The research interests of Professor Stefano Cinti's
uninanobiosensors laboratory at the Department of Pharmacy,
University of Naples Federico Il, Italy, range from electrochemical
sensors to biosensors for different applications such as clinical,
environmental, pharmaceutical and agri-food, using smart
materials such as nanomaterials and paper-based substrates to
develop analytical tools at the point-of-need.

Remediate and sense: alginate beads empowered by portable
electrochemical strips for copper ion removal and detection at
environmental sites

Environmental contamination from persistent species is a pressing
concern, with high metal levels in soil, notably copper from
agricultural practices like viticulture. While portable sensors aid

in early detection, remediation remains a challenge. Introducing

a novel "remediate-and-sense” concept, the integrated approach
combines alginate beads and printed electrochemical strips for
on-site copper detection and removal. Effective at parts per billion
levels, the method quantitatively removes copper with high recovery
rates. This innovative 3D-printed portable system holds promise for
addressing various pollutants, advancing integrated remediation
and sensing technologies.

’ ¥ ROYAL SOCIETY
PN OF CHEMISTRY

™ rova soceTy
O CHEMISTRY

See llaria Cacciotti, Stefano Cinti et al.,
Analyst, 2024, 149, 3302. j

rsc.li/analyst

Registered charity number: 207890



Open Access Article. Published on 01 2024. Downloaded on 20/10/2025 2:50:30 .

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analyst

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Analyst, 2024, 149, 3302

Received 30th March 2024,
Accepted 1st May 2024

DOI: 10.1039/d4an00494a
rsc.li/analyst

Introduction

Remediate and sense: alginate beads empowered
by portable electrochemical strips for copper ion
removal and detection at environmental sites

Ada Raucci,? Mayla Metitiero,? Chiara Cuzzi,? Panagiota M. Kalligosfyri,
Marianna Messina,” Michele Spinelli, 2 © Angela Amoresano, Sheridan L. Woo,*¢
llaria Cacciotti (2 ** and Stefano Cinti () *2¢

The contamination of environmental sites due to the presence of persistent species represents an
important issue to be tackled. In particular, the presence of high levels of metals in soil and surface
water is more frequent. One of the metals that sometimes exceeds the permissible limit set by regu-
latory authorities is copper. For instance, copper-based fungicides are widely used in viticulture.
However, copper ions remain in soil and can enter the food chain, posing threats to human health
and environmental safety. Although the rapid detection of copper ions using portable sensors is
effective in enhancing early warning, it sometimes solves only half of the problem as remediation is
not considered. In this paper, we present a novel integrated/portable approach that merges the reme-
diation and sensing of metals by proposing a remediate-and-sense concept. In order to realize this
concept, alginate beads were coupled with printed electrochemical strips for on-site copper detec-
tion. Within the same architecture, alginate beads were used to remove copper ions from the soil,
and printed electrochemical strips were used to evaluate the efficacy of remediation at the point of
need. The concept was applied towards soil containing copper ions at the parts per billion level; with
few alginate beads and in the absence of additional species, copper ions were quantitatively removed
from the matrix; and 3D printing allowed us to combine the printed strips and spheres within a
unique tool. The architecture was optimized and the results were compared to inductively coupled
plasma-mass spectrometry (ICP-MS) measurements with a recovery percentage of 90%-110%. It
should be noted that this novel portable approach may be applied to other pollutants, opening new
possibilities for integrated remediation and sensing.

molecule. The amount of copper ions in organisms affects
infant growth, host defence mechanisms and brain

Copper (Cu) is classified as an essential trace element as it is
required for a variety of metabolic and physiological processes
in humans, animals and plants.” It is associated with bone
health, immune function, cardiovascular risk and alterations
in cholesterol metabolism.” It is necessary for human brain
development and maturation and functions as a cofactor of
key metabolic enzymes and as a signalling and regulatory
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development.®>* Copper is commonly used in agriculture as a
standard bactericide/fungicide owing to its low cost, superior
efficacy in disease control and relatively low toxicity towards
humans.® The main advantage of copper is its broad spectrum
of activity against bacteria such as those causing downy
mildew of grape, late blight of potatoes, and secondary dis-
eases in minor crops such as vegetables and special fruits.°®
For example, copper compounds are effective against numer-
ous foliar mycoses, particularly those caused by downy
mildew, one of the most serious diseases of grapevine world-
wide.” However, the extensive use of copper has resulted in the
development of copper-tolerant microorganisms and negative
environmental impacts due to its accumulation in soil and
water bodies.® The exposure of crops and vegetables to high
levels of copper in soil can cause direct toxicity towards plants,
whereas chronic exposure to moderate levels of copper can

This journal is © The Royal Society of Chemistry 2024
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affect reproductive rates and vegetative growth (e.g. biomass of
aerial and underground structures).” With the aim to limit
copper intake, the World Health Organization recommends a
maximum of 0.9 mg per day of copper for adults.’® For these
reasons, continuous monitoring of copper in agricultural soil
and plants is necessary to keep its level under control and
increase environmental quality/human wellness. Conventional
analytical techniques used for copper analysis are mainly
atomic absorption spectroscopy (AAS), inductively coupled
plasma-mass spectrometry (ICP-MS) and inductively coupled
plasma-optical emission spectroscopy (ICP-OES).""'* Although
these methods are characterized by high performance, sensi-
tivity and accuracy, their major drawbacks lie in the expensive/
sophisticated instrumentation, the need for specialized per-
sonnel and time-consuming procedures; the requirement for a
specialized laboratory limits the application of these
approaches for in situ testing/screening.'®'* In this regard, the
existence of portable analytical devices that would allow every-
one, with a major focus on non-specialized users, to be
informed about the pollution and/or the presence of specific
species in the environment, might represent an opportunity to
monitor ecosystem and consumer health. The design and
application of sensors and biosensors is of fundamental
importance for this goal, and the use of electrochemical ones
is preferable to colorimetric/fluorimetric methods, due to their
advantages when coloured/turbid matrices are analyzed; in
fact, the electrochemical methods are not affected by measur-
ing non-treated matrices, i.e. blood, soil, and wastewater. With
a major focus on the detection of metals, various electro-
chemical approaches have been reported: Bobrowski et al. eval-
uated the functionality of a screen-printed carbon electrode
coated with an antimony film to detect Cu(u) in treated soil
samples, and by differential pulse anodic stripping voltamme-
try, a detection limit of 0.14 pg L™" and a linearity up to 150 pg
L' were obtained.'® Adarakatti et al designed a screen-
printed platform using calixarene to detect lead, copper and
mercury ions. The three metals were successfully detected in
industrial effluents and wastewater samples, with detection
limits of 38, 40 and 48 pg L™, respectively for lead, copper and
mercury.'® Electrodes were also screen-printed onto office
paper-based substrates to detect copper in serum samples,
down to 4 ppb using gold nanoparticles as the electrode modi-
fier."” Recently Nguyen et al. have modified a silver-based elec-
trode using MnO, as a modifier. Copper ions were detected in
water sources down to 0.5 nM with a linearity comprised
between 0.625-15 nM."® It is without any doubt that these por-
table approaches can be of high relevance in environmental
and other fields. However, the effectiveness of a decentralized
detection system should be empowered by the possibility of
remediating an environmental site of interest, and in this
regard, several methods have been studied to remove metal
pollutants from the environment. Remediation techniques
include different approaches such as physical, chemical, and
biological methods. Physical methods combine soil substi-
tution and hot desorption processes including washing, soil
replacement and isolation, surface capping, electrokinetic
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remediation and encapsulation. Chemical methods include
vitrification, precipitation, ion exchange and adsorption.
Biological methods are based on the use of microorganisms
such as microbes and plant species, and depending on the site
where the waste is removed, they are classified into in situ or ex
situ.'®?° Although many previously listed physical, chemical
and biological methods have been applied for the removal of
heavy metals, chemical adsorption methods have been high-
lighted as efficient, inexpensive and easy to apply.”
Adsorption is a process in which a solid or liquid substance
accumulates molecules or particles of another substance on its
surface.”” Chemical adsorption is more popular for heavy
metal removal because it has stronger interactions and higher
adsorption capacity towards heavy metals.>® With regard to
these approaches, the use of alginate, a natural anionic poly-
saccharide containing free hydroxyl and carboxyl groups, has
been highlighted due to its abundance, non-toxicity and bio-
compatibility.>* The green features of alginate and alginate-
based composites have been reported to be applied towards
metal removal up to the parts per million level: various appli-
cations towards the detection of copper, cadmium, lead, chro-
mium and mercury ions, using alginate as hydrogel beads and
also in the presence of chitosan, polyaniline, polypyrrole, gra-
phene, conductive polymers, etc., were reported.>*>® However,
even if alginate represents a promising and environment-
friendly solution for remediation, the success of metal removal
needs to be evaluated by external analytical methods. It should
also be considered that an in situ solution would be highly
effective for the real-time surveillance of environmental sites.
As per the theranostic application in clinical field, ie. the
possibility for diagnosing and providing a therapy for a
certain disease using the same platform, a concept similar
to remediate-and-sense, would have tremendous impacts,
particularly to assure a prompt intervention in case of exces-
sive pollution. In light of this, the goal of the present work
was to develop for the first time a combined tool for the
removal and sensing of metal ions in environmental
matrices, using copper ions as the case of study. Briefly, an
integrated device including alginate beads to remediate
copper ions and screen-printed electrochemical strips was
developed and characterized for its application to liquid and
solid matrices, ie. water and soil. The removal ability of
alginate beads was evaluated via the optimization of the
amount, size and time of contact with the polluted
matrices. In particular, an experimental protocol was devel-
oped avoiding complex and invasive procedures, making the
entire system a user-friendly platform for use in a decentra-
lized context. The combination with printed-electrochemical
strips for the rapid detection of metal ions is of particular
importance if the on-site application is considered, and it
represents a starting point towards further application in
the environmental field, but not limited to this. It can be a
starting point for converging towards precision and sustain-
able agriculture, reducing time and costs for on-site
measurements and limiting the use of species that may be
harmful to human health and the environment.>**°
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Experimental
Chemicals and apparatuses

Conductive inks (Ag/AgCl and graphite) were purchased from
Acheson (Milan, Italy), hydrochloric acid and alginic acid
sodium salt from brown algae (A0682, low viscosity 4-12 cP for
a 1% aqueous solution at 25 °C) from Sigma-Aldrich (St Louis,
MO, USA), standard copper solutions (1000 mg L™') from
Fisher Scientific (Milan, Italy), and calcium chloride anhy-
drous from Merck Co. (Darmstadt, Germany). All reagents were
characterized by a purity higher than 98%, as indicated by the
producer. Soil was sampled from a garden pot. For the flexible
polyester-based substrate, we used Autostat HT5 (125 pm),
MacDermid, UK. This substrate was chosen for its robust and
flexible characteristics, which are essential for our environ-
mental applications. To insulate the printed electrodes, a clear
adhesive tape as used in packaging was used. All measure-
ments were done using a portable potentiostat, EmStat3
(PalmSens, The Netherlands) connected to a laptop.

Fabrication of electrochemical strips

Screen-printed electrodes were produced by manual screen
printing on a flexible polyester-based substrate, using conduc-
tive inks: Ag/AgCl (Electrodag 477 SS) for the reference elec-
trode and using graphite-based conductive inks (Electrodag
421) for the working and counter electrodes. After each print-
ing step, the electrodes were cured in an oven at 80 °C for
20 min. Adhesive tape (commercially available) was used to
insulate the printed electrodes. The diameter of the working
electrode was 0.4 cm, and the electrochemical strips were
2.5 cm x 1 cm, respectively length x width.>' The shelf life of
the strips is around 1 year if they are stored in vacuum packs
away from light and at room temperature.

AuNP synthesis

To improve the analytical performance of the sensor toward
copper measurement, gold nanoparticles were used, syn-
thesized using chloroauric acid (HAuCl,) used as a precursor,
sodium citrate as a capping agent and sodium boron hydride
(NaBH,) as a reducing agent. Before proceeding with the syn-
thesis, all the glassware and magnetic anchor used were
washed thoroughly, first with aqua regia (HCI/HNO; = 3:1,
v/v) three times, rinsed in double-distilled water, washed with
a piranha solution (H,SO4/H,0, = 7:3, v/v) three times, and
finally rinsed again with double-distilled water before use;
both steps were repeated twice. The synthesis was conducted
using 9 mL of double-distilled water to which 1 mL of the
10 mg mL™" solution of chloroauric acid was added. Next,
2 mL of 10 mg mL™" sodium citrate was added, and finally,
500 pL of 20 mM of the reducing agent was added dropwise.
The reaction took place at room temperature overnight.>?3
Once the synthesis was completed and the gold nanoparticles
were obtained, they were analyzed by UV/Vis spectroscopy in
order to evaluate the successful synthesis.
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Alginate bead synthesis

Calcium alginate beads were prepared by means of ionic cross-
linking, starting from a sodium alginate solution (1% w/v)
obtained by dissolution in distilled water, under continuous
stirring, at room temperature, following a procedure adapted
from previous studies.>**> The obtained solution was loaded
in a plastic syringe (Terumo, 5 mL), supplied with a metallic
needle (diameter size = 18G or 23G), and then extruded into
an anhydrous calcium chloride gelling bath (1.0 M) through
an infusion pump (KDScientific, MA, USA). The following para-
meters were selected: distance between the syringe and gela-
tion media was 3 cm and the flow rate was 10 mL h™". The pro-
duced beads were cured in the gelation medium for around
15 min, under constant stirring, and then taken out and
washed several times with distilled water in order to remove
possible residual calcium chloride. The average sizes of the
obtained beads were measured from the micrographs acquired
using an optical microscope, using the Image] (NIH) software.
The surface of the beads was investigated by field emission
scanning electron microscopy (FEG-SEM, Leo Supra 35, UK).
The swelling test was carried out by dipping pre-weighed
beads in distilled water (1 bead per mL distilled water), within
a humidity-controlled incubator (temperature = 37 °C and
humidity = 98%). The beads were extracted at regular intervals
(5 to 360 minutes), cleaned superficially to remove surface
water, accurately weighed, and observed using a digital micro-
scope (Jusion 40) at selected time points. The swelling percen-
tage (SP) was determined using the following expression: SP =
(Mt-M0) x 100/M0, where M0 and Mt are the initial mass and
mass at time ¢, respectively. The measurements were made in
triplicate, and the average data were provided.

Cu(un) measurements

Linear sweep-anodic stripping voltammetry (LS-ASV) was per-
formed for copper detection, which first involves using a depo-
sition potential to reduce copper in the solution and then oxi-
dizing it. Measurements were conducted using a 0.1 M hydro-
chloric acid solution as the working solution, which was also
used as the supporting electrolyte for copper detection. The
use of an acid is necessary because the analysis of stripping is
performed in the presence of acidic media, which are necess-
ary to have metals in their oxidized forms.*® In anodic strip-
ping voltammetry, the anodic peak potential for the re-oxi-
dation of copper ions was observed around 0.3 V vs. Ag/AgCl.
The experimental parameters were optimized as follows: a
deposition potential of —0.4 V was applied for 300 s, in the
potential range from 0.1 to 0.6 V, with an E step of 0.01 V and
a scan rate of 0.5 Vs~ .77

ICP-MS measurements

In order to evaluate the trueness of the platforms, all the
samples were analyzed by ICP-MS. Briefly, samples were miner-
alized: 250 microliters were transferred into a 7 mL Pyrex.
Hydrochloric acid and nitric acid were added to each sample
(3:1 v/v). The reaction was conducted for 16 h at 90 °C, and

This journal is © The Royal Society of Chemistry 2024
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after digestion the samples were diluted to 15 mL in ultrapure
water. Measurements were performed using an Agilent 7700
ICP-MS instrument (Agilent Technologies) equipped with a fre-
quency-matching radio frequency (RF) generator and a 3rd-
generation Octopole Reaction System (ORS3) operating with
helium gas in ORF. The following parameters were used: RF
power = 1550 W; plasma gas flow = 14 L min™"; carrier gas flow
=0.99 L min~"; He gas flow = 4.3 mL min~". In this experi-
ment, 103Rh was used as an internal standard. Lead and
cadmium concentrations were measured with three replicates.

Remediate-and-sense

In order to realize a unique platform for both remediating and
sensing copper ions in environmental matrices, ie., water and
soil, an easy and integrated approach was adopted. Briefly, the
chosen environmental matrix was allowed to enter into contact
with the alginate beads without any treatment, Z.e. acid addition,
heating, etc., and consequently a printed strip was used to in situ
monitor the presence of copper ions, as displayed in Fig. 1.

Results and discussion
AuNP-modified printed strips for copper detection

As reported in our previous findings, copper ions were success-
fully detected in biological matrices using paper-based electro-
chemical strips.’” In this case, a flexible substrate made of
polyester was used to realize the printed strips: the choice was
due to the need for flexibility and mechanical robustness for
in situ application in environmental settings. However, even if
the role of AuNPs was demonstrated to be fundamental for the
analysis of copper ions, and other ionic species, e.g. mercury,
arsenic, and iron, it should be noted that the deposition of
AuNPs might change among different substrates, due to
different porosities of conductive inks that are printed. The
first investigation was about the modification of the strip
surface with various amounts of AuNPs. As observed in the
inset i of Fig. 2, by carrying out cyclic voltammetry experiments
in the presence of 5 mM potassium ferricyanide in a 0.1 M pot-
assium chloride solution, it appeared obvious how the pres-
ence of AuNPs improved the performance of the system. The
surface of the strip was modified with different volumes of

Copper

Alginate beads

—
+ water

Anodic stripping AuNP-modified strip

i P
[Cul ) C/

and Sense

l Remediate

\)

N

[

Fig. 1 Architecture mechanism of the remediate-and-sense concept
carried out in soil samples.
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Fig. 2 Calibration curve for copper ions in a standard solution, i.e. 0.1
M HCIl, obtained by modifying the electrochemical strips with 2 pL of
AuNPs. Experimental parameters: E dep = —0.4 V; t dep = 300 s; E begin
=0.1V;Eend = 0.6 V; E step = 0.01 V; scan rate = 0.5 V s™%. The voltam-
metric curves relating to the measured concentrations for copper are
also reported. Inset i: Cyclic voltammograms for the evaluation of the
optimal amount of AuNPs, between 2 and 8 pL. The measurements
were conducted in triplicate in the presence of 5 mM potassium ferri-
cyanide in a 0.1 M potassium chloride solution.

gold nanoparticles, namely 2 and 8 pL, and it was clear how
their presence was effective with the increase in the electro-
chemical performance, as demonstrated by the higher inten-
sity of peaks and the lower potential difference between the
oxidation and reduction peaks. In particular, the potential
difference is a good indicator of the quality during the electro-
chemical process of electron exchange at the electrode surface:
as a result, 2 pL was selected as the optimal compromise
among electrochemical performance, time to modification
and amount of modifiers. The next step involved the evalu-
ation of the analytical performance in the presence of copper
ions in a wide range of concentrations, namely up to 400 ppb.
The anodic stripping voltammetry (ASV) was adopted to obtain
a calibration curve under standard conditions, using 0.1 M
hydrochloric acid as the working solution.

As reported in Fig. 2, a linear correlation was obtained
between the height of the current peaks and the concentration
of copper ions. The relationship is described using the follow-
ing equation: y = 0.12x — 0.88, R> = 0.983, (where y represents
the current difference between metal ions and the blank solu-
tion, and x represents the metal ion level expressed in ppb).

The limit of detection (LOD), calculated as 3oB/slope (B is
the standard deviation calculated for several blank measure-
ments and the slope is relative to y/x in the calibration curve),
was found to be ca. 1 ppb, while the limit of quantification
(LOQ) was found to be ca. 4 ppb, with a relative standard devi-
ation (RSD%) lower than 10%.

Alginate beads as remediating agents

In order to evaluate the capability of alginate beads to remedi-
ate copper ions, two different types of alginate beads, obtained

Analyst, 2024, 149, 3302-3308 | 3305
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using two different needles (18G and 23G), were used, and
named 18G alginate beads and 23G alginate beads, respect-
ively. In particular, the size and amount of alginate beads,
including the time of interaction between copper ions and
beads, were evaluated.

Namely, the remediation efficacy of alginate beads 18G and
23G was investigated in the presence of a 100 ppb solution of
copper ions dissolved in water. In detail, different numbers of
beads (from 5 to 20) were used to identify the optimal density
to be used for successive remediation studies, as shown in
Fig. 3A and B. Before evaluation, the beads were allowed to dry
for approximately 40 minutes at room temperature in contact
with an adsorbent pad. Successively, various numbers of
beads, between 5 and 20, were put in contact with 200 microli-
ter of a 100 ppb copper ion solution.

For the first evaluation, 180 min interaction among copper
ions and alginate beads was considered (the duration was
chosen after assessing the removal capability within a wide
range of times, data not shown). The efficacy of copper
removal was studied through the adoption of stripping voltam-
metry after the sampled solution was acidified to pH 1 with
hydrochloric acid. The 23G alginate beads showed a slightly
better removal efficiency than that of the 18G ones, perhaps
due to the average size (1.75 + 0.02 mm vs. 2.75 + 0.02 mm,
respectively), while for both types of beads, 10 of them resulted
with the highest removal, with percentages of ca. 40 and 50,
respectively for 18G and 23G.

According to these findings, further studies were performed
using the 23G alginate beads. As far as the formation of
copper [CuCl,J*~ complexes is concerned, this is more likely at
higher concentrations of hydrochloric acid. At concentrations
of 0.1 M, the probability of forming [CuCl,]*~ complexes is low
compared to solutions with much higher HCI concentrations.
However, it is important to note that the formation of such
complexes can still occur to some extent, particularly under
certain conditions such as high temperatures or long reaction
times. The predominance of [CuCly]*~ complexes generally
increases with the increase in HCI concentration.®”

Type 18G ] Type 23G

[

Removal / %
3
Removal / %
3

0 5 10 20 0 5 10 20
Alginate beads / # Alginate beads / #

Fig. 3 Optimization of the size and quantity of alginate beads placed in
contact with a 100 ppb copper ion solution. (A) Evaluation of the ability
of 18G alginate beads to remediate copper ions, using different bead
quantities, ranging from 5 to 20. (B) Evaluation of the ability of 23G algi-
nate beads to remediate copper ions using different bead quantities,
ranging from 5 to 20.
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Alginate bead morphology

Following the identification of the optimal alginate beads, they
were characterized. It should be noted that homogeneous
beads were achieved, and in the performed swelling tests, the
alginate beads showed slow water absorption in the initial
phase, whereas, after 3 hours, there was a drastic increase in
water absorption and in the next 2 hours the beads reached
their maximum swelling. In detail, they were characterised by
a maximum water absorption of 250%, reaching an equili-
brium between 240 minutes and 360 minutes, with the
increase in size as high as 60% of the initial diameter
(Fig. 4A). In addition, the surface of the produced beads was
homogenous and rough, promoting the metal adsorption, as
evident from the acquired SEM micrograph displayed in
Fig. 4B.

Remediate-and-sense in soil samples

The developed system that combines the possibility of remov-
ing copper ions and evaluating the performance of remedia-
tion in real time with an integrated strip was applied towards
contaminated soil. However, before evaluating the perform-
ance for remediation, the electrochemical strip performance
obtained in the standard solution was compared with those
obtained in soil. In particular, a gram of soil was acidified
with 5 mL of 0.1 M hydrochloric acid. Successively, a fraction
was used for the direct measurement, while the remaining
amount of acidified soil was filtered using a syringe with a
0.45 pm membrane, to remove the gross impurities. As
reported in Fig. 5, all the “blank” solutions were spiked with
the increasing amount of copper ions in the 0-80 ppb range,
to evaluate the difference in sensitivity for future applications.

By observing Fig. 5, it should be noted that a slight decrease
in sensitivity was obtained by comparing the measurements
carried out with and without soil, and this is ascribed to the

Initial state Swollen state A

Fig. 4 (A) Micrographs of the alginate beads in the initial state (left) and
the swollen state. (B) SEM images of the alginate bead surface.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Study of the effect of the soil matrix on the sensitivity of the
electrochemical strip. Three different calibration curves were obtained
for copper ions in the range of 0 to 80 ppb in the standard solution, i.e.
0.1 M HC|, filtered and unfiltered soil. All measurements were carried
out in triplicates. Inset: Comparison of the detected copper ions in three
different samples: blank soil, 50 ppb copper-spiked soil and 50 ppb
copper-spiked soil with the addition of 10 alginate beads. Inset i:
Voltammetric curves related to the measured concentrations of copper.

presence of a complex matrix like soil. In particular, the sensi-
tivity obtained in a standard solution of 0.1 M hydrochloric
acid was equal to 0.14 pA ppb~ ", while the sensitivity obtained
after soil contact were equal to 0.11 and 0.10 pA ppb~?,
respectively to filtered and unfiltered soils. All measurements
were carried out in triplicate, and all the correlations were
characterized by an R* value of 0.993. All the metals inside the
soil were quantified by ICP-MS measurements, and the pres-
ence of copper ions was not high enough to be detected by the

m-

Fig. 6 Three-dimensional printed case for the integration of the
printed electrode and alginate spheres.
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present method. Successively the optimized type and amount
of alginate beads were applied to copper-spiked soil as a proof
of concept. Prior to start, the soil was spiked with 50 ppb of
copper ions. Successively 10 alginate beads were added to the
soil together with distilled water. Only water and alginate
beads were used to evaluate the removal activity in the pres-
ence of contaminated soil. As reported in the inset of Fig. 5,
three samples were compared: blank soil, 50 ppb copper-
spiked soil and 50 ppb copper-spiked soil with the addition of
10 alginate beads. After two hours of interaction, the solution
was taken without filtration and the pH was adjusted to 1
using hydrochloric acid on the strip, avoiding any contact with
the soil. What has been achieved was a quantitative removal,
which reported the signals for spiked soil similar to those
obtained for blank samples, and using 3D printing, it was
possible to design and realize an ad hoc case for the complete
integration of the remediate-and-sense platform into a unique
and compact device, as shown in Fig. 6.

In addition, diverse spiking of copper ions was used in the
soil, with levels between 50 and 200 ppb, and the efficiency of
the approach of remediate-and-sense was evaluated by ICP-MS
analyses of spiked soil, as shown in Table 1, demonstrating
the satisfactory trueness of the method.

Conclusions

The present work highlighted the opportunity to combine a
remediation strategy with a portable analytical tool, to realize
the so-called remediate-and-sense architecture. The approach
was obtained by merging the efficacy of alginate microbeads
and printed electrochemical strips to remediate copper ions
and evaluate the efficacy with electrochemical measurements,
respectively. The efficacy of alginate beads was evaluated by
characterizing different-sized beads, using copper ions as the
metal model to be remediated. In particular, the system was
applied to a complex environmental matrix like soil. As a proof
of concept, spiked soil was quantitatively remediated using
just 10 alginate microbeads, avoiding complex tasks and inva-
sive procedures. In addition, the analytical performance of the
strip was satisfactorily evaluated by a complementary analysis
of ICP-MS, with the correlation between ca. 95 and 110%. This
study represents the first step towards the development of a
fully printed analytical platform, where alginate might rep-
resent the substrate to screen-print electrochemical strips. A

Table 1 Correlation among ICP-MS and electrochemical strips of various Cu-spiked soil concentrations and apparent recoveries of the two

methods

Spiked concentration (ppb) ICP-MS (ppb)

ICP-MS app. recovery (%)

Correlation (%)”

E-strip (ppb) E-strip app. recovery (ppb)

50 50+1 100
100 102 +2 102
150 149+ 3 99

200 205+3 102

% Correlation % was calculated as (E-strip (ppb)/ICP-MS (ppb)) x 100.

This journal is © The Royal Society of Chemistry 2024

55+5 110 110
97 +£8 97 95
140 + 11 93 94
220 +20 110 107

Analyst, 2024, 149, 3302-3308 | 3307


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4an00494a

Open Access Article. Published on 01 2024. Downloaded on 20/10/2025 2:50:30 .

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

widely possible application can be made with this new archi-
tecture; in particular, it can represent a promising starting
point for applications combined with pollutant removal
methods, in order to converge towards precision and sustain-
able agriculture, limiting the use of species that may be
harmful to human and environmental health.
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