Open Access Article. Published on 30 March 2026. Downloaded on 4/5/2026 6:14:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

(3

View Article Online

View Journal | View Issue

{ ") Check for updates ‘

Cite this: RSC Ad\v., 2026, 16, 16887

Micro-array based on parafilm towards the opto-
analysis of Cu(u), Cr(vi), and Ni(n) ions in fish samples

by specific indicators: a state-of-the-art approach
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In this study, a parafilm-based colorimetric micro-array (PCMA) is introduced as a novel, low-cost sensor for
the specific detection of copper (Cu(i)), chromium (Cr(v)), and nickel (Ni(i)) ions in real samples. We
developed a convenient and straightforward micro-array based on parafilm for creating hydrophobic and
semi-hydrophobic areas for the colorimetric detection of three metal ions, namely, Cu(i), Cr(vi), and Ni(n)

ions, using color picker software installed on a smartphone. The principle of detection in this innovative

sensing platform was based on the chemical interactions of these metal ions with specific reagents.

These interactions produced striking observable color changes that allowed for the easy identification

and quantification of these targets in complex matrices. Based on the smartphone-supported digital

image analysis, the prepared sensor enabled quantitative detection with linear detection ranges of 0.1 to
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80 mM, 3 nM to 2 uM, and 1 to 60 mM for Cu(i), Cr(vi), and Ni(u), respectively. In addition, the developed

colorimetric sensor achieved lower limits of quantification of 0.1 mM, 3 nM, and 1 mM for Cu(u), Cr(vi),
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rsc.li/rsc-advances

1. Introduction

Although heavy metals are natural resources, the rapid expan-
sion of urbanization and industrialization has resulted in their
significantly increased levels, leading to heavy metal contami-
nation. Vehicular traffic, agricultural practices, industrial
emissions, aging infrastructure, and improper waste disposal
are the main sources of heavy metal contamination. Particu-
larly, the leaching of heavy metals into soil and water and their
subsequent introduction into the food chain can damage vital
human vital organs and systems due to their bioaccumulation
and non-biodegradability."* Heavy metals are reported as highly
potential factors for causing neurological disorders in adults,?
damage to the kidneys,* various cancers,” cardiovascular
diseases,® and respiratory issues.” Due to the severe health
problems caused by heavy metals, there is an urgent and huge
need for developing quick, sensitive, and affordable detection
methods for heavy metals. Currently, various conventional
methods, such as atomic absorption spectrometry (AAS), high-
pressure liquid chromatography (HPLC), and inductively
coupled plasma optical emission spectroscopy (ICP-OES), are
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and Ni(n) ions, respectively. The sensor's performance was validated by its excellent selectivity against
potential interfering ions and its successful application in the analysis of a real fish sample.

widely used for the analysis of heavy metals. However, high-
cost, long analysis and preparation times, and the require-
ment of skilled individuals often restrict their wide application.?

Recently, biosensors have emerged as efficient and self-
integrated analytical devices for providing quantitative or
semi-quantitative information. The detection principle in these
sensing devices is based on the specific interactions between
bioreceptors/receptors with the target.>'® Subsequently,
different transducers, which employ optical, electrochemical, or
piezoelectric-based techniques, are used to convert these
interactions into measurable physical and chemical signals.
Among these, colorimetric methods represent an affordable
and simple analytical method for the analysis of heavy
metals."™* Interestingly, a wide range of colorimetric
approaches have been implemented on different test strips,
such as paper, polymer, silicon, glass, cotton, and even
conductive-based substrates.”® While these miniaturized
sensing devices possess numerous advantages, they face some
difficulties. For instance, in paper-based colorimetric sensors,
the porous and heterogeneous nature of paper often causes
uneven fluid flow, uncontrolled spreading of reagents, and
variability in color distribution.**"” Furthermore, environ-
mental conditions such as humidity, light, and temperature can
adversely affect reagent stability and color intensity."®>* Simi-
larly, other colorimetric-based sensing system are some limi-
tation such as complex microfabrication.*>*
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Parafilm sheets, a well-characterized class of thermoplastics
primarily made up of polyolefins, have received considerable
attention in developing colorimetric-based sensing systems due
to their accessibility and eco-friendly nature.” Currently,
parafilm-based colorimetric micro-arrays (PMCAs) demonstrate
high potential for advancing healthcare and disease screening,
particularly in resource-limited settings. Importantly, the
specific advantages of these sensors enable the high-
performance quantification of metal ions in food samples
without the need for complex preparation procedures.*’ In other
words, unlike common fabrication techniques, like photolith-
ographic methods, which need complex steps and expensive
instruments,*"** using the simple wax printing technology with
a wax printer and printing plates offers an eco-friendly and
economical approach. The implementation of wax printing on
parafilm-based substrates has revolutionized the field of
sensing due to its advantages such as simplicity, affordability,
and rapidness.****

In this study, we designed a simple and flexible parafilm-
based sensor for monitoring Cu(u), Cr(vi), and Ni(u). In detail,
the mechanical strength of the proposed parafilm-based sensor
provided a stable sensing substrate, and the use of wax printing
technology presented different sensing zones for multiplex
detection. For the preparation of PMCA, the parafilm was placed
between an iron mold and a magnet to design hydrophilic
channels by permeating paraffin.** Our validation through the
colorimetric analysis of these metal ions in fish samples
demonstrated excellent detection limits. Furthermore, the color
intensity of sensing zones on the surface of parafilm was
analyzed by the eye-dropper color picker software.

2. Experimental section

2.1. Chemicals and instruments

Parafilm sheets were purchased from Bemis Company, USA.
Neocuproine,1,5-diphenylcarbazide (DPC) and hydroxylamine
(HA) were bought from Sigma-Aldrich, Oakville, Canada.
Potassium dichromate (K,Cr,0-), acetone, chloroform, H,SO,,
sodium fluoride (NaF), sodium thiosulfate (Na,S,0s), ethanol,
dimethyl glyoxime (DMG), Ni(u) chloride (NiCl,), and Cu(u)
sulfate (CuSO,) were purchased from Merck, Darmstadt, Ger-
many. The ionic solutions of K(1), Na(1), Ca(u), Mg(u), Cr(vi),
Mn(u), Fe(ur), Co(u), and Zn(u) were acquired from Chem lab
Company, Zedelgem, Belgium. Fresh trout fish was obtained
from a local market in Tabriz, Iran. Deionized water was
provided by the Shahid Ghazi Pharmaceutical Co., Tabriz, Iran.

The digital images were captured inside a polymeric cylinder
(inner diameter: 8.0 cm; height: 10 cm) using a Samsung A2
mobile phone, featuring a powerful 5 MP rear camera equipped
with advanced dual autofocus pixels and operating on Android
8.0. The cylinder ensures optimal brightness and mitigates
interference from external light sources. In addition, we utilized
color picker software (https://play.google.com/store/apps/
details?id=gmikhail.colorpicker) and eye-dropper software for
the analysis of color intensity on the sensing zones. LOD and
LOQ were calculated based on 3Sd per slope or S/N = 3 and
10Sd per slope or S/N = 10, respectively.*
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2.2. Preparation of fish meat samples

A fish meat extract was prepared by manually squeezing the
meat. The produced juice was collected in a clean microtube
and maintained in a refrigerator at 4 °C for 24 hours. Subse-
quently, we centrifuged the juice at 8000 rpm for 10 minutes,
separating the supernatant for further analysis. The superna-
tant was diluted with distilled water in a precise 1 : 2 v/v ratio for
analysis.

2.3. Principle of colorimetric sensors based on the PCMA

The performance and efficiency of the PCMA for the colori-
metric analysis of Cu(u), Cr(vi), and Ni(u) were validated using
fish samples. A metal mold, fabricated by laser machining, was
utilized to fabrication of PCMA. The fabricated sensing areas on
the parafilm substrate were modified with different reagents
through the drop casting technique. The reactions between the
reagents and targets on the detection areas were analyzed using
the color picker software (see Fig. S1 and VS1). The detection
principle of each metal ion is completely discussed in the
following sections.

2.3.1. Principle of Cu(u) detection. The determination of
Cu(n) relies on the reduction of Cu(u) to Cu(i) by HA and the
subsequent formation of a Cu(i)-neocuproine complex, which
exhibits an orange color. Particularly, the probe was prepared by
mixing 10 uL of HA (0.1 g mL™") in an acetic acid buffer (6.3 M,
pH 4.3) with 10 pL of neocuproine (0.05 g mL™ ") in chloroform.
Following this, 10 pL of Cu(u) was introduced into the detection
zone. The reduction reaction occurs under mildly acidic
conditions due to the high efficiency of HA under these condi-
tions. Although, in these buffers, Cu(u) ions may exist as
hydrated ions or weak acetate (CH;COO ™) complexes, but are
readily accessible for reduction.’”*®* When the Cu(u) was added
to the substrate, an orange color is visible based on the redox
reaction of Cu(u) with HA, Neocuproine (Fig. 1A and VS2).

2.3.2. Principle of Cr(vi) detection. In order to prepare
a Cr(vi) sensing assay, 10 pL of DPC solution (0.001 g mL ™" in
50% v/v acetone) and 10 pL of Cr(vi) solution were added to the
detection zone. Afterward, we introduced 1% H,SO, to provide
the acidic environment for the colorimetric reaction. Under
acidic conditions, Cr(vi) and DPC were reduced and oxidized to
Cr(m) and diphenylcarbazide (DPCO), respectively.*® As shown
in Fig. 1B and VS3, the production of Cr(m) results in a color
change from pink to purple, which varies with the concentra-
tion of Cr(vi).

2.3.3. Principle of Ni(u) detection. The Ni(un) assay was
based on the formation of the red Ni-DMG complex. Accord-
ingly, 10 uL of a DMG solution (80 mM in ethanol) was applied
to the detection zone through the drop casting technique, fol-
lowed by the introduction of 10 pL of an aqueous solution
containing 0.02 g mL™" of NaF and 0.08 g mL ™" of Na,S,0;. In
the presence of ethanol, the red Ni-DMG complex was produced
due to its reaction with Ni(u), as demonstrated in Fig. 1C and
VS4. Although fluoride ions (F~) from NaF could weakly interact
with Ni(u), the dominant ligand under the assay conditions was
DMG. In addition, the use of sodium thiosulfate (Na,S,03)
prevented the formation of interfering Ni hydroxide species.*’

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(A) Colorimetric detection by PMCA for (1) negative control (H,0), (2) HA/acetic acid buffer (6.3 M), (3) neocuproine/chloroform, (4) Cu(i),

(30 mM), (5) HA/neocuproine/Cuf(i), (30 mM) in 0 min with volume ration of (1 : 1) v/v. (B) Colorimetric detection by PMCA for (1) negative control
(H,0), (2) diphenyl carbazide/acetone, (3) H,SO4 (4) Cr(vi) (5) diphenylcarbazide/H,SO4/Cr(vi) in O min with volume ratio of (1:1) v/v. (C) Col-
orimetrion detection by PMCA for (1) negative control (H,0), (2) DMG/ethanol, (3) NaF/Na,S,03 (4) Ni(i) (5) DMG/NaF/NazS,0=/Ni(i) in 0 min with
volume ratio of (1:1) v/v. (D) Colorimetric detection by PMCA for (1) negative control (H,0), (2) HA/neocuproine/Cu(n), (3) diphenylcarbazide/
H,SO4/Cr(vi), (4) DMG/ethanol/NaF/Na,S,O3)/Ni(i) in 0 min with volume ratio of (1:1) v/v.

To further investigate the color changes induced by these
metal ions, the results were repeated at another location on the
parafilm sheet (Fig. 1D and VS5).

3. Results and discussion

3.1. Analytical performance

The PCMA was successfully applied for the determination of the
three metal ions across a range of concentrations. The colori-
metric assay of Cu(u) relied on redox reactions and complex
formation, where Cu(u) is reduced to Cu(1) in the presence of HA
(see results in VS5). This mechanism was visually observable
through color changes from light orange to dark orange with
increasing concentrations of Cu(u). Fig. 2A and B show the
calibration curves of Cu(u) obtained in the concentration range
from 5 uM to 80 mM. In addition, the linear regression equation
found for the colorimetric detection of Cu(u) based on the
PCMA was

= —0.0011(Ceyqp) + 0.1484, R2 = 0.9667.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The accuracy of the colorimetric detection of Cr(vi) was
observed based on the revelation of purple color. The intensity
of color increased from light to dark purple in response to
increasing the Cr(vi) concentration from 3 nM to 0.002 mM
(Fig. 2C, D and VS6). For the reported PCMA-based colorimetric
sensor, LLOQ was determined to be 3 nM with an average
relative standard deviation (RSD) of 0.9127. The colorimetric
detection of Ni(u) based on the PCMA was validated by the
distinct pinkish color formation (VS7). As depicted in Fig. 2E
and F, the color changed from light pink to dark pink in
response to Ni(i) concentrations ranging from 2 uM to 60 mM.
The LLOQ and R? values were calculated to be 2 uM and 0.9715,
respectively.

In addition to analysis by the naked eyes, an analysis based
on the eye-dropper software was done and is completely
summarized in Table S1. Each group included nine colorimetric
indicators characterized by their red-green-blue (RGB) values
and hex codes, color names, peak wavelengths (1), and LLOQ.
The RGB results obtained by the smartphone were validated by
the eye-dropper software (https://instant-eyedropper.com/)
(Table S1, SI).

RSC Adv, 2026, 16, 16887-16894 | 16889
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(A) Photographs of the Cu(i) colorimetric response in the concentration range 0.1 mM to 80 mM (B) calibration curves of Cuf(i). (C)

Colorimetric response of Cr(vi) in the concentration range 3 nM to 0.002 mM (D) calibration curves of Cr(vi). (E) Colorimetric response of Ni(i) in
the concentration range 1 mM to 60 mM. (F) Calibration curves of Ni(i).

3.2. Real sample analysis

The feasibility of the developed PCMA-based sensing approach
for practical applications was analyzed using fish meat. In order
to prepare real samples, the prepared supernatant from fish
meat extract was spiked with various concentrations of candi-
date metal ions (1:1). In addition, different incubation times,
including 0, 60, 120, and 180 min at room temperature, were
used to demonstrate the stability of real matrices. As presented
in Fig. S1 and VS8-510, in the presence of different targets on
the surface of modified sensing zones, the color of sensing areas
changed, and this was captured by a smartphone and analyzed
by the color picker software.

For Cu(u) detection, the developed PCMA demonstrated
a linear detection range of 5 pM to 80 mM and an LLOQ
of 5 uM (Fig. S2E and VS11). In addition, a regression equation
(y = 0.0799(Ccuqm) + 0.002) and an R* value of 0.9154 were ob-
tained based on a calibration curve. Under optimum condi-
tions, the calibration curve for Cr(vi) detection was attained by

16890 | RSC Adv, 2026, 16, 16887-16894

plotting the color intensity versus the concentration of Cr(vi),
resulting in a regression equation of y = 0.1987 (Ccyvr) + 3.3068
and an R® value of 0.9566. As shown in Fig. S3 and VS12, the
PCMA demonstrated a linear detection range of 0.2 puM to
0.1 mM and an LLOQ of 0.2 uM toward Cr(vi) sensing. Also,
linear range of 2 uM to 60 mM and of 2 uM was obtained for the
detection of Ni(u) (Fig. S4 and VS13).

A comparison of the captured images after different incu-
bation times demonstrated that the color changes are consis-
tent even at 180 min. This ability makes the PCMA a highly
promising sensor for practical applications.

A comparison of the analytical performances of sensors
developed for the detection of metal ions is summarized in
Table 1. The results of our parafilm-based sensor demonstrated
significant advancements when compared with the existing
paper-based sensors for candidate metal ion analyses high-
lighted in the literature. As indicated in Table 1, most paper-
based sensors are primarily focused on detecting Cr(vi), Cu(u),

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09860b

Open Access Article. Published on 30 March 2026. Downloaded on 4/5/2026 6:14:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Table 1 Comparison of the analytical performances of previously developed sensors with those of our sensor in the detection of candidate

metal ions®
Target Probe Color capturing instrument Sample LOD/LOQ/LLOD/LLOQ  Ref.
Ni(u), Cr(v1), and Hg(u) Silane compounds Smartphone camera Water 0.24 ppm, 0.18 ppm, 41
terminating with NH,, and 0.19 ppm
COOH, and SH
Lead(u), mercury(u), Aptamers Smartphone camera Apple and lettuce 4.20 nM, 1.70 nM, 2.04 42
cadmium(u), and arsenic(m) nM, and 1.65 nM
Fe(m), Ni(u), Cr(vi), Cu(u), NR Smartphone camera Mixtures and 0.2, 0.3, 0.1, 0.03, 0.08, 43
Al(ur), and Zn(u) environmental samples  and 0.04 mg L ™"
Ni(u), Cu(u), and Fe(ur) NR Smartphone camera Water 2 and 6.67 ppm, 0.3 44
and 1 ppm
Fe, Ni, Cu, Zn, Cd and Pb  Screen-printed Hewlett-Packard Scanjet River water 0.1,0.3,and 0.2 mg L™" 45
electrochemical paper- G4050 office scanner
based device
Hg(1) AgNPs Naked eyes Water 0.1mgL™" 46
Cu(u) and Zn(u) NBD-Cl and Girard's reagent Smartphone camera Rainwater Down to 0.77 uM and 47
1.66 UM

Cu(u), Co(u), Ni(u), Hg(u),
and Mn(u)
Zn(n) and Co(ur)

complexing agents
Paper substrate using
polyvinyl chloride
Different reagents

8370DN)

scanner
Cr(vi), Cu(u), and Ni(u)
camera

Bc, DMG, DTZ, and PAR as Scanner (Brother MFC-
CanoScan LiDE 220 color

Naked eyes and smartphone Fish

Drinking, tap, and pond 0.32, 0.59, 5.87, 0.20, 48

water and 0.11 mg L'

Water 0.03 and 0.08 mg L™" 49
0.1 mM, 3 nM, and This
0.1 mM work

¢ Abbreviations: Be, bathocuproine; DMG, dimethylglyoxime; DTZ, dithizone; PAR, 4-(2-pyridylazo) resorcinol; AgNPs, silver nanoparticles; NH2,
amine; COOH, carboxyl; SH, thiol; and NBD-Cl, 4-chloro-7-nitro-2,1,3-benzoxadiazole.

Sensing zone 2 |
1

Sensing zone 3 !

Fig.3
targets, and (3) complex cocktail solutions.

Hg(u) and Ni(u) ions in water samples. In order to use these
sensors in food analysis, several complex processes, such as
homogenization, filtration, and pH adjustments, need to per-
formed. The proposed platform reduces the need for substan-
tial quantities of solvents and analytes. This ability highlights
its potential as a groundbreaking solution in offering a highly
efficient sensing approach for metal ion detection in food
safety.

3.3. Selectivity assays of Cr(vi), Cu(u), and Ni(u) using the
PCMA

The selectivity of the developed assay was evaluated based on
three innovative detection zones in the presence of various
potential interfering ions that could affect the accuracy and
precision of the sensor. In detail, zone 1 served as the negative
control, and zone 2 was able to identify Cr(vi) at a low concen-
tration (0.0001 mM), alongside Cu(u) at 20 mM and Ni(u) at

© 2026 The Author(s). Published by the Royal Society of Chemistry

Images of the selectivity of the PCMA-based sensor towards (A) Cr(vi), (B) Cu(i), and (C) Ni(i) and comparison with (1) negative controls, (2)

15 mM (Fig. 3). Furthermore, zone 3 analyzed a complex cock-
tail of solutions, containing mix 1 [(Ca(u), Fe(ur), Li(1), and
Zn(u)], mix 2 [(Mn(u), Mg(u), Na(1), and K(1)], and mix 3 which is
a combination of all ions from mix 1 and mix 2. Note that all
ions in the cocktail solutions were at a concentration of 20 mM.

The solutions were drop-casted onto each modified zone,
and the color intensity was analyzed following the reaction. As
illustrated in Fig. 3A-C, each detection zone exhibited distinct
color changes in the presence of its corresponding target ana-
lytes (VS14-S16). Remarkably, the reported sensor maintained
its selectivity without interference from cocktail solutions con-
taining multiple metal ions.

4. Conclusion

In summary, a simple, affordable, flexible, and multiple-ion
detection sensor based on parafilm was established for

RSC Adv, 2026, 16, 16887-16894 | 16891
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detecting Cu(u), Cr(vi), and Ni(u) ions. The developed optical
probe demonstrated color changes towards metal ions on the
surface of the sensing zone. The color change on the surface of
the designed sensor could be identified by the naked eye and
captured by a specific smartphone software. The developed
PCMA demonstrated excellent sensitivity and wide linear
detection ranges of 0.1 mM to 80 mM for Cu(u), 3 nM to
0.002 mM for Cr(vi), and 1 mM to 60 mM for Ni(u). In addition,
the designed sensor demonstrated excellent reliability due to its
selectivity in the presence of interfering ions and acceptable
analytical performance in a real fish meat sample. One chal-
lenge (limitation) in using this colorimetric sensor is that the
reaction responsible for the color change occurs slowly, and this
color change disappears after a limited time (maximum 60
minutes) at room temperature. This is because of the potential
solvent evaporation, which limits its use in the analysis process.
Despite the promising properties of the PCMA, future efforts for
its standardized manufacturing, biocompatibility enhance-
ments, and integration with readout technologies are necessary.
Addressing these challenges will be essential for the trans-
formation of the PCMA from the laboratory to practical
applications.
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and may be subject to approval by the data provider. Restric-
tions may apply to the availability of these data, which were
used under license for this study. Interested parties are
encouraged to contact the corresponding author for further
information on accessing the data. All data are available within
the manuscript and supplementary information (SI). Supple-
mentary information: Fig. S1: photographs of modified PCMA
with (1) fish meat, (2) H,O, (3) HA/neocuproine/
Cu(u), (4) diphenyl carbazide/H,SO,/
Cr(v1), (5) dimethylglyoxime/ethanol/NaF/Na,S,0;/Ni(u). Fig. S2
(A-D): photographs of the modified PCMA at four incubation
times, including 0, 60, 120, and 180 minutes, with (1) H,-
O, (2) fish meat, and (3-10) fish meat/HA/acetic acid buffer/
neocuproine/chloroform/Cu(u) at concentrations of 0.005, 0.01,
0.1, 5, 10, 20, 40, and 80 mM. (E) calibration curves (n = 3, SD =
2.046 £ 0.2). Fig. S3 (A-D): photographs of the modified PCMA
at four incubation times, including 0, 60, 120, and 180 minutes,
with (1) H,O, (2) fish meat, and (3-10) fish meat/diphenyl car-
bazide/acetone/H,SO,/Cr(vi) at concentrations of 0.0002,
0.0005, 0.001, 0.002, and 0.1 mM. (E) calibration curves (n = 3,
SD = 2.063 £ 0.2). Fig. S4 (A-D): photographs of the modified
PCMA at four incubation times, including 0, 60, 120, and 180
minutes, with (1) H,O, (2) fish meat, and (3-10) fish meat/di-
methylglyoxime/ethanol/NaF/Na,S,0;/Ni(u) at concentrations
of 0.002, 0.01, 0.1, 1, 5, 15, and 30 mM. (E) calibration curves. (n
= 3, SD = 1.79 £ 0.2). Table S1: analytical summary of colori-
metric data and detection sensitivity our study for detecting
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candidate metal ions. See DOI: https://doi.org/10.1039/
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