Photograph of the Ag/C_SPE sensor with and without the implemented paper disk and the connection to a compact low-power minipotentiostat for in-field

measurements.
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Fig. 8. (A) Cyclic voltammograms recorded with Ag/C_SPE_ paper sensor
connected to the smartphone-based minipotentiostat at different concentrations
of sucralose (the signals from bottom to top correspond to: 0, 0.4, 0.99, 1.97,
2.92, 3.85, 6.12, 7.42, 11.13 and 13.07 mM), scan rate 100 mVs~'. (B) Cor-
responding calibration curve. Each point represents the mean value of three
measurements carried out with three electrochemical sensors from the same
batch, the error bars being the corresponding standard deviation.

could be further improved to enhance the overall analytical perfor-
mance, it shows how a simple and cost-effective batch manufacturing
process could mass produce an analytical tool for detecting chlorinated
compounds to be readily applied in decentralized analytical studies.
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Fig. 9. (A) SWVs recorded with Ag/C_SPE paper sensor connected to the
smartphone-based minipotentiostat at different concentrations of TCA (the
signals from bottom to top correspond to: 100, 682, 1147, 2318, 3114, 3491
and 4295 mM), (B) Calibration curve for the measurement of trichloroacetic
acid. Each point represents the mean value of three measurements carried out
with three electrochemical sensors from the same batch, the error bars being
the corresponding standard deviation. The SWV parameters were 5 mV step, 25
mV amplitude and 20 Hz frequency. A baseline correction was carried out to
better visualize the peak signals.
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