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Plasmonic chemosensing of W(vi), Pd(u), Cr(), and
Cs(1) in deep eutectic solvent using silver
nanoparticles: green solvent toward optical point-
of-use quality testing
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The rapid and accurate detection of heavy metals is essential for reducing environmental pollution.
Consequently, the quick and precise identification of heavy metals has become a primary challenge for
scientists worldwide. In this study, an innovative and efficient optical chemosensor was developed based
on a deep eutectic solvent (DES) for the selective identification of W(vi), Pd(i), Cr(in), and Cs()) among 30
types of metal ions. A unique optical probe was fabricated by dissolving silver nanoparticles (T-AgNPrs)
in a DES prepared from ChCl and EG. The color change of the T-AgNPrs-DES probe was observed with
a smartphone, and a UV-vis spectrometer was used to validate it. The shift in the LSPR band in the UV-
vis portion of the spectrum was used for plasmon optical sensing of candidate ions in samples. The
proposed optical sensor demonstrated a high degree of linearity in the 0.01 to 0.8 pg ml™
concentration range for W(vi), Pd(i), Cr(n), and Cs(), respectively. The suggested method for using the T-
AgNPrs-DES probe to detect W(vi), Pd(i), Cr(n), and Cs(i) had limits of detection (LOD) of 0.02, 0.005,
0.003, and 0.006 ug ml™?, respectively. Notably, the proposed optical chemosensor can detect selected
ions in a human urine sample with a minimum concentration of 0.01 ug ml™. Throughout this study, it
was demonstrated that combining nano-based materials and DESs presents innovative and effective
strategies for developing enhanced sensing devices. This approach results in hybrid devices that exhibit

rsc.li/rsc-advances

1. Introduction

Exposure to heavy metallic ions is one of the primary hazards in
the workplace environment.* Heavy metals are widely dispersed
throughout the environment due to their numerous industrial
uses, exacerbating health hazard concerns.*”® Thousands of
individuals are exposed to heavy metal ions in workplaces such
as metalworking, construction, transportation, the chemical
industry, and mining.*” Exposure to these pollutants causes
both acute and chronic toxicity, resulting in severe health
impairments, including asthma, neurological disorders, bron-
chitis, chronic dermatitis, genetic damage, hypertension,
hemoglobin changes, and damage to the liver, kidneys, and
brain, as well as DNA damage and even cancer. The primary
issue is that heavy metals are not metabolized in the body.”*°
In various industries, the easy detection and rapid evaluation
of the levels of these ions is crucial to limiting their discharge
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better signal-to-noise ratios, linearity, and selectivity.

into the environment and avoiding adverse effects. This
becomes especially important when these ions have very low
toxic levels.™™ The significant costs associated with analytical
techniques for detecting and measuring heavy metallic ions
pose a major challenge for industries.'* Therefore, the demand
for new technology that is portable, affordable, and capable of
rapid detection has increased. In light of this, developing
a specific science that can quickly identify toxic metal ions is
essential.

Atomic absorption spectrometry (AAS), inductively coupled
plasma mass spectrometry (ICP-MS), electrochemical sensors,
ultraviolet-visible spectrometry, and inductively coupled
plasma optical emission spectrometry (ICP-OES) are the most
common analytical techniques used to measure heavy metal
ions.™"” Although these traditional methods have high accu-
racy, selectivity, and sensitivity and can detect low levels of
analyte, they have some disadvantages in their use, such as
expensive and complicated instruments, high running costs,
time-consuming procedures, and the need for a trained
operator.’®?° Moreover, the use of these devices is not suitable
for on-site and convenient detection of metal ions, as they are
not portable. In recent decades, new methods have been
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proposed to overcome these limitations, including sensors
based on the various properties of nanostructured materials.
These techniques aim to develop selective, sensitive, low-cost,
and convenient detection platforms for monitoring various
analytes in real samples.****

Sensors are one of these advanced methods. Sensors may be
classified based on how they use signal-transduction mecha-
nisms, such as field-effect transistor (FET), optical, and
electrochemical sensors.>»*® Optical sensors are a diverse group
of those tools that use light to detect a variety of analytes.
Optical sensors offer distinct advantages, including the ability
to rapidly acquire signal readout, capture spatiotemporal
imaging, and remotely detect target analytes.”®*” Interestingly,
the application of metal nanoparticles (NPs) on the structure of
optical sensors led to their excellent performance in pollutant
recognition.?®*°

Silver (Ag) nano-crystals as engineered nanomaterials are
used in a wide range of applications, including cosmetics, art,
orthopedics, biomedicine, and optical sensors, due to their
unique optical properties and the simplicity of the method of
synthesis."**' They interact strongly with visible light due to
their localized surface plasmon resonance (LSPR).***>7** The
SPR band and the color absorbed by nanoparticles from visible
light are strongly sensitive to characteristics such as particle
size, shape, composition, distance between particles, state of
self-assembly, agglomeration, and dielectric environment.?*~*’
When silver nanoparticles are aggregated, the SPR expands,
moves towards the lower wavelengths, and therefore decreases
in intensity.*® Interestingly, Ag nanostructures show superior
plasmonic properties, even better than Au according to the
theory of Mie.?®

Triangular Ag nanoplates stand out among the various Ag
nanocrystals developed so far because of their adjustable plas-
monic properties.* These properties can be fine-tuned
throughout the visible and near-infrared range by carefully
controlling the aspect ratio of their structures.*****' So, these
nanoplates were used for colorimetric sensing.*****

Colorimetric chemical sensors are analytical methods that
allow the detection of analytes by the naked eye by changing the
color of the material*® The simplicity and availability of colori-
metric tests make them a viable alternative to spectrometric
systems. In addition, they can be easily observed with the naked
eye or simply by using a readily available, affordable, and easy-
to-use smartphone.*>*® The colorimetric detection of metal ions
is usually achieved by complexing the metal ions with appro-
priate chelating agents. Complex design not only guarantees
selectivity but also makes it easier to detect colorimetric varia-
tion.*” One challenge in using colorimetric sensors is that the
reaction responsible for the color change occurs slowly,* and
the color change caused by nanoparticles disappears after
a limited time (maximum 60 minutes) at room temperature.
This is because of the potential for evaporating the solvent,
which may limit its use in the analysis process. This issue can be
effectively addressed and solved by employing deep eutectic
solvents (DESs).*®*

DES has received considerable attention as a safer solvent for
a wide range of applications, especially as a green medium.>>**
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Compared with traditional organic solvents, DES, as an alter-
native to ionic liquids (ILs), possesses the inherent advantages
of ILs and demonstrates superiority in many aspects.*»* In
particular, DES exhibits excellent stability under both temper-
ature and chemical conditions and can be tailored to specific
characteristics by altering its composition.**** DES is also
environmentally benign, featuring a low room temperature
vapor pressure and minimal volatilization.*® Its synthesis is
inexpensive, typically straightforward, purer, and allows the
preparation of materials with the desired density, polarity, and
viscosity. Its notable biodegradability and remarkably low
toxicity, along with the aforementioned properties, render them
completely acceptable as green solvents.®” Previously, DESs have
been employed in various areas, including sample preparation,
electrochemical analysis, chromatographic separation, modifi-
cation of sorption materials, and synthesis.”® According to
recent research, DES can act as a chelating agent in colorimetric
sensors for complex target metal ions, enhancing the selectivity
of the analysis and generating color patterns for detection.***”>
However, these studies did not investigate the potential high-
SPR surface properties of noble metal nanoparticles using
DESs in optical sensors. No research has been conducted to date
to integrate NP materials with DES in chemical sensors. As
a result, it remains a challenge to explore synergistic effects
between these two components to achieve improved sensor
performance for heavy metal ions. In this research, we have
designed a new generation of optical sensors for the specific
detection and determination of metal ions (W(wv), Pd(u), Cr(m),
and Cs(1)). To date, the combination of DES with the plasmonic
probe has not been utilized as an optical sensor for detecting
metal ions. To the best of our knowledge, this marks the first
time that T-AgNPrs has been employed as a sensor probe in
a DES medium without additives for the detection of metallic
ions.

The assessment of metal ions in urine not only reflects
individual health but also gives insight into potential environ-
mental exposures. Many metals enter the human body through
environmental sources, including water, food, and air pollu-
tion. Analyzing urine samples helps in understanding the
correlation between environmental contaminants and health
outcomes, thus guiding public health policies and interven-
tions. For this purpose, the chemical colorimetric sensor was
produced by dispersing T-AgNPrs in a DES synthesized from
choline chloride and ethylene glycol. UV-vis spectrophotometry
quantified the resulting-colored complex of ions, and
a smartphone-integrated photograph was taken for naked-eye
detection and evaluation based on color change. Additionally,
selected ions in human urine samples were determined using
the proposed colorimetric probe.

In this study, we aim to compare spectral data with
a smartphone-based spectrometer to create a portable and cost-
effective device for the quick and accurate detection of W(vi),
Pd(m), Cr(u), and Cs(1) in real samples. The smartphone-based
colorimetric analysis system served as a visible spectrometer,
allowing for the measurement of the absorbance of metal ions.
This straightforward, affordable, and robust spectrometer
design could enhance on-the-spot measurements. The device is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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inherently low-cost and portable, making it suitable for various
field studies. Collecting and analyzing data is fast and easy.
Despite the simplicity of the experiment, excellent results can
be achieved. In terms of sensitivity, the performance of the
smartphone-based spectrometer is comparable to that of
commercial spectrometers. A good agreement was found
between the smartphone-based spectrometer and the conven-
tional spectrophotometer. Finally, the proposed method was
tested by analyzing the candidate ion concentrations in real
samples (human urine), yielding satisfactory sensitivity and
accuracy. The limit observed in this study is lower, confirming
the method developed as an appropriate alternative that can be
easily reproduced by other researchers for the trace determi-
nation of W(vi), Pd(u), Cr(m), and Cs(1). The general steps of the
study are illustrated in Scheme 1.

2. Materials and methods

2.1. Materials

All reagents are prepared from analytical grade chemicals
without any purification. Silver nitrate (AgNO3), poly-
vinylpyrrolidone (PVP K, MW = 40 000), sodium borohydride
(NaBH,4, 96%), hydrogen peroxide (H,O,, 30 wt%), and tri-
sodium citrate (TSC) (Naz;CcH50,) were acquired from Sigma-
Aldrich (Ontario, Canada). The Stock standard solutions of
ions (As(ur), B(i), Fe(m), Ca(u), Te(w), V(um), Sr(u), W(vi), Co(u),
Zr(wv), Na(i), Mo(v1), Al(m), Ba(u), Cr(u), Pt(IV), Bi(m), Sn(u),
Mn(u), Pb(u), Ni(u), Cs(1), Si(iv), Hg(u), Se(wv), K(1), Li(1), Zn(u),
Mg(u), and Pd(u)) were purchased from Chemlab company

© 2025 The Author(s). Published by the Royal Society of Chemistry

(Zedelgem, Belgium) at a concentration of 1 pg ml'. TA-
AGNPrs was synthesized according to our previous report*
which was illustrated in Scheme 2.

Working standard solutions were prepared fresh every day
from stock solutions in DES. Choline chloride (ChCI) and
ethylene glycol (EG) (>98%) were sourced from the Merck Co.
(Darmstadt, Germany). Prior to the synthesis of DES, ChCl was
dried in the oven for at least 4 h to guarantee a very low moisture
content. All glassware was rinsed with distilled water after being
washed with 5% detergent and 10% (v/v) nitric acid.

2.2. Instruments

Transmission electron microscopy (TEM; Adelaide, Australia)
was used to investigated the size and internal structure of the
synthesized Ag-nanostructure at a voltage of 200 kV. The diluted
NPs were deposited on a copper grid to create the TEM image of
the dispersed Ag-nanostructure.

The surface morphology and distribution of the synthesized
Ag-nanostructures was evaluated with high-resolution field
emission scanning electron microscopy (FE-SEM; Hitachi-
Su8020, Czech Republic) at a voltage of 3 kV. Optical proper-
ties measurements were conducted with the ultraviolet-visible
(UV-vis) spectrophotometer (A Shimadzu UV-1800) as a refer-
ence instrument for quantitative analysis, with a one-
nanometer resolution using a quartz cell. The reaction solu-
tions were scanned at a wavelength of 200-800 nm. In addition,
absorbance measurements were made using smartphone-based
spectroscopy for potential in-field applications. The zeta
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potential and hydrodynamic size were also examined using
dynamic light scattering (DLS) from Malvern Instruments Ltd
(Zetasizer Ver. England, 7.11, MAL1032660). The Fourier-
transform infrared (FT-IR) spectra was performed with the
Nicolet IS 10 spectrometers (ThermoFisher Scientific Inc.,
Waltham, MA, USA). All the digital images in this work have
been taken with a smartphone camera (Samsung Galaxy A54)
under natural light.

2.3. Synthesis of deep eutectic solvents (DES)

The Hydrophilic DES; were synthesized by mixing quaternary
ammonium salts (choline chloride) as a hydrogen bond
acceptor (HBA) and with three hydrogen bond donors (HBDs),
including ethylene glycol (ethaline), glycerol (glycerin), and urea
in a ratio of 1:2 molar. Solid choline chloride was heated to
~70 °C to remove any water from the previous use. All DES
synthesis methods were similar. For example, ethaline was
chosen as the model DES, and the synthetic route is shown in
Fig. S1 (see SI). ChCl and ethylene glycol in a 1:2 molar ratio
(ChCI-EG, ethylene glycol) was added to the closed flask and
heated at 80 °C under continuous magnetic stirring at 400 rpm
until a clear and transparent liquid was formed. The colorless
solution was cooled to room temperature and stored in
a desiccator for future use. The FT-IR was used to further
characterize ethaline (ChCl: EG, 1:2). In addition, to further

28024 | RSC Adv, 2025, 15, 28021-28044

verify the successful synthesis of DES, a control experiment was
conducted with FT-IR to characterize HBA and HBD before
mixing. DES solvent was freshly prepared and used without
further processing or dilution.

2.4. Preparation of colorimetric sensing platform (T-AgNPrs
in the DES medium)

Metal ions were identified by integrating T-AgNPrs in the
presence of DES as the colorimetric probe. The DES of ethaline
was selected for further research. Initially, standard ion solu-
tions, including As(m), B(um), Fe(m), Ca(u), Te(w), V(m), Sr(u),
W(v1), Co(u), Zr(v), Na(1), Mo(wv), Al(u), Ba(u), Cr(1), Pt(IV), Bi(u),
Sn(u), Mn(u), Pb(u), Ni(u), Cs(1), Si(iv), Hg(u), Se(wv), K(1), Li(1),
Zn(m), Mg(n), and Pd(m) (each with a concentration of 1 ug ml™"),
were added to the separate 2 ml microcentrifuge tubes. After-
ward, the DES and T-AgNPrs were transferred in equal volume
ratios to a microcentrifuge tube containing a standard ionic
solution (1:1:1, v/v/v) to study the interaction of the optical
probe with the analytes. After that, the solution was shaken by
hand to create a homogeneous mixture. Human urine samples
were obtained from the Tabriz University of Medical science,
Tabriz, Iran, (ethic code: IRR-MUL.RESEARCH.REC.1400.482). All
experiments were performed in accordance with the guidelines
of institute (Tabriz University of Medical science), and approved
by the ethics committee at Tabriz University of Medical science,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Tabriz, Iran. Informed consents were obtained from human
participants of this study.

2.5. Colorimetric detection

Colorimetric recognition was performed using a smartphone
camera. This technology is used to monitor the stability of the
color complexes and capture images of them. The images of the
solution were taken under natural light using the Samsung A54
smartphone with a 50 MP camera. The solutions’ color codes
were assigned to the red, green, and blue (RGB) codes using the
PhotoMetrix app to provide a universal colorimetric method.
Subsequently, the Colorxs website was used to convert the
assigned codes into color names.

2.6. Spectrophotometric detection

UV-vis spectrometry was used to quantify the metal ions at room
temperature. For this, 500 pl of T-AgNPrs was added to
a centrifuge tube containing 500 pl of DES and 500 pl of stan-
dard ion solutions (total volume of 1.5 ml). After the solution
was manually mixed for 30 seconds, absorption spectra of the
final mixture were determined at regular intervals (0, 30, and 60
min) for optimization of reaction time. For all samples, the UV-
vis spectra were recorded from 200 to 800 nm, and the graphs
were carefully analyzed to compare results.

2.7. The design and fabrication of a smartphone-based
spectrophotometer

The rectangular box (herein after referred to as the sample box)
was designed to allow the passage of light through the sample.
The area outside the box was covered to create an environment
that effectively insulates the light from the surroundings. A hole
corresponding to the diameter of the micro-tube is cut at the
apex of the sample box. The sample box is then fitted with holes
on both the front and the back. The front hole guides the
smartphone camera to the solution, while the back hole allows
light from the computer's LED screen to enter the sample. The
distance between the smartphone and the sample box, as well
as other components of the system, is kept at a constant level,
which leads to increased accuracy. After all the necessary
preparations were completed, the RGB analyzer application was
launched on the smartphone.

2.8. Real sample evaluation

The proposed method was applied to the human urine sample
without pretreatment. The results of the colorimetric
measurements were recorded in a solution by smartphone and
subsequently analyzed by a UV-vis spectrophotometer. An equal
number of ions with T-AgNPrs-DES was individually combined
with real samples.

2.9. Analytical study

First, the various concentrations of W(v1), Pd(u), Cr(m), and Cs(1)
were prepared by diluting the standard solution in a DES to
construct the linear calibration curves. Afterwards, the T-
AgNPrs was introduced into these solutions. The resulting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mixtures were then used for the measurement of the absor-
bance ratio (Asampie/Aprob) by both commercial UV-vis spectros-
copy and smartphone-based spectroscopy. Analytical signals
obtained from both techniques were compared. Finally, cali-
bration curves were generated for both trials by plotting
absorbance ratio data against ion concentration. The low limit
of quantification (LLOQ), limit of detection (LOD), limit of
quantification (LOQ), and relative standard deviation (RSD%)
were calculated for this study. The analytical signals derived
from the two methods were contrasted.

3. Results and discussion

3.1. Characterization of synthesized materials

Ethaline (ChCl:EG, 1:2) was selected as the DES model to
investigate T-AgNPrs spectral properties in the DES medium. T-
AgNPrs were successfully characterized according to our
previous reports.®***

FTIR spectrometry was implemented to confirm the
successful synthesis of the DES. FTIR spectra showed several
absorption bands based on the DES composition (ChCl: EG)
and the hydrogen bonding between the ethylene glycol chloride
and the ChCI anion. In the FTIR spectra, the O-H stretching
vibration band typically occurs between 3200 and 3700 cm ™' in
FTIR spectra.®® DES and its components, choline chloride and
ethylene glycol, were subjected to FTIR analysis, as shown in
Fig. S2 and S3 (see SI). The differential characteristics in the
region between 400-1300 cm ' were remarkable, since this
range corresponds to the fingerprint region of the spectrum.
Analysis of the spectrum of pure choline chloride revealed
absorption bands related to the O-H bond stretching and
bending vibrations (3259 and 1480 cm™", respectively) and the
C-O bond stretching vibrations (1091 cm ™ %). In addition,
a stretching vibration of the C-N bond (951 cm ™) was detected
by the analysis. The pure ethylene glycol spectrum shows
vibration signals of 3380, 1408, and 1041 cm * for the stretch-
ing and bending of the O-H and C-O groups, respectively. The
broadband at 3380 cm ™" associated with the stretching vibra-
tion of the O-H functional group in ethylene glycol was found to
shift to 3384 cm ™' in DES, according to the FT-IR spectra.
Reduced intermolecular hydrogen bonding between ethylene
glycol molecules caused this shift towards a higher wave-
number. Fig. S3 (see SI) shows a significant increase in spectral
intensity in association with the OH functional group, which is
attributed to hydrogen bonding formation by OH groups in the
ethylene glycol and ChCl molecules, as reported in the litera-
ture.®® The stretching vibrations of the C-O and the stretching
and bending vibrations of the ~-OH were found to have some
minor shifts. One possible explanation for these minor varia-
tions in the O-H and C-O peaks is the development of hydrogen
bonding interactions between the HBD and HBA components.
In the DES spectra, the ChCl features are visible. The stretching
vibration of the C-N bond is represented by a sharp band in the
DES spectra at 955 cm™ ', which is slightly shifted compared to
the ChCl pure spectra. Those results are consistent with other
studies.*** As was somehow expected, all these characteristic
peaks were also found in the FT-IR spectrum, which confirmed

RSC Adv, 2025, 15, 28021-28044 | 28025
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that the DES is successfully synthesized from choline chloride
and ethylene glycol. This finding supports the idea that
hydrogen bonding is necessary for the molecular interactions
that take place in the DES system. The chemical stability of the
prepared DES was also examined and characterized using FTIR
for 28 days. The FTIR spectra (Fig. S2b (see SI)) indicated that
the DES was stable.

3.2. Identify T-AgNPrs after mixing with DES

Zeta potential (Zp), electrical conductivity, hydrodynamic
diameter (HD), and UV-vis spectroscopy were used to investigate
of detection behavior of T-AgNPrs in the presence of DES as
a sensing probe. The structure of the silver nanoprisms is
a triangular sheet. According to earlier studies, silver triangular
nanoprisms have high chemical activity at their corners and
edges.”® Therefore, the silver nanoprisms may undergo
morphological changes as a result of a variety of external
factors, including temperature, light from outside sources,
time, and the addition of chemicals.*

Using UV-vis spectroscopy, the absorption characteristics of
T-AgNPrs in the presence of DES were assessed. Fig. 1 graphi-
cally illustrates the absorption spectrum and the corresponding
PRF shift of the T-AgNPrs in the DES mixture (T-AgNPrs-DES).
Spectroscopic analysis of T-AgNPrs in combination with DES
resulted in interesting results. Following the addition of silver
nanoparticles to the DES, the characteristic peak absorption
associated with the 450 and 336 nm wavelengths was shifted to
the lower wavelength range (blue shift) while the maximum
absorption peak of LSPR was shifted to 702 nm (red shift) with
significantly reduced absorption (Fig. 2c) and the color of the
nanoparticle changed from blue to colorless.

This significant shift can be attributed to differences in the
distances of the particles and particle sizes of T-AgNPrs in the
DES system. The SPR peak feature of the NPs in the presence of
a DES could be due to energy transfer processes or changes in
the electronic environment of the nanoparticles. However,
understanding the effects of the DES on the PRF of colloidal NPs
poses significant challenges. The physics governing the optical

1.9
e— DES (ChCI:EG;1:2)(a)

e— A\gNPrs(b)

e— AcNPrs in DES(c)

0.9

Absorbance (a.u.

0.4

01500 300 400 500 600 700 800

Wavelength (nm)

Fig.1 The absorption spectrum of UV-vis and image of (a) T-AgNPrs,
(b) DES (ChCL: EG; 1:2), (c) T-AgNPrs in DES at room temperature.
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response of solvent systems is fundamentally different from
that of plasmonic materials.”

The zeta potential and surface conductance are essential
interfacial electrokinetic properties for assessing the net surface
charge and stability of nanoparticles. Synthesized nanoparticles
will be almost stable if their Z, is greater than +30 mV or less
than —30 mV.®” Higher levels of Z, can prevent nanoparticle
aggregation and increase particle size.®® The charge on the
surface of the colorimetric probe was evaluated by measuring
the zeta potential. The Z, of T-AgNPrs in the absence of DES was
measured at —15 mV. Consequently, T-AgNPrs are stabilized in
the aqueous dispersion despite the small zeta potential, due to
significant electrostatic forces between T-AgNPrs coated with
negatively charged molecules. After dissolving T-AgNPrs in DES,
the average Z, shifted to a positive value and reduced to
0.613 mV (Fig. S4 (see SI)). A reduction in zeta potential from
—15 to 0.613 mV suggests that the anionic surface of the T-
AgNPrs was nearly neutralized upon the addition of DES,
correlating with diminished repulsive forces between colloidal
particles. This decrease arises from various factors, including
changes in the chemical composition of the surrounding
medium (DES medium). It is assumed that in this system, T-
AgNPrs react with chloride in the DES and precipitate an AgCl
layer on the particles, which alters their zeta potential. The Z,
experiments showed that the molecules of DESs effectively
dissolve metal nanoparticles. Conversely, the addition of
AgNPrs to the studied DES led to changes in the liquid structure
due to alterations in intermolecular forces, producing effective
solvation around T-AgNPrs and consequently changing the
intermolecular forces between the molecules constituting the
DES. The characteristics of DES depend on the hydrogen
bonding between the salt (choline chloride in this study) and
the selected HBD.

The conductivity may be considered as an indicator of the
presence of chemicals dissolved in the solution. Concentration
of dissolved ion species that can freely move in the solution in
proportion to the conductivity.® Experimental measurements
have shown that DESs with high viscosity have lower conduc-
tivity, indicating an inverse relationship between conductivity
and viscosity. This correlation can be explained by the simple
fact that the consistency of the solvent has a direct effect on the
movement of ion species within it.”” The choline chloride and
glycerol-based DES system has a high conductivity at room
temperature (7160 (us cm ™)) because of its high salt ratio.”®”
The results of this study show that the colloidal system
conductivity (714 (us cm™")) has significantly increased in the
presence of DES (31 000 (us cm™')). This increase is attributable
to high salt concentration and an increased number of ions.
The Z, is also affected in colloidal systems with high conduc-
tivity. As the ion concentration increases, the Z, decreases,
resulting in a decrease in electrostatic attraction between
particles. This decrease could result in more colloidal particle
aggregation, which would affect the system's stability. The
distribution of particle size (hydrodynamic diameter) by DLS is
an effective method for understanding the occurrence of
aggregation. Fig. S5 (see SI) illustrates that the average particle
size of T-AgNPrs is approximately 20.4 nm and with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Colorimetric detection of T-AgNPrs in the presence of DES for the detection of differentions (1:1: 1) (v/v/v) at three different incubation
times: (a) 0, (b) 30, and (c) 60 min. The UV-vis spectra of the ions + DES + T-AgNPrs (1: 1: 1) at two differentincubation times: (d) 0 and (e) 60 min.
Absorption intensity of T-AgNPrs-DES with various ions at two different incubation times: (f) 0 and after 60 min. Wavelength shift of AgNPrs-DES
with various ions at two different incubation times: (g) 0 and after 60 min.

a polydispersity index (PDI) of 0.72. However, after adding DES
to colloidal systems (Fig. S5 b (see SI)), the intensity was
significantly decreased, and a new size distribution of 931.8 nm
was formed (PDI = 0.464) after five minutes of interaction. This
observation suggests a potential interaction between T-AgNPrs
and DES.

Therefore, MNPs in the DESs are expected to alter the
liquid's structure due to changes in intermolecular forces that
allow efficient solvation around MNPs. Therefore, one should
anticipate changes in the intermolecular forces among the
molecules forming the DESs, with the most significant alter-
ations occurring in the solvation shells. The properties of DESs

© 2025 The Author(s). Published by the Royal Society of Chemistry

fundamentally depend on the hydrogen bonding between the
salt component (ChCl in this work) and the considered HBDs.**
It can be hypothesized that the choline cation interacts with the
T-AgNPrs due to the negative charge on their surface, and Ag
atoms or nanoparticles can move and co-aggregate within the
DES bulk because of the electrostatic interactions (cation—
anion) among the DES molecules. In principle, the growth
process may occur via individual atom attachment or co-
aggregation of primary nanoparticles. The nanoparticle co-
aggregation process in the DES depends on the interplay
between surface tension and viscosity. H. R. Ghenaatian et al.
reported a comprehensive study of the interaction between
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Scheme 3 Schematic representation self-assembly of silver nanoparticles in DES medium.

DESs and NMNPs. In this study, choline chloride (ChCl) is
selected as a hydrogen bond acceptor (HBA), and urea is also
chosen as a hydrogen bond donor (HBD) for forming the DES
(ChCl:urea). Results indicate that ChCl:urea interacts
primarily with nanoparticles via [Cl] anion ([Cl]"---Mn) and
nonconventional H-bonds of C-H:---Mn and N-H---Mn.
Research results indicated that interactions between [Cl]”---Mn
are stronger than the nonconventional H-bond interactions,
and that the nature of the interaction between [Cl] ---Mn is
electrostatic, while the nonconventional H-bonds of C-H---Mn
and N-H---Mn are of van der Waals. They did report evidence of
the self-assembly and ordering of the metal NPs in DES.” In
conclusion, the analysis of the endings of UV-vis spectroscopy,
zeta potential, conductivity, and size distribution tests together
suggest that T-AgNPrs in the present DES medium are in a self-
assembly state (see Scheme 3). Based on the results of the
studies, hydrogen bonding is the main driving force for the
formation of self-assembly.”” The mechanism of aggregation is
attributed to the templating nature of the DES and the forces of
physical interaction between the T-AgNPrs and the DES.

3.3. Application of T-AgNPrs-DES as a sensing platform

3.3.1 Specific detection. Specificity in detecting metallic
cations and anions is a key characteristic of appropriate probe
systems. For the analytical assessment of optical chemo
sensors, one of the most crucial factors is specific detection.”™
Using a mixture of T-AgNPrs and DES as a sensing platform, an
individual experiment was conducted on each of the element
ions to examine the specific detection of the target metal ion in
the sample solution. Therefore, sensing the system was utilized
to detection of metals ions with different valences, i.e., (As(i),
B(m), Fe(m), Ca(n), Te(w), V(ur), Sr(u), W(v1), Co(u), Zr(v), Na(1),
Mo(u), Al(m), Ba(u), Cr(ur), Pt(wv), Bi(m), Sn(u), Mn(u), Pb(u), Ni(u),
Cs(1), Si(wv), Hg(u), Se(v), K(1), Li(1), Zn(u), Mg(u), Pd(u)). All the
mentioned cations were examined at a concentration of 1 pl
ml~". Fig. 2a-c shows the color changes that happened when
the individual ions were mixed. These observations were
recorded immediately following the reaction (0 min) and again
at interval time of 30 and 60 min. Additionally, the absorption
spectra of T-AgNPrs-DES with various ions present, along with
the corresponding wavelengths (An.x) and absorption intensi-
ties, are displayed in Fig. 2.

28028 | RSC Adv,, 2025, 15, 28021-28044

The results shown in Fig. 2 demonstrate that T-AgNPrs can
specifically detect W(vi), Pd(u), Cr(m), and Cs(1) ions in the
presence of DES under optimal conditions with 60 minutes of
incubation and 30 °C. Colorimetric results also produced blue,
orange, purple (light taupe), and lion coloring complexes for
[DES/(T-AgNPrs-W(vi), Pd(u), Cr(m), and Cs(1))], respectively,
indicating that these ions may interact with T-AgNPrs in the
presence of the DES. Therefore, the naked-eye colorimetric
method could selectively detect W(vi), Pd(u), Cr(m), and Cs()
through the color alternation of the T-AgNPrs-DES mixture. The
extent and intensity of the LSPR-associated changes in W(vi),
Pd(u), Cr(m), and Cs(1) ions were confirmed by UV-vis spectro-
photometer (Fig. 2). Interestingly, a hypochromic shift (shorter
wavelength) was observed when W(vi), Pd(u), Cr(ui), and Cs(1)
ions were increased in the reaction medium; with blue shifts at
563, 411, 310, and 410 nm, respectively. It should be noted that
the LSPR band (An.x) at 300 nm was observed for other metal
ions, which didn't produce a coloring complex. The calorimetry
experiments without NPs and competitive experiments (absor-
bance and wavelength) were performed with and in two reaction
times (Fig. S6 and S7 (see SI)). The absorption ratio (Asampie/
Apjank) for all metal ions examined is given in Fig. S8 (see SI).

3.3.2 Sensing tests. This section begins with an exploration
of the UV-vis spectra of silver nanoparticles. UV-vis is the gold
standard for quantitative analysis of chemical compounds
undergoing an electronic transition from ground to excited
state through energy source absorption. Most metals cannot be
analyzed by UV-vis because they are colorless; therefore, they
need to be treated with organic dyes, ligands, or chromophores.
It is believed that three main factors influence the plasmon
resonance of the particles and, therefore, the absorption: the
surrounding solvents, the T-AgNPrs aggregation, and the ion
binding to the surface of the nanoprobe.”™

The UV-vis absorption spectra of tungsten in the sensing
probe showed a new LSPR band at approximately 563 nm and
340 nm because the NPs' plasmon characteristics changed due
to the presence of the analyte. As shown in Fig. 3, T-AgNPrs-DES
exhibits no color. Upon completion of the reaction between the
probe and tungsten, the solution changes color to blue. Addi-
tionally, the SPR band of T-AgNPrs decreased from 650 nm to
415 nm upon the addition of palladium ions to the system.
Moreover, the solution's color immediately changes to orange
due to the agglomeration of T-AgNPrs with palladium in the

© 2025 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/d5ra04031k

Open Access Article. Published on 06 August 2025. Downloaded on 6/16/2026 9:31:01 AM.

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

(cc)

Paper
25 - 2.5
(a) N

- 2 — (a) W(VI) 3 2
2 e (b) P(11) <
o 15 (€) cr(in) g 15
= e (d) Cs (1) &
2 1 £ 1
2 3
<] < 0.
< 05 >

;>

450

N
i
=]

450 650
Wavelength (nm)

Wavelength (nm)

1.4
mA sample/A blank (0 min)

1.2

1
208
[
g
<
~206
2
E
<
0.4
=
0.2
0

AgNPrs/W(VI)+DES AgNPrs/pd(I1)+DES AgNPrs/Cr(ll)+DES AgNPrs/Cs(1)+DES

m A sample/A blank (30 min)

A sample/A blank (60 min)

Type of ions

View Article Online

RSC Advances

N
n
3

=

(a) W(VI)
mm— (b) Pd(ll)
(
(

N

(a) w(vi)
(b) Pd(11)
(c) r (1)
(

— (d) Cs (1)

d) Cr(1il)

m— (d) Cs (1)

Absorbance (a.u.)
=
= 4]

o
wn

650

o

250 450 650
Wavelength (nm)

m Wavelength (0 min)
m Wavelength (30 min)

700
Wavelength (60 min)

600
500
400
300
200
100

0

AgNPrs/W(VI)+DES AgNPrs/pd(ll)+DES AgNPrs/Cr(II)+DES AgNPrs/Cs(1)+DES

o

Wavelength shift (nm)

o

Type of ions
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presence of the DES medium. Similarly, when T-AgNPrs-DES
interacted with chromium ions, a blue shift in the SPR absor-
bance band was recorded by UV-vis, with three new bands
emerging at 306 nm (weak), 425 nm (medium), and 570 nm
(strong), alongside the solution changing from colorless to
Persian orange. When cesium ions are present in the reaction
system, the formation of the complex DES/AgNPrs [Cs(1)] caused
significant shifts in the absorbance band of the SPR to 410 nm
and also changed the color from colorless to a lion color; this
may indicate alterations in the optical or chemical properties of
the solution (See Fig. 2). The shift of the absorption band
towards shorter wavelengths (blue shift) upon exposure to these
ions indicates higher energy electronic transitions due to the
complexes formed with T-AgNPrs in the DES medium.” After 60
minutes of reaction time between the ions and NPs in the
presence of DES, a slight discoloration of the solution was
noted.

Another important parameter in optical sensing is the reac-
tion time. As shown in Fig. 3, the wavelength shift remained
almost constant with an increase in incubation time to 60
minutes, and the intensity of the absorption peak did not
change significantly. Therefore, all measurements were per-
formed with a 5 min of incubation time. The presence of the
analyte leads to a dielectric change manifested as a change in

© 2025 The Author(s). Published by the Royal Society of Chemistry

color as well as in the position (wavelength) and intensity of
absorption (Abs). Thus, the peaks observed for the candidate
metal ions can be attributed to the coordination of the metal
ions with the silver atoms of NPs in the presence of DES.

DLS is employed to monitor the zeta potential, average
particle size, conductivity, and polydispersity index of T-AgNPrs
after the addition of ionic solutions for the study of changes in
nanoparticles in the presence of the DES. After adding W(vi),
Pd(u), Cr(m), and Cs(1) ions to the T-AgNPrs-DES (1:1:1 volume
ratio), the mixture solution was incubated at ambient temper-
ature for 60 minutes to complete the reaction. Table 1 shows
how the Zp, HD, conductivity, and polydispersity index of T-
AgNPrs changed over time for each of the aforementioned
ions at various incubation times (0 and 60 min).

Table 1 shows that T-AgNPrs exhibited high zeta potential
due to a high surface charge, as the reference system. Impor-
tantly, the zeta potential decreased in the first few minutes after
adding the ions along with DES as the particles interacted with
the surrounding medium. For example, the Z, of T-AgNPrs,
which was —15 mV in the reference system, became 0.995 mV
just after adding Pd(u) and decreased rapidly in the initial
reaction phase. The decrease of the Z, from —15 to 0.995 mV
indicates that the ionic strength system has increased in the
early stages of the reaction, zeta potential also decreased for

RSC Adv, 2025, 15, 28021-28044 | 28029
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Table1 Zeta potential, conductivity, average particle size distribution, intensity, and polydispersity index values for T-AgNPrs with metal ions in

the presence of DES

Zeta potential Conductivity Average particle Polydispersity

Sample (mv) (mSem™) size distribution (d nm) index (PDI)
T-AgNPrs —-15.3 0.714 20.40 0.727
T-AgNPrs-DES 0.613 31.3 931.8 0.464
T-AgNPrs-DES + W' (0 min) —0.966 48.6 42.02 0.443
T-AgNPrs-DES + W°" (60 min) —-4.79 47.2 442.4 0.324
T-AgNPrs-DES + Pd** (o min) 0.995 74 472.2 1
T-AgNPrs-DES + Pd?* (60 min) —4.05 67.2 506.6 0.529
T-AgNPrs-DES + Cr** (0 min) 5.04 78.5 253.1 0.266
T-AgNPrs-DES + Cr** (60 min) —0.658 69.8 531.7 0.450
T-AgNPrs-DES + Cs' (0 min) 1.29 48.9 449.5 0.418
T-AgNPrs-DES + Cs* (60 min) 6.71 47.4 963 0.716

W(vi), Cr(m), and Cs(1) ions (Table 1). Consequently, the
decrease in the zeta potential can be attributed to the increase
in the ionic strength of the system, increasing agglomeration of
the T-AgNPrs (decreasing particle separation).”” The behavior
and performance of the colloid particles in the sensing system
can be greatly significantly by high salt concentrations and
a high ion count in DES. After adding the mentioned ions to the
colorimetric probe, the Z, changed to a more positive value,
indicating that the ions have been complexed by the liquid
colorimetric probe ([T-AgNPrs-DES]/ion).

As aggregation is a dynamic process, its influence on the zeta
potential can change over time.”® To examine this issue, Z,
measurements were conducted at two different times (Table 1).
The results of the change in zeta potential as a function of time
are presented in Table 1 and Fig. S9 (see SI). As shown in Table
1, for 60 minutes, W(iv) maintains a negative Z,, between —0.966
and —4.79. In contrast, Pd(u) initially displayed a positive
potential of 0.995 mV at 0 minutes of reaction time, which then
shifted to approximately —4.05 mV after 60 minutes. The effect
of Cr(ui) on the zeta potential is 5.04 during the first 0 minutes,
but decreases to approximately —0.658 after 60 minutes. After
adding Cs(1) to the reaction system, Z, increases from 1.29 to
6.71 over 60 minutes. Thus, one can consider that the ion affects
the zeta potential of the probe in comparison to the reference
system. This investigation found that the addition of ions to the
sensing system correlates perfectly with the decreased zeta
potential. The DLS data also supports this observation
(Fig. S10-S13 (see SI)).

Conductivity increased due to high ion concentration and
the hydrogen bond network in the presence of DES, as shown in
the conductivity results in Table 1. In colloidal systems with
high conductivity, Z, reduction can lead to the formation of
aggregate particles. Size distribution profiles (preferably by
intensity) were also assessed using DLS. The radius of the
synthesized NPs is 20.4 nm, as illustrated in Fig. S4a (see SI).
The interaction of the analyte with the T-AgNPrs in the presence
of DES at two distinct reaction times (0 and 60 min) was also
examined by analyzing the size distribution of T-AgNPrs in the
presence of candidate ions. An increase in particle size, along
with a high hydrodynamic radius, indicates that NPs are accu-
mulating in the presence of the analyte (Table 1 and Fig. S10-

28030 | RSC Adv, 2025, 15, 28021-28044

S13 (see SI)). These findings demonstrate that the self-assembly
process that produces aggregates of MNP is primarily time-
dependent. The co-aggregation of T-AgNPrs-DES with ions was
confirmed by results from DLS. These results are particularly
interesting, as the dispersion characteristics of nanoparticles
differ significantly depending on the type of dispersant used.
This will have a substantial effect on the zeta potential values of
T-AgNPrs and the SPR behavior.

3.4. Investigations of the interactions between AgNPrs-DES
and metal ions

The previous section demonstrated that the addition of metal
ions (W(v1), Pd(u), Cr(m), and Cs(1)) to T-AgNPrs in the presence
of DES results in the formation of a T-AgNPrs cluster. This
section investigates whether the cluster formation process is an
aggregation (irreversible) or agglomeration (reversible). This is
achieved by mixing T-AgNPrs with the metal ions listed above in
the DES medium. The UV-vis spectra were recorded and
compared at different response times: 0, 30, and 60 minutes
after the end of the ion detection procedure. Spectra result of
the mixtures at these reaction times are given in Fig. 4. Based on
this finding, it is concluded that T-AgNPrs clusters are irre-
versibly aggregated when in the medium DES. Aggregation
provides confidence for determining metal ions based on the
nanoparticle, as it ensures that no cluster de-agglomerates
within the measurement time. Moreover, due to the irrevers-
ible aggregation process, the measured responses accurately
represent the concentration of metal ions in the samples.

3.5. Method validation

Important analytical parameters were assessed to confirm the
analytical performance of the T-AgNPrs-DES as an optical
sensor for all the analytes analyzed using UV-vis spectropho-
tometry. These parameters included regression equations,
linearity, limit of detection (LOD), limit of quantification (LOQ),
lower limit of quantification (LLOQ), and relative standard
deviation (RSD). The most crucial factor in determining the
lowest concentration that can be measured with adequate
precision and accuracy for a recently developed analytical
technique is sensitivity. The sensitivity of developed analytical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Photographic images of T-AgNPrs-DES spiked with W(vi) of different concentrations at various incubation times (0, 30, and 60 min) with
a volume ratio of 1: 1. (a) Absorption spectrum peak of T-AgNPrs at different concentrations of W(vi) in the presence of DES (1:1:1 v/v/v ratio)
after 60 min (b). The calibration curve of absorption ratios (Asampie/Aprob) versus W(vi) concentrations (c) and the wavelength dependence on W(v))
concentrations (d) from 0.05 to 0.8 pg mt™2.
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after 60 min (b). The calibration curve of absorption ratios (Asampie/Aprob) versus Pd(i) concentrations (c) and the wavelength dependence on Pd(i)

concentrations (d) from 0.05 to 0.8 pg mt™.

curve. The sensing probe was combined with different
concentrations of ion standard solutions in a volume ratio of 1 :
1, v/v, and then the change in the color intensity of the liquid
probe was photographed at various incubation times (0, 30, and
60 minutes). The LOD and LOQ were computed by the standard
deviation of the response (SD) and the slope of the calibration
curve (m) according to the equation 3 SD/m and 10 SD/m,
respectively. The LLOQ is the analyte concentration in a sample
that can be quantitatively identified with an acceptable level of
precision [relative standard deviation (RSD) < 20 percent]. RSD
is computed as standard deviation/mean x 100 percent, which
is also referred to as the coefficient of variation (CV).

Optical images obtained of the various concentrations of
metal ions (W(vi), Pd(u), Cr(m), and Cs(1)) in the sensing system,
corresponding to the peaks of the absorption spectrum and the
calibration curve of the absorption ratios (Asample/Aplank) are
shown in the Fig. 5-8.

The effect of W(v) concentration on the color of the prob was
investigated by preparing various concentrations of W(w) (0.05-
0.8 pg ml™) in DES. Results show that there are no noticeable
differences in color between 0.05 and 0.8 ug ml~* of W(vi), and
the color of the solutions does not change significantly with
passing time (over the 60 minutes after the reaction time).
Therefore, it is considered that the concentration difference of
W(wv) in the concentration range of 0.05-0.8 pg ml™' with
a reaction time of 5 min. It is not visible to the naked eye.

28032 | RSC Adv, 2025, 15, 28021-28044

The absorption spectrum of the [T-AgNPrs-DES/W®']
complex with A, = 573 nm is displayed in Fig. 5b. The
increased absorption ratios are in coordination with the W®"
concentration increase. Regression equation Abs (Agample/Aprob)
= 0.4037C(we) + 0.2244 (R* = 0.8263) shows linearity between
0.05-0.8 pg ml~*. The LOD, LOQ, and LLOQ of the proposed
method were 0.02 pg ml™, 0.07 ug ml™*, and 0.05 pg ml ™,
respectively. The wavelength of the third LSPR peak prob is
plotted against the W(wv) concentration with the regression
equation A = 113.87C (W(v)) + 516.23 (R*> = 0.9404).

The optical system (T-AgNPrs-DES) was used to study the
concentration effect of Pd(n) in the range of 0.05-0.8 pug ml ™.
The absorption spectra of [T-AgNPrs-DES/Pd(u)] as well as the
change in the color intensity of the suggested optical probe at
different Pd>" concentrations are shown in Fig. 6a and b. The
results indicate that there is a clear color difference between
0.05 and 0.8 pg ml~"* of Pd(u), and the color of the solution is not
significantly changed after 30 minutes of reaction time. There-
fore, the difference in Pd*" concentration between 0.05 and 0.8
pug ml™" is visible to the naked eye with a reaction time of
30 min. The relationship between the concentration of Pd(u)
and the wavelength of [T-AgNPrs-DES/Pd(u)] complex (Amax =
406 nm) is plotted in the range of 0.05-0.8 pg ml~'. The
regression equation for this range of Pd(u) concentration is A =
4.1892Cpg(n)) + 406.04 with R? =0.9276. The absorbance ratio of
Pd(n) standard solutions (from 0.05 to 0.8 pg ml™—") with good

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Photographic images of T-AgNPrs-DES Cr(m) of different concentrations at various incubation times (0, 30, and 60 min) with volume ratio
1:1(a). Absorption spectrum peak of T-AgNPrs at different concentrations of Cr(in) in the presence of DES (1: 1: 1 v/v/v ratio) after 60 min (b). The
calibration curve of absorption ratios (Asampie/Aprob) versus Cr(in) concentrations (c) and the wavelength dependence on Cr(i) concentrations (d)

from 0.08 to 0.8 pg ml™.

levels of linearity as the metal ion concentration increased,
according to the linearity calibration curve (Fig. 6b). The R’
value of the created calibration curve, which was 0.9947
(regression equation, Abs (Agample/Aprob) = 1.6422C(pqw) +
0.101), confirmed the linearity of the proposed method
(regression equation, Abs (Agample/Aprob) = 1.6422C(paw) +
0.101). The LLOQ of the proposed optical method for Pd(u) was
obtained to be 0.05 pg ml™', while the LOD and LOQ were
calculated to be 0.005 and 0.014 pg ml™", respectively.

The performance of the suggested optical method was
investigated for the determination of Cr(ur) using spectroscopic
and colorimetric techniques. The digital images of the different
concentrations of Cr(ur) (0.08 to 0.8 pug ml™ ') were taken at
different incubation times [0, 30, and 60 min]. Fig. 7 appears to
indicate that after mixing various concentrations of Cr(in) with
prob, the color of the solution changes from Persian orange
(RGB (204, 147, 92)) to Aloe green (RGB (114, 113, 77)) after a few
seconds when the concentration decreases. The colorimetry
results indicated that the impact of Cr(m) on the probe color
depends on both concentration and reaction time (60 min for
Cr(m)). Fig. 7b demonstrates that adding varying concentrations
of Cr(m) alters the absorbance intensity of T-AgNPrs colloid,
with the absorption spectrum increasing as the concentration
of Cr(m) increases. The changes in Cr(m) concentration exhibi-
ted a linear relationship to absorbance ratio within the range
0.01-0.8 pg ml~ ", represented by the regression equation Abs
(Asample/Ablank) = 1.2015Gy() + 0.0352, R* = 0.9906. The LLOQ

© 2025 The Author(s). Published by the Royal Society of Chemistry

was determined to be 0.01 pg ml ', as well as LOD and LOQ for
Cr(m) were calculated to be 0.003 and 0.008 ug ml*, respec-
tively. Furthermore, the relationship between the wavelength of
the [T-AgNPrs-DES/Cr(m)] complex (Apax = 302 nm) and the Cr’**
concentration ranges from 0.01 to 0.8 ug ml~" is plotted. The
wavelength is linearly related to the logarithmic concentration
of Cr(m) in this range (R* = 0.9147, regression equation of A =
—6.9982C(cr(m)) + 303.36). The results show that Cr(ur) and T-
AgNPrs interact effectively in the DES medium and the
proposed optical sensor can be used to perform quantitative
analysis of Cr(i).

The validity of the proposed method is examined for Cs(i) in
various concentrations. When various concentrations of Cs(i)
(0.08 to 0.8 g ml~ ') were added to T-AgNPrs-DES, the solution
color immediately changed from buff (RGB (230, 208, 125)) to
Greige (RGB (154, 154, 139)) as the concentration is decreased
(as illustrated in Fig. 8a). The Colorimetric results indicate that
the Cs(1) effect on the probe color remains constant after 30
minutes of incubation. Two distinct properties are observed
when Cs(1) concentration is added: the absorption spectrum of
the [T-AgNPrs-DES/Cs(1)] complex at Amax = 400 (A400) and the
positions of Amax. The Ay Of the Apa. increases with Cs(i)
concentrations, as well as Ay, moves to red shift (longer
wavelengths); a plot of both changes against the concentrations
of Cs(1) is illustrated in Fig. 8c and d. A linear relationship
between the absorbance ratio and Cs(1) concentrations (0.08 to
0.8 ng ml ') can be observed from Fig. 8c, so that the

RSC Adv, 2025, 15, 28021-28044 | 28033
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Fig. 8 Photographic images of T-AgNPrs-DES Cs(i) of different concentrations at various incubation times (0, 30, and 60 min) with volume ratio
1:1(a). Absorption spectrum peak of T-AgNPrs at different concentrations of Cs() in the presence of DES (1:1: 1 v/v/v ratio) after 60 min (b). The
calibration curve of absorption ratios (Asampie/Aprob) Versus Cs()) concentrations (c) and the wavelength dependence on Cs()) concentrations (d)

from 0.08 to 0.8 pg ml™.

absorbance at An,a, (400 nm) has increased systematically with
the increasing concentration of Cs(). The regression equation is
ADbS (Asample/Ablank) = 0.5548 (Cs(1) — 0.0458 (R* = 0.952). The
LOD and LOQ are calculated to be 0.006 and 0.018 ug ml ™", with
LLOQ at 0.08 pg ml™ ', respectively. Moreover, the regression
equation for this range of logarithmic concentration and A,y is
A = 15.834C ¢y + 399.67, with R® = 0.9724. As seen in Fig. 8b.
These results suggest that our sensing system can be applied to
analyze and detect Cs(1) in various fields.

The reproducibility of the suggested optical system was also
investigated. Three concentrations of ions (W(wv), Pd(u), Cr(u),
and Cs(1)) were measured in triplicate, and RSD was computed
for each concentration (Table 2). The total RSD for the
mentioned ions was calculated to be 0.13, 0.89, 0.38, and 8.06,

Table 2 Analytical metrics for the proposed method

respectively. The results of the reproducibility analysis suggest
that this sensor is sufficiently precise to detect candidate ions
and demonstrates excellent sensitivity and repeatability.
Important analytical metrics to validate the proposed T-
AgNPrs-DES are given in Table 2 for all analytes examined.
These results indicate that the performance of this newly
developed optical sensor is commendable for selected metal
ions, as evidenced by its low LOD and LOQ, as well as its high
reproducibility. The proposed sensor offers advantages in terms
of its rapid response time and straightforward procedures
involved. One of the primary features of the proposed color-
imetry sensor is that the color of the solution remains stable for
a long time due to the presence of DES in the solution. This
stability is attributed to the distinctive properties of DES,

Analytical parameters W(vi) Pd(u) Cr(m) Cs(1)
Linear range (ug ml ™) 0.05-0.8 0.05-0.8 0.08-0.8 0.08-0.8
R* 0.8263 0.9947 0.9916 0.952
LOD (ug mi™Y) 0.02 0.005 0.003 0.006
LOQ (ug ml™Y) 0.07 0.014 0.008 0.018
LLOQ (ug ml™1) 0.05 0.05 0.01 0.08
Repeatability (CV %; 0.1 pg ml™) 0.04 0.92 0.21 23.65
Repeatability (CV %; 0.4 pg ml™) 0.15 0.96 0.34 0.27
Repeatability (CV %; 0.8 pg ml ™) 0.2 0.78 0.6 0.26
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including low vapor pressure at ambient temperature and high
viscosity within the optical system.

3.6. Real sample analysis

Biomonitoring is a widely recognized and valid approach to
evaluating human exposure to hazardous contaminants, such
as heavy metals, in both the workplace and the general pop-
ulation. In this context, urine serves as an excellent biological
matrix due to the relatively simple and non-invasive procedure
for its collection. Consequently, the analysis of chemical
components or metabolites in urine is highly recommended in
biological monitoring studies. Thus, measuring the concentra-
tion of heavy metals in urine is considered to be the most reli-
able test for individuals exposed to these substances.”®®
Therefore, in this study, human urine samples were chosen as
the detection matrices to verify the suitability of the proposed
optical sensor for determining the investigated analytes. Urine
samples were collected from drug-free healthy volunteers.
Aqueous standard solutions of candidate ions were added into
2.0 ml of urine samples and centrifuged at 4000 rpm for 10 min.
The supernatant was transferred to a 2 ml vial for CE-CL
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analysis. The spike method was utilized in this study to deter-
mine the concentrations of the analytes under investigation in
human urine samples. The calibration curves for different
concentrations of the studied ions were plotted to reduce the
matrix effect. For this purpose, different ion concentrations
were prepared and added to human urine samples. Then, the
prepared mixtures were combined with the detection optical
probe in a volume ratio of 1:1, and their interaction was eval-
uated using colorimetric and spectrophotometric approaches.
The colorimetric assay of T-AgNPrs-DES as a sensing probe was
employed for identifying various ions in human urine samples
using mobile phone camera at three distinct time intervals (0,
30, and 60 minutes), as illustrated in Fig. 9. The observed
absorption spectrum along with the calibration curves resulted
from different concentrations in adsorption ratios, are pre-
sented in Fig. S14-S17. Based on the colorimetric analyses, the
color change that resulted from the combination of ions and T-
AgNPrs-DES in the real sample was primarily influenced by
concentration rather than reaction time. The analytical
parameters obtained from every analysis performed on the
human urine sample are listed in Table 3.
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Table 3 Analytical parameters of W(vi), Pd(i), Cr(in), and Cs() based on the proposed sensing probe of human urine samples

Analytical parameters W(v1) Pd(u) Cr(m) Cr(m) Cs(1)
Linear range (ug ml ™) 0.2-0.8 0.08-0.8 0.5-0.8 0.05-0.4 0.01-0.8
R* 0.9804 0.9956 0.9984 0.9647 0.9935
LOD (ug ml~?) 0.04 0.002 — 0.01 0.001
LOQ (ug mI™Y) 0.11 0.006 — 0.03 0.003
LLOQ (ug ml™) 0.2 0.08 — 0.01 0.01

% RSD (CV %; 0.2 pg ml™?, (n = 3)) 0.5 0.1 0.3 — 5.6

% RSD (CV %; 0.5 pg ml™?, (n = 3)) 3.4 0.1 1.5 — 5.6

% RSD (CV %; 0.8 pg ml™?, (n = 3)) 7.1 0.4 2.8 — 0.1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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For all analytes investigated, linearity was evaluated using
standard solutions of 0.01, 0.05, 0.08, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7, and 0.8 pug ml~". A linear interval was achieved with
a coefficient of determination (R*) for W(vi), Pd(u), Cr(m), and
Cs(1) of 0.9804, 0.9956, 0.9815, and 0.9935, respectively.
According to the results described in Table 3, LLOQ values were
calculated for W(v1), Pd(u), Cr(m), and Cs(i) were determined to
be 0.2, 0.08, 0.01, and 0.01 pg ml ", respectively, with lower LOD
and LOQ values. The repeatability of the proposed sensor
method was assessed by three trials of each analyte at concen-
trations of 0.2, 0.4, and 0.8 ug ml~*. The RSD values were less
than 3.67% (ranging from 0.21% to 3.67%) for all tested cations
that confirming repeatability and reproducibility of the method.
In summary, the experiments conducted verified that this
plasmonic probe exhibits good linearity, relatively high sensi-
tivity, and adequate precision for detecting W(vi), Pd(u), Cr(uw),
and Cs(1) in human urine samples. These findings indicate that
the T-AgNPrs-based DES system as a sensing prob is notably
simpler and less time-consuming for detection and can effec-
tively identify candidate ions in real samples.

3.7. Smartphone-based spectrometer

Spectrophotometric instruments are a powerful tool in scien-
tific research and industrial applications because of their
adaptability and accuracy. It is extensively used in many
different fields, such as environmental monitoring,”” food
evaluation,® and pharmaceutical analysis,** among numerous
other applications. Optical spectroscopy offers significant
benefits due to its rapid and non-destructive nature, making it
an effective method for qualitative and quantitative analysis.
However, despite the simple design, most spectrometers
utilized in industrial or laboratory settings are expensive and
large and require light-emitting diodes-based to capture the
data. Recent progress in electronics and fabrication techniques
has made it possible to create portable spectrometers. These
spectrometers are commercially available, but they cannot
function independently and generally require an external
computer for data processing, data collection, and analysis.
This requirement significantly increases operational expenses
and restricts the scope of potential applications. Due to this
limitation resulted has led to the use of common devices like
smartphones as spectrometers. Despite some progress in
portable smartphone spectroscopy, several improvements are
necessary to improve the quality and repeatability of data.®>

In recent years, spectroscopy techniques using smartphones
have gained prominence over bulky traditional equipment
because of their numerous advantages, including quick anal-
ysis, cost-effectiveness, straightforward manufacturing, porta-
bility, and user-friendliness. As a result, their analytical
performance is very similar to that of commercial tech-
niques.®*** The RGB color (red (R), green (G), and blue (B))
model is the most widely used one, and the measurement of
RGB values by various software programs is the basis for the
analysis of various types of samples using smartphones.** This
experiment allows us to analyze Beer's Law using a smartphone
by spectrometer measurement principles.*® Simplicity was an

28036 | RSC Adv, 2025, 15, 28021-28044
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objective in the development of the protocol, as quick and easy
data collection is followed by significantly more efficient data
analysis.

3.7.1 Background theory and experimental setup. UV/vis
spectroscopy is used to investigate how a sample reacts to
light. When light passes through the solution, of it may be
absorbed and a certain amount of light may be transmitted. The
absorbance (A) at a specific wavelength is the negative logarithm
of the light intensity passing through the sample (/) to the light
intensity entering the sample (I,) (eqn (1)).

A = —log(I/1y) (1)

In absorption analysis, the Beer-Lambert law is the most crucial
principle. According to this law, if the length of the path is not
changed, the concentration and absorbance of an ideal solution
have a linear relationship.

The color wheel is frequently used for determining the color
of light absorbed in solution by a specific chemical species (as
illustrated in Fig. S18, upper (see SI)). The correct light source to
study the absorption of light must be selected, one that is
complementary to the color of the sample under investigation
(complementary colors). For this study, the names and codes of
the complementary colors of the sample solution were identi-
fied on the Colorxs website. The light source, detector, and
sample holder are all parts of the experimental apparatus, and
they are all oriented orthogonally in the same direction. The
computer and smartphone are both outfitted with the proper
apps, which act as the color detector and light source, respec-
tively, and are orthogonally aligned in the same direction.
Additionally, 1.5 ml vials were used instead of cuvettes.

The PhotoMetrix application (version 1.1.7) (https://
www.photometrix.com.br) was developed to provide a free tool
that can be used for chemical analysis with various analytes
and samples and to allow both univariate and multivariate
analyses within a single application. This powerful application
allows to display of RGB values for a selected area directly on
the screen of a smartphone without any additional processing
or conversion of digital images. Software includes a setting
that allows users to adjust the size of the focused area of color
where RGB data is extracted. For this study, the PhotoMetrix
PRO software (version 1.1.7) (https://www.photometrix.com.br)
on the smartphone was used to record RGB data and function
as a light. Digital images taken by smartphone cameras were
decomposed and processed on the same device using this
application, enabling in situ analysis. The light source, the
computer's LED display, was adjusted to an opposite color
sample solution using the RGB app.

To prevent interference from ambient light, blank samples
were acquired for each sample. A microtube filled with the
blank was placed inside the sample box, and the RGB values of
light flowing through a microtube containing the blank were
measured on a scale of 0 to 255.

RGB values were also recorded for the solutions with known
concentration. The formula A = —log(I/I,) was used to calculate
the absorption of individual samples. In this equation, the
values of RGB in each sample are represented by I, while the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Average RGB color value and absorbance of (a) tungsten, (b) palladium, (c) chromium, (d) cesium. Calibration curve by absorbance using
RGB values from a smartphone-based spectrometer and their photographs (inset) of the different ionic concentrations: (a') tungsten; (b')
palladium; (c’) chromium; (d’) cesium.
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values of RGB in the blank solution are indicated by I,. As
a result, the smartphone-based spectrophotometer that was
developed became a portable tool for determining potential
analytes on-site.

3.7.2 The application of the spectrophotometer-based
smartphone with the RGB method. The homemade sample
box was designed to allow light to pass through the sample
during the absorption measurement. The experimental set-up is
detailed in Fig. S19, lower (see SI). In order to view the sample
through the mobile screen, the computer screen with the
complementary colors of our solution was then positioned
behind the sample box as the light source, since the highest
absorbance of the colored solution is exhibited in the opposite
color. For every solution measurement, the distance between
the smartphone's position and the sample box must be
constant because a different distance will result in less accuracy
of the RGB obtained. Here, we utilized the smartphone-based
spectrometer to estimate the absorbance of the colored
solution.

The samples of the ion standard solution of the selected ions
were prepared in the DES and mixed in the 1:1 volume ratio
with the probe. Change in the color solution indicated that the
reaction was complete. Simple spectroscopy was used to esti-
mate the variation in color intensity of various ion concentra-
tions based on the RGB values (Fig. 10a-d).

A calibration curve was plotted by using the absorbance of
the optical sensor, derived from RGB values, against varying
concentrations of analytes (Fig. 10a’-d’). The color intensity
measurements were recorded using a smartphone (Samsung
A54) for the red (R), green (G), and blue (B) for both ion and
blank samples. The absorbance values for the samples were
calculated by A = —log[I/I,] as described;*”** I = RGB values of
the [T-AgNPrs-DES] + ion sample, and I, = RGB values of and
blank solution. For the constructed smartphone approach, the
value between R, G, and B was chosen to form the calibration
plot, which resulted in the graph with the highest linearity. The
calibration samples were analyzed in triplicate. The smartph-
one spectrometer's excellent linear response is revealed by the
linear regression analysis, in which R, G, B, and B values
increase in direct proportion to the concentrations of W(vi),
Pd(u), Cr(m), and Cs(1), respectively. The resulting coefficients
are 0.9885, 0.9924, 0.9217, and 0.9829, respectively. These
results suggest that the smartphone-based spectrometer is
suitable for quantitative measurement of concentrations.

View Article Online
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3.7.3 Assessing the smartphone-based spectrometer.
Quantitative assessment of performance is an important factor
in the development of new proposals. As a result, the findings
from the methodology developed for this research were
compared with those from a reference method.

The main objective of comparing methods is to identify
whether two methods can be used interchangeably based on
their compatibility. Linear regression plays a crucial role in
assessing the relationship between two measurement methods.
This statistical approach aims to find the best linear correlation
between data points. The parameters of the calibration curves,
LLOQ, and RSD using the reference method and developed
method are outlined in Table 4.

The first indicator of the method's performance is the coef-
ficient of correlation (R?). The R* values exceeding 0.9 for the
four ions selected indicate that the method is satisfactory; but
a higher coefficient indicates that the method is more
successful. In addition, the LLOQ evaluation term indicates the
sensitivity of the method and should be addressed during the
development of the method. As shown, the LLOQ values for all
analytes are very similar in both methods.

The dynamic linear ranges for W(vi), Pd(u), Cr(m), and Cs(1)
were comparable; however, the smartphone-based spectropho-
tometer showed a standard deviation higher than that pre-
sented by the commercial spectrophotometer, and no
significant differences between the two methods of quantifica-
tion were identified. This difference is mainly due to the higher
noise levels inherent in manual measurements and visual
detection with the basic smartphone spectrometer.

It is crucial to highlight those three key factors that signifi-
cantly impact the results: lighting, the distance between the
object and the lens, and CMOS sensors. The issue of lighting
can be improved by using a flash, while the distance can be
managed by using a support such as a tripod or a selfie stick.
Furthermore, selecting a higher-quality camera will provide
more accurate estimations of values. The smartphone-based
spectrometer employs the same analytical process as the
commercial model, and thus the use of a smartphone-based
device does not represent a significant reduction in the anal-
ysis time for each measurement. But the smartphone-based
spectrometer has a lot of benefits, like being inexpensive,
portable, and relatively simple to use, which makes it a suitable
choice for screening.

Table 4 Analytical values of merit for determination of W(vi), Pd(i), Cr(m), and Cs() by smartphone-based and commercial spectrophotometers

Linear range of the calibration curve (ug ml™")

Sensitivity” (LLOQ, ug ml™?)

RSD‘ (%)

Analyte Smartphone-based SP* Commercial SP Smartphone-based SP Commercial SP Smartphone-based SP Commercial SP
W(vr) 0.05-0.8 (R* = 0.9885)  0.05-0.8 (R* = 0.8263)  0.05 0.05 3.9 0.13
Pd(n) 0.05-0.8 (R* = 0.9924)  0.05-0.8 (R*> = 0.99947) 0.05 0.05 2.6 0.89
Cr(m)  0.08-0.8 (R* = 0.9217)  0.01-0.8 (R* = 0.9906)  0.08 0.01 3.2 0.38
Cs(y) 0.08-0.8 (R> = 0.932)  0.08-0.8 (R*> = 0.952) 0.08 0.08 10.9 8.09

“ SP, spectrophotometer. ? Lowest limitation of quantification (LLOQ). ¢ RSD, relative standard deviation, for three replicate measurements of 0.1,

0.4, and 0.8 pg ml~" for all analytes.
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The coefficient correlation between absorbance smartphone-
based and commercial spectrophotometers for W(vi), Pd(u),
Cr(m), and Cs(1) was 0.9736, 0.971, 0.9603, and 0.9813, respec-
tively (see Fig. 11). There is a strong correlation between the
commercial and smartphone-based devices for selective ions.
Overall, this technology represents a major step forward in
developing a new generation of portable spectrometry capable
of in situ measurements.

3.7.4 Application of the smartphone-based spectrometer in
real samples. To further demonstrate the performance of the
smartphone-based spectrometer in a real application, selected
ions were measured in human urine samples. Standard ion
solution was prepared in DES to a concentration ranging from
0.01 to 0.8 ug ml~". Initially, the prepared urine sample with
a standard ion solution was mixed in a microcentrifuge tube (at
a 1:1 v/v ratio). Then, the prepared mixtures were added to the
optical probe solution in a volume ratio of 1:1, and their
absorbance was measured by the developed smartphone-based
spectrometer.

The RGB values of different ion concentrations in human
urine samples were estimated by simple spectroscopy
(Fig. S19a-d (see SI)). A calibration curve was plotted by absor-
bance obtained from the RGB values, against the different
concentrations of the analyte (Fig. S19a’-d’). The linear corre-
lation coefficient was 0.9959 and 0.9855 for Pd*>" and Cs" (linear
ranges: 0.01-0.8 pg ml™"), respectively. Due to the different
color spectra observed in human urine samples of tungsten and
chromium, two specific concentration ranges were defined for
the calibration curves to be constructed. The tungsten
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concentration ranges were 0.4-0.8 and 0.01-0.3 pg ml %,
respectively, while the chromium concentration ranges were
0.05-0.4 and 0.4-0.8 pg ml~"', with coefficients of 0.9995 and
0.9247, respectively.

Fig. 12 displays the coefficient correlation for selected ions,
obtained from both the standard method and the smartphone-
based spectrometer in real samples. The results indicate
a strong correlation between the measurements of absorbance
from commercial and smartphone-based spectrometers. The
suggested smartphone spectrometer presents a novel method
for accurately measuring ion concentrations. This approach
could serve as an alternative for bulky instrumentation in
a laboratory. We designed an innovative, handheld, and
portable smartphone-based spectrophotometer that doesn't
require any external light source, lens, or filter. This straight-
forward spectrometer makes use of a computer as the light
source, a smartphone as the detector, and the Photometrix app.
LLOQ achieved for W(vi), Pd(u), Cr(m), and Cs(1) were 0.05, 0.05,
0.08, and 0.08, respectively. It is successfully used for the
quantitation of the absorption of the mentioned ions in human
urine samples in this study. This lightweight spectrometer can
be fabricated in minutes and used with excellent accuracy. This
device produced readouts with high spectral accuracy that were
comparable to or superior to those of a commercial spectrom-
eter. This promising analytical tool's portability and ease of use
allow it to be used in a variety of applications by everyone.
Furthermore, when this portable device is coupled with
a smartphone, it can be considered a substitute detection
system for commercial UV-vis spectrometers.

DR
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Fig. 11 Calibration curve overlay between smartphone-based and commercial spectrophotometers of standard solutions of (a) tungsten, (b)

palladium, (c) chromium, and (d) cesium.
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Fig. 12 Calibration curve overlay between standard method and smartphone method of human urine samples: (a) tungsten, (b) palladium, (c)

(0.4 to 0.8 pg ml™Y) and ¢’ (0.05 to 0.4 pug ml™Y) chromium, (d) cesium.

The combination of nanoparticle-based materials with DESs
is a relatively new approach that allows researchers to exploit
synergies between the two components and thus increase
sensor performance. The advanced optical and electronic
properties of noble metal nanoparticles, combined with the
chemical versatility of DESs, result in sensors that are highly
sensitive and selective for the detection of target analytes. This
research is the first comprehensive study to date on the
combined use of these two materials in the development of
optical sensors. In addition, we provide an outlook for possible
future developments in this promising area.

28040 | RSC Adv, 2025, 15, 28021-28044

4. Conclusion

We have developed a straightforward and easily manufacturable
approach for preparing T-AgNPrs-DES as an optical probe.
Additionally, it is a strong candidate for green chemistry
applications in the field due to its environmentally friendly
nature. This optical sensor has been utilized to detect four
cations (W(vi), Pd(u), Cr(m), and Cs(1)) with high sensitivity and
appropriate selectivity. The complexation of ions with T-AgNPrs
in a DES medium forms the basis for detection. Notably,
research has shown that T-AgNPrs exhibits different spectral
behavior in the DES medium. The results of the study are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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significant as they suggest that a strong hydrogen bond between
T-AgNPrs and ChCI-EG (DES) drives the self-assembly and
detection mechanisms. To our knowledge, this is the first
instance of metal ion analysis utilizing the association of T-
AgNPrs-based DES. The proposed optical sensor demonstrates
high sensitivity for detecting candidate ions with a low LOD
(0.02, 0.005, 0.003, and 0.006 pg ml~* for W(vi), Pd(u), Cr(u), and
Cs(1), respectively) across a linear range of 0.01-0.8 ug ml~". The
advantages of this method include: (I) a simple, cost-effective,
and user-friendly colorimetric probe, (II) rapid and sensitive
detection, and (III) shorter analysis times. The developed plas-
monic probe procedure shows high potential for determining
metal ions in human urine samples, based on analytical figures
of merit. Consequently, all results indicate that this sensing
system possesses satisfactory sensitivity and can be applied to
determine candidate ions across various fields.
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