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Heavy metal contamination and its detrimental health effects are a growing concern globally. Several
metal mitigation systems and regulatory approaches have been implemented to minimize the
negative impacts on human health. However, none of these function at maximum efficiency, mainly
due to the lack of accurate information about metal speciation. Therefore, there is a critical need to
develop novel, cheap, efficient, and robust metal detecting sensors. In this study, we describe the
application of a nanopipet based electrochemical sensor to detect aqueous Cd(i) ions. The inner
radius of our nanopipets is ~300 nm, and the fundamental mechanism behind our sensor's response
is ion transfer between two immiscible electrolyte solutions (ITIES). The absence of redox behavior
makes ITIES an excellent, attractive electrochemical tool to study various ions in agqueous solutions.
In this study, we used 1,10-phenanthroline as our ionophore in the organic phase (dichloroethane) to
facilitate the transfer of Cd(n) ions from the polar aqueous phase to the less polar organic phase.
Unlike previous studies, we characterized our nanopipet in complicated matrices, including, but not
limited to, tris buffer and artificial seawater. We performed quantitative assessments to determine our
sensor's limit of detection, stability, sensitivity, and selectivity. We further show that our nanosensor
can detect free Cd(n) ions in the presence of strong complexing agents such as

Received 16th October 2021 L . . . - . o .
Accepted 20th December 2021 ethylenediaminetetraacetic acid, 2,3-dimercaptosuccinic acid, etc. We quantified the concentration
of free Cd(i) ions in a water sample collected from a local lagoon. Thus, we showcased the power of
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Introduction

Exposure to heavy metals is a global health concern that
results in various deleterious and harmful effects. Thus,
regulation agencies such as the World Health Organization
and Environmental Protection Agency' have determined
permissible levels of heavy metals in drinking water, food,
paint, and other sources, to ensure regulation in the envi-
ronment; therefore minimizing human exposure. Among
different toxic metal ions, Cd(u) is a highly poisonous heavy
metal largely present in industrial effluents. Anthropogenic
Cd(u) sources include nickel-cadmium batteries, cigarettes,
electroplating, and paints. Despite the rapid increase of Cd(iu)
usage across the globe, there is no efficient recycling method
for Cd-containing compounds; thus, humans are at a high risk
of exposure to Cd(u) via multiple sources. Accumulation of
Cd(u) in the human body can cause a variety of detrimental

Department of Biomedical & Chemical Engineering & Sciences, Florida Institute of

Technology, 150 W. University Blvd, Melbourne, FL, 32901, USA. E-mail:
ppathirathna@fit.edu
t Electronic ~ supplementary information (ESI) available. See DOIL

10.1039/d1ra07655h

© 2022 The Author(s). Published by the Royal Society of Chemistry

health-hazardous such as cell proliferation, apoptosis, chro-
mosomal mutations, and damage to vital organs, including
the kidneys, lungs, and liver.**

Traditionally metal analysis has been primarily performed
with non-electrochemical techniques such as spectroscopy,*®
chromatography,®” and colorimetry.® Although these tools are
compelling, they are not well-suited for on-site measurements
due to the sophisticated, physically large instruments, extensive
labor, and analysis time. In contrast, electrochemical tech-
niques offer an excellent platform for real-time in situ metal
analysis. These utilize small, robust, cheap electrodes that non-
experts can easily handle, in addition to having faster response
times. Chen et al. designed a novel electrochemical sensor by
depositing BiSn nanoparticles on a glassy carbon electrode
(GCE) to detect Cd(u) using differential pulse stripping vol-
tammetry.” Because the authors increased the surface area by
integrating nanoparticles onto the carbon surface, they ach-
ieved an excellent limit of detection (LOD). Abdallah and
colleagues recently developed another GCE-based electrode by
depositing ion-imprinted polymer." Using anodic stripping
voltammetry, the authors detected Cd(u) in biological samples.
However, conventional electrochemical techniques such as
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cyclic voltammetry, anodic stripping voltammetry, and linear
sweep voltammetry require the target analyte to easily undergo
the oxidation-reduction process. Furthermore, they often need
complicated fabrication processes, thus limiting the versatility
of these applications.

In this respect, electrochemistry at the liquid-liquid inter-
face has emerged in recent decades into an active branch of
electroanalytical chemistry. An ionophore is typically added to
the organic phase to facilitate the ion transfer across the water—
organic interface in the presence of an applied external voltage.

While most researchers take advantage of ion transfer at the
interface between two immiscible electrolyte solutions (ITIES)
to study more complicated biological molecules such as
proteins, few have reported studies with simple yet toxic metal
ions." Wilke and Wang reported a thermodynamic study of
Cd(u), Cu(u), and Pb(u) ion transfer across a water/nitrobenzene
interface using ETH1062 as the ionophore with microITIES."
Benvidi et al. characterized Cd(u) transfer across water/1,2-
dichloroethane (DCE) using a different microITIES geometry
in the presence of 1,10-phenanthroline (phen)."® In contrast to
microITIES, Bingol and Atalay studied the transfer mechanism
of Cd(n) ions across an interfacial area of 0.27 cm? in the
presence of a neutral ionophore 4’-morpholinoacetophenone-4-
phenyl-3-thiosemicarbazone.* Lee et al. described a detailed
study on Cu(u) ion transfer across water/1,2-DCE with picoli-
namide-phenylenevinylene.’® These studies employed an inter-
face of ~20-30 um or above between the aqueous and organic
phase, revealing exciting findings. Nano-ITIES shows superior
electrochemical performances over micro-ITIES leading to
enhanced mass transport and low ohmic drop. More recently,
Chen et al. introduced a new tris(crown ether) ionophore for the
assisted ion transfer of metal ions at nano-ITIES.** These re-
ported studies at micro-ITIES and nano-ITIES were performed
in simple matrices where the metal of interest exists primarily
in the unbound state.

More precisely, metals are found in numerous bound forms
with naturally present complexing agents in biological and
environmental samples. In this work, we utilized a nano-ITIES
based electrochemical sensor to detect free Cd(u) ions in intri-
cate matrices where Cd(u) is initially bound with strong
chelating agents including, but not limited to, ethyl-
enediaminetetraacetic acid (EDTA), 2,3-dimercaptosuccinic
acid (DMSA), and diethylenetriaminepentaacetic acid, (DTPA).
We first characterized our nano electrochemical sensor in KCl
and then in a more complex matrix resembling artificial
seawater (ASW). We incorporated phen as the ionophore in our
sensor as it shows the best sensitivity among all the reported
ionophores for Cd(u) detection with ITIES.** Furthermore, we
quantified the dissolved Cd(u) ions in a water sample collected
from the Indian River Lagoon, Melbourne, FL. To the best of our
knowledge, this is the first time reporting the use of nano-ITIES
based electrochemical sensors to study the speciation of Cd(u)
in a complex matrix and actual environmental samples. This
study provides excellent insights into future applications of
nano-ITIES electrochemical sensors, particularly in detecting
heavy metals in environmental and biological samples as
implantable sensors.
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Materials and methods
Chemicals

All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) unless otherwise specified. CdCl, was used as the Cd(u)
source. Cd(u) solutions were prepared in different matrices,
including KC1 (0.3 M), ASW, tris buffer, and phosphate buffer
solution (PBS). Tris buffer was composed of tris hydrochloride
(15 mM), NaCl (140 mM), KCl (3.25 mM), CaCl, (1.2 mM),
NaH,PO, (1.25 mM), MgCl, (1.2 mM), and Na,SO, (2.0 mM) at
pH 7.4. The composition of ASW was NaCl (402 mM), MgCl, (48
mM), Na,SO, (26 mM), and HEPES (10 mM) at pH 7.0. EDTA,
DMSA, DTPA, and nitrilotriacetic acid (NTA) were used as model
ligands to prepare Cd(u)-ligand samples by mixing Cd(u) and
ligand in a 1 : 1 ratio in ASW at pH 7. CuSO,4.5H,0, Fe(NO3);-
“9H,0, FeSO,-7H,0, Ni(NOs),-6H,0, Co(OOCCH,),-4H,0,
CaCOj3, MgCl,-6H,0, PbCl, were used as the sources for the
selectivity test in KCI.

Electrode fabrication

Borosilicate glass capillaries (O.D. = 1.0 mm, I.D. = 0.58 mm,
Sutter Instruments, CA, USA) were pulled using a P-2000 laser
puller (Sutter Instruments, CA, USA) to obtain nanopipets with
a tip diameter of ~600 nm. Nanopipets were imaged with
a scanning electrochemical microscope, JEOL JSM-6380LV
(JEOL Ltd, Tokyo, Japan), to accurately measure the pipet tip
diameter (Fig. S1 in ESI}). The inner walls of the pulled pipets
were silanized with chloromethylsilane prior to being filled with
the organic phase. The silanization of glass pipettes is crucial*”
in experiments where the organic phase is placed inside a glass
pipette. The inner wall of the glass pipets is hydrophilic; thus,
the outer aqueous phase penetrates inside the pipet and moves
the organic phase upward from the tapered end, altering the
electrochemical measurements. This issue is avoided by
depositing a hydrophobic material such as chloromethylsilane
on the inner walls of the glass pipets, hence making it more
hydrophobic and resistive to aqueous solutions. Here, the
pipets (maximum of 6 pipets at once) were placed inside
a desiccator connected to a vacuum pump. After sufficient
established inside the desiccator, chloro-
trimethylsilane (500 pL) was introduced for 30 min to 1 h. The
silanization time varied depending on the relative humidity and
the temperature of the surroundings. Silanized nanopipets were
filled with the organic phase. The organic phase (dichloro-
ethane) consisted of 10 mM 1,10-phenanthroline (phen) as the
ionophore and tetradodecylammoniumtetrakis(penta-
fluorophenyl)borate (TDDATFAB, 0.1 M) as the electrolyte.
TDDATFAB was synthesized as previously described.'®

vacuum was

Electrochemical experiments

All electrochemical experiments were conducted with CHI660E
potentiostat (CH Instruments, TX, USA) in a three-electrode
system using a lab-built Ag/AgCl electrode as the reference
electrode and a Pt wire (Alfa Aesar, MA, USA) as the counter
electrode. Each experiment was conducted with at least 4
nanopipets in triplicate (at least 12 runs in total).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Cyclic voltammogram of Cd(u) at nano-ITIES

Ion transfer across ITIES was first introduced by Koryta." The
fundamental mechanism of electrochemistry at ITIES is that
ion transfer is ruled by the ion's Gibbs energy of transfer for
a specific aqueous-organic solvent system. Further, ions (with z+
charge) are transferred across the interface by imposing
a potential difference (using a potentiostat) greater than the
Gibbs energy for transfer between the two phases (eqn (1)), and
the resultant current can be measured as a function of applied
potential.

I(Z:q) = IZ;—rg) (1)
I + Liorg = [1 = Lltorg) (2)

When the Gibbs energy for ion transfer is too high
(compared to that of the background electrolyte solution), the
presence of a suitable ionophore, L, in the organic phase lowers
the required applied energy via the external circuit by forming
a stable metal-ionophore complex (eqn (2)). Moreover, the
second approach, facilitated ion transfer, provides greater
selectivity for a particular target ion in the presence of a mixture
of other ions. The steady-state current, iy, obtained for ion
transfer at nano ITIES formed at the tip of a nanopipette can be
equated as follows (eqn (3)),

iq = 4xzFDCr (3)

where z is the charge of the analyte, C is the concentration, D is
the diffusion coefficient in the phase of origin, r is the radius of
the pipette, x is a parameter that accounts for the thickness of
the glass wall, and F is the Faraday constant.

Before moving into more complicated matrices, we tested
our nanopipet ITIES sensor with Cd(u) dissolved in a simple
electrolyte solution, KCl. Upon optimizing the potential window
for the detection of Cd(u) we didn't observe any cyclic voltam-
mograms (CV) in the absence of phen (data not shown here). We
obtained a sigmoidal-shaped CV with an E;;, value of —0.46 V
after adding excess phen to the organic phase (Fig. 1). Since the
preliminary work by Koryta," it was well established that the
presence of ionophore in the organic phase lowers the solvation
energy of the hydrophilic metal ions, subsequently reducing the
Gibbs energy for the transfer across ITIES, resulting in a CV at
a less negative potential. Conversely, in the absence of such an
ionophore, the transfer energy of metal ions surpasses or
overlaps with the energy of the ions in the background elec-
trolyte; hence a well-resolved CV is not obtainable.

Different mass transport mechanisms at nano-ITIES define
the shapes of both the forward and backward waves in a CV. In
general, when excess ionophore is present in the inner organic
solution and a simple ion is present in the outer aqueous
solution, ingress transfer is controlled by hemispherical diffu-
sion ( Fig. 2); thus, a steady-state sigmoidal forward wave
results.”” Subsequently, the egress transfer of the ions or ion-
ionophore complexes from the inner solution to the outer

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Yellowish-green trace is a representative CV of Cd(i) transfer
between water and DCE at 10 mV s~%. Aqueous phase: 400 pM Cd(i) in
0.3 M KCL. Organic phase: 10 mM phen and 0.1 M TDDATFAB. Orange
trace represents the background CV obtained with KCl only under the
same experimental conditions.

solution is controlled by linear diffusion; hence, a peak-shaped
backward wave results.”® However, in more recent studies,
steady-state sigmoidal CVs for both ingress and egress transfer
at micropipet and nanopipet ITIES have been reported'®*
similar to our CV shown in Fig. 1. The lack of a peak on the
backward wave is due to the steady-state nonlinear mass
transport in the inner solution as a result of the unique tip
geometry of the glass pipet. Rodgers and Amemiya used finite
elemental simulations to show that the steady-state sigmoidal
wave could be achieved for egress transfer with a small tip inner
angle at tapered glass pipets.*® Establishing a mass-transport
controlled steady-state voltammogram at nano-ITIES is very
important, particularly in studying the kinetics of ion transfer.
We found Cd(u)'s diffusion coefficient in the aqueous phase to
be 8.8 x 107° em”® s, which is in close agreement with the
literature reported values.'**

We then tested our sensors in three different buffer solutions
at pH 7; tris buffer (resembles artificial cerebellum fluid), PBS

Organic
phase

\If

\
S

z+
Aqueous phase

Fig. 2 Scheme of facilitated ion transfer across two immiscible elec-
trolyte solutions. Here, I** represents an ion with z+ charge in the
aqueous solution (Cd(i) in this study), and L represents the ionophore
added into the organic phase (phen in this study) that makes a complex
with I?*. The arrows represent the direction of the forward ion transfer
of the species that contribute to the voltammetric response.
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(Fig. S2 and S3 in ESIY), and a buffer solution designed to mimic
the composition of seawater* (Fig. 3). Among all three buffer
solutions, the steady-state current we obtained in ASW is most
similar to that in KCI; thus, the D in ASW, 8.5 x 10 ® cm? s}, is
more or less identical to the D in KCI. As predicted for the PBS
solution, we obtained a low Cd(u) transfer response. We attri-
bute this mainly to the formation of an insoluble Cd-phosphate
complex.

Furthermore, nanoscopic particles of this insoluble complex
can interfere with our nano-ITIES, thus blocking the passage for
Cd(n) transfer. Response in tris buffer was not as low as in PBS;
however, it wasn't as high as in KCI or ASW, resulting in a lower
diffusion coefficient, 4.5 x 10~° cm? s~ *. Moreover, we observed
a relatively larger background current in the tris buffer,
presumably due to the transfer of its background electrolyte
ions.

Calibration, stability, and selectivity

We performed calibration studies in KCl, tris buffer (Fig. S5
and S6 in ESIt), and ASW (Fig. 4) to find the sensitivity and
LOD of our nanopipets. As seen in Fig. 4, the sensitivity in ASW
was 0.127 pA pM ! whereas in KCI, it was 0.162 pA pM !
(Fig. S5 in ESI}). Although there is a notable change in the
solution composition, the sensitivities are not drastically
different; thus, the matrix effect from ASW on our sensor's
performance is negligible. However, we noticed the sensitivity
in tris buffer was much lower (0.085 pA uM ") compared to the
other two solutions; 1.5 times and 2 times lower compared to
ASW and KCl, respectively. Furthermore, LOD in both KCIl and
ASW was 5 uM (0.56 ppm), whereas, in tris buffer, it was 10 uM
(1.12 ppm). Moreover, a relatively high background current
was obtained in tris buffer (Fig. S6 in ESIf). We ascribe the
higher LOD and reduced sensitivity in tris to its solution
composition that yields a high background current. Moreover,
studies have reported that Cd(u) makes strong complexes with
tris.>® Thus, removing some free Cd(u) ions in the solution
subsequently decreases the measured current in our potential
window. Based on these results, we performed most of our
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Fig. 3 Green trace is a representative CV of Cd(i) transfer between
water and DCE at 10 mV s™1. Aqueous phase: 400 pM Cd(i) in ASW
buffer, organic phase: 10 mM phen and 0.1 M TDDATFAB. Orange
trace represents the background CV obtained with ASW only under the
same experimental conditions.
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Fig. 4 Calibration curve in ASW for Cd(i) transfer. Each data point
represents the average current £ standard error of the mean obtained
for 4 nanopipets with at least 3 replicates for each pipet (minimum of
12 replicates in total) aqueous phase: x uM Cd(i) in ASW buffer, where x
=5, 10, 50, 100, 200 and 400. Organic phase: 10 mM phen and 0.1 M
TDDATFAB.

experiments in ASW, thus making our sensor the first nano-
pipet based electrochemical sensor that can detect Cd(u) in
complicated matrices.

Previously reported ITIES based studies were performed with
macropipets or macro ITIES™™ in a simple electrolyte solution
composed of one salt. Furthermore, these studies are primarily
focused on theoretical aspects compared to applications of
these sensors to aid in solving real-world problems; thus, no
calibration studies were performed, nor was LOD reported.
Conversely, our primary goal was to determine whether this
sensor could be utilized to detect Cd(u) samples first in envi-
ronmental samples and then in biological samples (future
studies).

We tested the stability of our sensor amperometrically by
holding each nanopipet at the plateau-potential. Although
the actual measurement requires only a few seconds, as seen
in Fig. 5, the current was stable for over a minute. Main-
taining a constant current at nano-ITIES is often challenging,
mainly due to fouling that occurs from the adsorption of
nanoscopic particles at the ultra-small interface. Our finding
showcases the robustness of our sensor to overcome that
obstacle, thus making it an excellent tool for real sample
analysis. Moreover, our data is in good agreement with
a similar study performed by Colombo et al.; hence, validating
our sensor's stability.**

We also assessed the selectivity of our nanopipet towards
Cd(n) ions over some potential interfering ions; Co(u), Fe(u),
Fe(ur), Ni(u), Pb(u), Ca(u), Cu(u), and Mg(u) (Fig. S7 in ESIf).
Here, we tested each individual ion (400 uM; upper limit of our
linear range) in KCl using phen (10 mM). Although it is known
that phen is not selective only for Cd(u) ions,* the rationale for
this experiment was that E;, for each metal ion would be
unique; therefore, it is still possible to distinguish Cd(u) ions
from other ions. Interestingly, only Cu(u), Ca(u), and Pb(u)
resulted in quasi-steady state CVs. However, all three metal ions

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Left: representative CVs for different concentrations of Cd(i) transfer in ASW. Right: current vs. time (i—t) traces for each concentration.
Here, each i—t curve was obtained for 60 s by applying a constant potential obtained from the plateau region of the CVs.

showed a significantly lower current and high negative E;),
compared to Cd(u) (Table S1 in ESIt). Other metal ions didn't
significantly respond within the potential limit we tested for
Cd(u). This is an exciting finding as our nanopipet can differ-
entiate Cd(u) with appreciable selectivity even using a non-
selective ionophore.

Cd(u)-ligand complexes

Metals in environmental samples exist in complexed forms with
naturally present ligands, thus lowering the concentration of
free metal ions. However, free metal ions are readily accessible
for chemical reactions, and therefore are more responsible for
toxicity. Hence, it is vital to detect free metal ions in a system
compared to bound metal ions. Before we tested our nanopipets
with natural water samples, we performed a pilot study to verify
our sensor's ability to detect free Cd(u) ions in the presence of
known ligands. We chose EDTA, DTPA, DMSA, and NTA as four
model ligands. These were chosen based on their usage as Cd(u)
detoxifying agents in the medical field. These ligands have been
tested for their efficacy by several research groups, primarily to
administer them to remove ingested Cd(u) from the body.>*?°
We first mixed Cd(u) and each ligand in 1 : 1 molar ratio in ASW
and let the mixtures equilibrate for ~24 h. Then we analyzed
these samples with our nanopipets by running CV experiments.
At pH 7, deprotonated forms®3? of ligands exist as EDTA®",
DTPA®", NTA®" and DMSA®"; thus, we expected to observe
prominent CVs corresponding to [Cd-EDTA] ", [Cd-DTPA] ",
[CAd-NTA] " appearing with an increase in the negative current
on the forward scan, and almost no CV for [Cd-DMSA]° since
the overall charge of the complex is zero at pH 7.0. However, as
seen in Fig. 6, we observed quasi-steady-state CVs for all four
Cd-ligand mixtures resembling positively charged, free Cd(u)
ions in ASW. We expanded our potential window beyond the
limits shown in Fig. 6 to observe any [Cd-ligand] complexes;
however, no such feature was observed for any of these
complexes (Fig. S8 in ESIt).

Furthermore, the current at the quasi-steady state is lower,
and CVs are less steep than the CVs collected for Cd(u) in

© 2022 The Author(s). Published by the Royal Society of Chemistry

ASW. Interestingly, the E;, of all four samples shifted to
higher negative potentials compared to that of Cd(u). There-
fore, we attribute these CVs to free Cd(u) ions in equilibrium
with Cd-ligand complexes. Lower current, less steepness, and
higher E,,, values are presumably due to the competition
between the ligands and the applied potential. The presence
of phen in the organic phase will favor the movement of free
Cd(u) ions to the organic phase, pulling more free Cd(u) ions
from the Cd-ligand complex. Moreover, because Cd(m) ions
are bound to ligands, the required energy for their ion
transfer is higher than that in the absence of ligands; thus, E;,
, values are shifted more towards the high negative potentials.
To the best of our knowledge, this is the first time reporting
a Cd(u)-ligand study with an ITIES-based nanopipet. This is
an exciting finding as it showcases the power of our sensor to
identify free Cd(u) ions in the presence of strong complexing
agents.
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Fig. 6 Representative CVs obtained for Cd(i) ion transfer in the
absence (green) and in the presence of EDTA (light-blue), DTPA
(yellow), NTA (dark purple), and DMSA (light purple) in ASW at pH 7.0.
Aqueous phase: 400 uM Cd(i) and 400 pM ligand. Organic phase:
10 mM phen and 0.1 M TDDATFAB. All CV measurements were per-
formed at 10 mV s,
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Fig. 7 Plot between the concentration of Cd(i) ions added and the
steady-state current. Each data point represents the average current
standard error of the mean obtained for 4 nanopipets with at least 3
replicates for each pipet (minimum of 12 replicates in total). Inset
shows where the graph meets X-axis; thus, Cd(i) concentration in the
analyte sample.

Analysis of a real environmental sample

We tested a water sample obtained from the Indian River
Lagoon, Melbourne, FL, with our nanopipets. Here, we quan-
tified the concentration of Cd(u) ions in this water sample using
the standard addition approach. We first let the river water
sample settle for ~48 hours and removed debris by filtration. A
series of Cd(u) concentrations were prepared by mixing a known
volume of filtered river water sample with different concentra-
tions of Cd(u) in ASW (see Table S2 in ESIt for more details). The
corresponding CVs were taken with at least 4 nanopipets, each
with three runs. As depicted in Fig. 7, the average current for at
least 12 replicates for each concentration was plotted against
the concentration of Cd(u). The extrapolation of the graph
yielded the concentration of Cd(u) in the analyte sample, and by
adjusting the dilution factor, we found the concentration of
Cd(u) in the Indian River Water Lagoon to be 0.27 ppm. Inter-
estingly, our finding agrees well with the literature. Trefry and
Trocine reported Cd(u) concentrations (0.62-0.26 ppm) at
different locations in the lagoon.*® Furthermore, the authors
used inductively coupled plasma mass spectrometry as their
analysis tool, thus confirming our sensor's great potential for
use as an environmental monitoring tool.

Conclusions

In this paper, we described the use of nanopipet based elec-
trochemical sensor to detect Cd(u) ions in aqueous samples.
Our electrode is a borosilicate glass electrode with an inner
radius of 300 nm. It follows a hemispherical diffusion regime,
owing to its nanoscale interface that allows fast measurements.
Phen was used to facilitate the Cd(u) transfer across the nano-
interface. We performed ITIES based cyclic voltammetry and
amperometry experiments with our nanosensor in various
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matrices, including simple electrolytes like KCl and compli-
cated buffer solutions such as artificial seawater and artificial
cerebellum fluid. We also tested the strength of our sensor
against other standard ligands such as EDTA, NTA, DTPA, and
DMSA. We found out that our electrode shows excellent stability
and can withstand the complex matrices without fouling, an
attractive feature of an exemplary sensor. We tested our sensor
with Cd(u) dissolved in a water sample collected from the Indian
River Lagoon, Melbourne, FL; thus, we showcase our sensor's
power as an environmental monitoring tool. To the best of our
knowledge, this is the first time reporting a glass electrode with
a nanometer scale for Cd(u) detection in a natural environ-
mental sample using ITIES. Our ultra-small electrode will
enable us to study the kinetics of ion transfer across ITIES; thus,
allowing us to modify the sensor to enhance the sensitivity and
selectivity in our future studies.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Authors wish to thank Dr Shigeru Amemiya and Dr Jiyeon Kim
for valuable discussions, Mohammed Althubaiti, Melyse Laud,
and Laura Guidugli for their technical support with fabricating
necessary accessories and experiments. Florida Institute of
Technology funded this research.

References

1 F. Edition, World Health, DOI: 10.1016/s1462-0758(00)
00006-6.

2 S. Satarug and M. R. Moore, Environ. Health Perspect., 2004,
112, 1099-1103.

3 L. Jarup, M. Berglund, C. G. Elinder, G. Nordberg and
M. Vahter, Scand. J. Work, Environ. Health, 1998, 24, 1-51.

4 J. Sardans, F. Montes and J. Peniuelas, Spectrochim. Acta, Part
B, 2010, 65, 97-112.

5 V. Ivanova-Petropulos, S. Jakabova, D. Nedelkovski, V. Pavlik,
Z. Balazova and O. Heged(is, Food Anal. Methods, 2015, 8,
1947-1952.

6 K. Murphy, M. Rehkamper, K. Kreissig, B. Coles and T. Van
De Flierdt, J. Anal. At. Spectrom., 2016, 31, 319-327.

7 K. S. Choi, C. H. Lee, ]J. G. Kim, W. H. Kim and ]. G. Kang,
Talanta, 2007, 71, 662-667.

8 M. Zhang, Y. Q. Liu and B. C. Ye, Analyst, 2012, 137, 601-607.

9 Y. Chen, D. Zhang, D. Wang, L. Lu, X. Wang and G. Guo,
Talanta, 2019, 202, 27-33.

10 A. B. Abdallah, M. R. El-kholany, A. F. S. Molouk, T. A. Ali,
A. A. El-Shafei and M. E. Khalifa, RSC Adv., 2021, 11,
30771-30780.

11 L. J. Sanchez Vallejo, J. M. Ovejero, R. A. Fernandez and
S. A. Dassie, Int. J. Electrochem., 2012, 2012, 1-34.

12 S. Wilke and H. Wang, J. Electroanal. Chem., 1999, 475, 9-19.

13 A. Benvidi, S. N. Lanjwani and Z. Ding, Electrochim. Acta,
2010, 55, 2196-2200.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra07655h

Open Access Article. Published on 05 January 2022. Downloaded on 1/21/2026 1:50:13 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

14 H. Bingol and T. Atalay, Cent. Eur. . Chem., 2010, 8, 1134-
1139.

15 S. H. Lee, ]J. Sumranjit, P. Tongkate, B. H. Chung and
H. J. Lee, Electrochim. Acta, 2014, 123, 198-204.

16 R. Chen, A. Yang, A. Chang, P. F. Oweimrin, J. Romero,
P. Vichitcharoenpaisarn, S. Tapia, K. Ha, C. Villaflor and
M. Shen, ChemkElectroChem, 2020, 7, 967-974.

17 Y. Shao and M. V Mirkin, Anal. Chem., 1998, 70, 3155-3161.

18 J. Guo and S. Amemiya, Anal. Chem., 2006, 78, 6893-6902.

19 J. Koryta, Electrochim. Acta, 1979, 24, 293-300.

20 P. J. Rodgers and S. Amemiya, Anal. Chem., 2007, 79, 9276-
9285.

21 M. L. Colombo, J. V. Sweedler and M. Shen, Anal. Chem.,
2015, 87, 5095-5100.

22 G. Abate and J. C. Masini, Org. Geochem., 2002, 33, 1171-
1182.

23 G. Schroeder, B. Leska, B. Gierczyk, K. Eitner,
G. Wojciechowski, B. Rozalski, F. Bartl and B. Brzezinski, J.
Mol. Struct., 1999, 508, 129-138.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

24 W. W. Brandt, F. P. Dwyer and E. D. Gyarfas, Chem. Rev.,
1954, 54, 959-1017.

25 G. Owens, V. K. Ferguson, M. J. Mclaughlin, 1. Singleton,
R. J. Reid and F. A. Smith, Environ. Sci. Technol., 2000, 34,
885-891.

26 E. Zeini Jahromi, J. Gailer, L. J. Pickering and G. N. George, /.
Inorg. Biochem., 2014, 136, 99-106.

27 V. L. Silva, R. Carvalho, M. P. Freitas, C. F. Tormena and
W. C. Melo, Spectrochim. Acta, Part A, 2007, 68, 1197-1200.

28 J. Watly, M. Luczkowski, M. Padjasek and A. Krezel, Inorg.
Chem., 2021, 60, 4657-4675.

29 O. Andersen, Environ. Health Perspect., 1983, 54, 249-266.

30 C. Peraferrer, M. Martinez, J. Poch and I. Villaescusa, Arch.
Environ. Contam. Toxicol., 2012, 63, 484-494.

31 C. W. Li, C. H. Cheng, K. H. Choo and W. S. Yen,
Chemosphere, 2008, 72, 630-635.

32 T. Karak, R. K. Paul, D. K. Das and R. K. Boruah, Environ.
Monit. Assess., 2016, 188(12), 1-15.

33 J. Trefry and R. Trocine, Fla. Sci., 2011, 74, 43-62.

RSC Adv, 2022, 12,1077-1083 | 1083


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra07655h

	Electrochemical detection of Cd(ii) ions in complex matrices with nanopipetsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07655h
	Electrochemical detection of Cd(ii) ions in complex matrices with nanopipetsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07655h
	Electrochemical detection of Cd(ii) ions in complex matrices with nanopipetsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07655h
	Electrochemical detection of Cd(ii) ions in complex matrices with nanopipetsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07655h
	Electrochemical detection of Cd(ii) ions in complex matrices with nanopipetsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07655h
	Electrochemical detection of Cd(ii) ions in complex matrices with nanopipetsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07655h

	Electrochemical detection of Cd(ii) ions in complex matrices with nanopipetsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07655h
	Electrochemical detection of Cd(ii) ions in complex matrices with nanopipetsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07655h
	Electrochemical detection of Cd(ii) ions in complex matrices with nanopipetsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07655h
	Electrochemical detection of Cd(ii) ions in complex matrices with nanopipetsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07655h
	Electrochemical detection of Cd(ii) ions in complex matrices with nanopipetsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07655h

	Electrochemical detection of Cd(ii) ions in complex matrices with nanopipetsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07655h
	Electrochemical detection of Cd(ii) ions in complex matrices with nanopipetsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07655h
	Electrochemical detection of Cd(ii) ions in complex matrices with nanopipetsElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07655h


