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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• AgNPs@OPE nanoparticles was used as
selective colorimetric sensor for Cd2+

and Pb2+.

• The assay was based on the metal-
induced aggregation of AgNPs@OPE.

• PLS allowed to quantify Cd2+ and Pb2+

in the concentration range
2.49–––47.62 µM.

• PCA and LDA were used for the classi-
fication and distinction of Cd2+ and
Pb2+.

A B S T R A C T

Green silver nanoparticles (AgNPs@OPE) were obtained by using orange (citrus sinensis) peel water extract (OPE) that acts as a reducing and capping agent. This
procedure permits the valorisation of waste as orange peel, and lowers the environmental impact of the process, with respect to the conventional synthetic procedure.
The OPE extract reduced Ag(I) to Ag(0) in alkaline conditions, and stabilised the produced nanoparticles as a capping agent. The AgNPs@OPE were deeply char-
acterized by UV–Vis spectroscopy, FT-IR, SEM analysis and DLS analysis and successively used as colorimetric sensors for different metals in aqueous solution. The
colourimetric assay showed that AgNPs@OPE were able to detect Pb2+ and Cd2+, as demonstrated by the splits of surface plasmon resonance (SPR) band accom-
panied by the formation of a second new band; these spectral modification resulted in a colour change, from pristine nanoparticles’ yellow to brown, due to the
aggregation process. For the quantification of each of the two target cations, a calibration was performed by using the univariate linear regression, within the
linearity ranges, exploiting the absorbance ratio between the main SPR band and the new band relative to the aggregate formation. Then a multivariate approach was
followed to perform both Cd2+ and Pb2+ quantification by means of Partial Least Square regression (PLS) and target cations distinction by Linear Discriminant
Analysis (LDA) applied on Principal Components Analysis (PCA) outputs, in both cases using the entire UV–Vis spectra (350–800 nm) as input data. Finally, the
ability to quantify and distinguish between Cd2+ and Pb2+ was tested in tap water samples spiked with the two cations in order to confirm the application of the
AgNPs@OPE as selective sensor in real samples.
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1. Introduction

Heavy metals are among the most problematic water pollutants since
they are dangerous for human health and the environment. They come
from both anthropic sources (industries and agriculture) and natural
sources (volcanic activity and soil erosion) [1]. Heavy metals tend to
bioaccumulate in living organisms; they are toxic and carcinogenic for
humans and can also affect aquatic organisms [2]. The most common
heavy metals that can be find in wastewater are copper (Cu), cadmium
(Cd), zinc (Zn), lead (Pb), mercury (Hg), arsenic (As), chromium (Cr),
iron (Fe) and platinum (Pt) [2].

Lead is ranked as the second most hazardous pollutant after arsenic
by the U.S. Environmental Protection Agency (USEPA) and the Agency
for Toxic Substances and Disease Registry (ATSDR) [3]. Lead (II) ions
can be released into the environment from batteries, cosmetics, pesti-
cides, glass manufacturing and paint industry. Lead (II) is highly toxic
and its concentration in drinking water and foods is limited by law.

Cadmium (II) ions are naturally present in the environment, but their
concentration can increase to dangerous levels when released in great
quantities from anthropogenic sources. Cadmium can be released in the
environment from landfills or from its use in agriculture as phosphate
fertilizer and from many industrial processes: it is in fact used as cor-
rosive reagent, in colour pigments, in Ni-Cd batteries, as stabilizer in
PVC products, etc [4]. Exposure to cadmium happens primarily from
ingestion of contaminated food and water or through inhalation and
cigarette smoke, and it can lead to serious health problems such as
various types of cancer, osteoporosis, liver, and kidney disease.

The assessment and monitoring of lead and cadmium pollution is
thus of paramount importance and many methods are currently
employed, such as atomic absorption spectrometry, ion chromatog-
raphy, and electrochemical techniques; however these techniques have
the disadvantage of being time-consuming, expensive, and requiring
trained professionals to be performed. Therefore, there is the urgent
need of faster and easier methods which can detect the presence of
heavy metal pollution in water: among all, colorimetric sensors based on
metal nanoparticles are a promising technique for detecting heavy metal
ions in water solutions.

Metal nanoparticles (MNPs) are a class of NPs made purely of metal
(e.g., gold, silver, platinum, iron, etc.) or of metal-containing com-
pounds, that can be modified by the means of various functional groups
for a wide range of potential applications. In particular, noble metal
nanoparticles such as silver nanoparticles (AgNPs) present unique op-
tical properties [5,6] that depend on their size and shape, which can be
easily tuned by changing the reaction parameters in the synthesis [7].

AgNPs show a characteristic localized surface plasmon resonance
(SPR)resulting from the collective oscillation shown by the conduction
electrons on the nanoparticle surface when excited by light at specific
wavelengths. This oscillation, known as SPR, results in very strong
scattering and absorption of light in the visible range: focusing on AgNPs
with an average diameter of less than 100 nm this phenomenon occurs in
the range 380 to 460 nm [8]. The frequency of SPR depends on nano-
particle composition, size, shape (spheres, rods, triangles, stars, cubes,
etc.) and the surrounding environment [9,10].

The SPR and the absorption behaviour of nanoparticles can also
change as a function of specific analytes and compounds added to the
metal nanoparticles, causing a concomitant change in the colour of
metal nanoparticle solutions. In the case of heavy metals, the cation
added to the metal nanoparticles can induce particles aggregation by the
interaction of the positive cations and the negative surface of the metal
nanoparticles properly functionalised. In that case, the interparticle
distance is reduced causing a shift in the SPR band with respect to the
monodisperse nanoparticles [11,12]: the shift of the SPR band is
accompanied by a colour change, that can be effectively used for
colorimetric detection of a specific analyte in water solutions.

AgNPs can be synthesized by different procedures such as physical
and chemical methods, the latter involving the reduction of metal salts.

Chemical methods are the most used in the synthesis of metal nano-
particles because they present the advantage of being easily tuneable by
modifying the strength and type of the reducing and capping agents [5].
Recently, the use of environment-friendly solvents, microorganism or
plant extract has been suggested as a valuable alternative to traditional
methods. These green syntheses reduce the usage of chemicals while
keeping the pros of stabilizing agents [13,14].

The orange peel extract (OPE) contains phenolic substances such as
flavonoids (FLs) that have an important role in the synthesis of metal
nanoparticles, showing reducing character [15,16]. Different studies
reported the synthesis of AgNPs using orange or citrus fruits peel ex-
tracts applied in photocatalysis, antimicrobial, antibacterial and anti-
fungal activities, and in flavonoids determination [17–19].

In this study, an aqueous extract of orange (Citrus sinensis) peel was
used as reducing and stabilizing/capping agent to produce silver nano-
particles (AgNPs@OPE). The synthesis of AgNP@OPE was optimized in
terms of the used amount of the orange peel extrac t(OPE), and impor-
tant, without the use of other stabilizing agent, such as PVP [20], or
addition of helping amount of other reducing agent like NaBH4 [18].

After the synthesis of AgNPs@OPE, the nanoparticles were charac-
terized by UV–Vis, FT-IR, SEM and DLS analysis and employed as sen-
sors colorimetric sensor for heavy metal cations in water, showing
selectivity towards Cd2+ and Pb2+ ions.

The spectral modification registered upon addition of the two target
metal ions were firstly exploited for quantification purposes by the
means of univariate linear regression, within the linearity ranges
defined per each analyte. This approach led to satisfactory results,
especially in terms of sensitivity, but it unavoidably required some data
manipulation to extract one single and meaningful concentration-
dependent parameter from an extremely complex set of UV–Vis sig-
nals. To overcome this issue, a multivariate approach was later followed
by submitting the entire UV–Vis spectra, registered upon Cd2+ or Pb2+

addition, to Partial Least Square regression (PLS) [21–23] and devel-
oping multivariate quantification models for each analyte.

Moreover, the ability of AgNPs@OPE to distinguish between Cd2+ or
Pb2+, regardless their concentration, was evaluated. It must be under-
lined that the previously described single metal ion quantification was
actually feasible also by univariate approach, thus, multivariate tools
have been exploited to avoid data manipulation. On the contrary, the
distinction between the two metal ions could be performed only and
exclusively by the means of specific multivariate tools due to the impact
of metal ion concentration on AgNPs@OPE UV–Vis spectra, definitely
stronger than the one exerted by metal ion type, and the high similarity
of the signals in presence of Cd2+ or Pb2+. To reduce data dimensionality
and extract the desired information from the dataset, UV–Vis spectra
were firstly submitted to Principal Component Analysis (PCA) [24] and,
secondly, Linear Discriminant Analysis (LDA) was applied as classifi-
cation tool, using the PCA scores as input variables [25].

Finally, both quantification and classification chemometric models
were cross-validated following the proper approach described in the
dedicated section and validated by predicting either metal ion concen-
tration or type of new independent samples.

2. Materials and methods

2.1. Materials

Silver nitrate (AgNO3), NaCl, CaCl2, KCl, NiCl2, CoCl2, ZnCl2, CuCl2,
MnCl2, FeCl2, MgCl2, CdCl2, HgCl2, PbCl2 were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

HCl and NaOH 2 M were acquire from Carlo Erba Reagents SAS
(Chaussée du Vexin, Parc d’Affaires des Portes, Val de Reuil, France). All
these chemicals were used as received without further purification.
Fresh orange fruit (Citrus sinensis) was collected at the supermarket
Eurospin, Camerino, Italia. All the solutions were prepared and diluted
using ultrapure water (18.2 µS/cm) generated by Milli-Q® Advantage
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A10, Merk.

2.2. Preparation of the water orange peel exctract (OPE)

The orange fruit was washed with deionized water, and the peel was
separated and cut into small pieces. 30 g of peel was put into 100 mL of
ultra-pure water and boiled for 10 min. The orange peel extract (OPE)
was separated from the solid residue by a sift and then it was collected
by filtration using a filter paper, followed by centrifugation at 6000 rpm.
OPE was then stored in a refrigerator at 4 ◦C for subsequent use. The
extract was then characterized by UV–Vis spectroscopy and the influ-
ence of pH was evaluated. The OPE was also lyophilized and the dried
sample was analysed with IR spectroscopy.

2.3. Synthesis of AgNPs@OPE

Silver nanoparticles (AgNPs@OPE) was prepared in 20 mL vials, in a
final volume of 10 mL of ultrapure water. Specifically, the AgNPs@OPE
preparation was evaluated in neutral pH conditions with different
amounts of water OPE extract (from 50 to 200 µL), and then the syn-
thesis was repeated with the addition of different concentrations of
NaOH from 1 to 5× 10-3 M to evaluate the synthesis at different alkaline
pH conditions. The shift from colourless to yellow in the color of the
solution indicated the formation of AgNPs@OPE. The synthetic pro-
cedure was also monitored at different temperature conditions and
stirring time.

The vials were sealed with a cap, protected from light with an
aluminium foil, mixed with a magnetic stirrer at room temperature for
15 min and then heated at 60 ◦C for 1 h. The formation of the nano-
particles was monitored by UV–Vis measurements carried out by Agilent
Cary 8454 Diode Array System spectrophotometer. The obtained
nanoparticle suspension was dialyzed with a 3.5 kDa membrane
(Spectra/Por Dialysis Membrane Standard RC Trial Kit bought from
Spectrum Laboratories Inc., Rancho Dominguez, CA, USA) to remove the
reagents in excess, and stored at 4 ◦C.

2.4. Characterization of AgNPs@OPE

The morphology of the AgNPs@OPE was analysed by SEM micro-
scopy by using by using a field emission scanning electron microscope
(FE-SEM, Sigma 300, Zeiss, Gina, Germany) at 3 kV and with energy-
dispersive X-ray spectroscopy (EDX, Quantax, EDS, Bruker). Several
drops of the silver nanoparticles were deposited on a Silicon foil that was
placed on aluminium stubs by using self-adhesive carbon tabs; the liquid
phase was then removed at 30 ◦C in a vacuum oven (Vismara, 65). The
nanoparticles distribution was evaluated by using ImageJ software.

The functional groups of the surface ligands were investigated with
Fourier-transform infrared spectroscopy (FT-IR), with Perkin-Elmer
System 2000 FT-IR instrument (Waltham, MA, USA). For this purpose,
the AgNPs@OPE dialyzed solution was previously lyophilized to obtain
the nanoparticle pellet.

The size distribution and the Zeta-potential of the AgNPs@OPE
nanoparticles were also explored with Dynamic light scattering mea-
surements performed using a Malvern Zetasizer nano S device (Malvern
Instruments, Worcestershire, UK) equipped with a back-scattered light
detector operating at 173◦.

2.5. AgNPs@OPE as sensor for heavy metals

Stock solutions of the following metal cations: Ca2+, Cd2+, Co2+,
Cu2+, Fe2+, Hg2+, K+, Mg2+, Zn2+, Na+, Ni2+, Mn2+ and Pb2+, with a
concentration of 1 mM, were prepared from the corresponding chloride
salts and stabilized in acidic pH.

The selectivity of the colorimetric assay was tested adding the same
concentration (about 80 µM) of different metal cations to AgNPs@OPE
colloidal solution, diluted 1:1 in ultrapure water. For Cd2+ and Pb2+, the

UV–Vis spectral change with increasing concentration of the two metals
ions (from 2.49 to 47.62 µM) to the AgNPs@OPE (1 mL AgNPs@OPE: 1
mL H2O), was monitored. The calibration of the two cations was per-
formed through univariate linear regression, within the linearity ranges,
monitoring the absorbance ratio between the main SPR band and the
new band relative to the aggregate formation. All the colloidal solutions
were monitored after 15 min from the addition of the metal ions.

2.6. Chemometric approach to AgNPs@OPE UV–Vis spectra in presence
of Cd2+ and Pb2+

2.6.1. Training and test set
AgNPs@OPE UV–Vis spectra with increasing concentration of the

two metal ions were employed as training set for all the multivariate
techniques employed, resulting in a matrix made of 68 rows, i.e. sam-
ples, (2 replicate x 17 concentrations within 2.49 and 47.62 µM x 2metal
ions) and 450 columns, i.e. variables (absorbance in the range 350–800
nm, registered with an interval of 1 nm).

When required, an external test set was used to validate the model
performances, both in terms of metal ions quantification and discrimi-
nation; the test set includes samples with either one single metal ion or
both the analytes. As for the first case, 8 samples containing either Cd2+

or Pb2+, in a concentration included in the range used for building the
models (5.47, 17.20, 28.18 and 40.76 µM) were prepared; as for the
samples containing both the metal ions, three values of cumulative
metal ions concentration were selected (5.47, 28.18 and 40.76 µM) and,
for each value, three samples were prepared with Cd/Pb ratios of 9:1,
1:1 and 1:9.

Finally, all the models developed were tested on fortified tap water
samples to preliminarily assess the applicability of AgNPs@OPE in
sensing Cd2+ and Pb2+ in real samples and their robustness towards
matrix-related effects. The tap water used was fully characterized by
ICP-MS (ICP-MS 7500cx series (Agilent Technologies, Santa Clara, CA,
USA) and Ion-Chromatography (ICS-1000, Dionex-Thermo Fisher Sci-
entific, Waltham, MA, USA.) The tap water was then fortified with either
Cd2+ or Pb2+ at increasing concentrations (10.00, 15.00 and 30.00 µM);
eventually the four following samples containing both metal ions were
prepared: a) total metal content 35 µMwith Cd-Pb ratio 6:1 and b) 1:6, c)
total metal content 30 µM with Cd-Pb ratio 2:1 and d) 1:2 (Table S1).

2.6.2. Multivariate quantification by partial Least Square regression
The entire UV–Vis spectra of the samples in the training set, after

column centering, were used to develop a multivariate quantification
model per each metal ion (34 training samples per each model) using
Partial Least Square regression [26]. The optimal number of latent
variables (LV) is defined evaluating the Root Mean Square Errors in
Cross-Validation (RMSECV) and in Prediction (RMSEP) for the models
built using from 2 to 9 LV, computed as described in Eq. (1). All the
calculations were performed using the open-source software CAT [27].

Eq. (1). RMSECV and RMSEP calculation

RMSECV =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑(

yCV pred − yexp
)2

n◦ training samples − 1

√
√
√
√

; RMSEP =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑(

ypred − yexp
)2

n◦ test samples

√
√
√
√

(1)

2.6.3. Multivariate discrimination by linear Discriminant analysis on
principal components

The entire UV–Vis spectra of all the samples in the training set, after
column centring, were used to develop a multivariate discrimination
model able to distinguish between AgNPs@OPE solutions added with
either Cd2+ or Pb2+. Since most classification tools require training sets
with more samples than variables, i.e. more rows than columns, but this
condition was not verified in the training set (68 samples x 450 vari-
ables), Principal Component Analysis was first employed to reduce data
dimensionality while keeping the information included in the original
data and, secondly, PCA scores were used as input dataset to apply
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Linear Discriminant Analysis (LDA). The developed model was first
evaluated, analysing predictive performances by means of cross-
validation; then, it was finally tested on the full test set, including
both single metal ions and mixed samples.

2.6.4. Cross-validation approach
Cross-validation (CV) is actually the most widespread validation

method in the field of multivariate data analysis. The general procedure
is easily described here: the whole sample set is divided into a pre-
defined number of subgroups, called cancellation groups and a “partial”
model is computed as many times as the number of cancellation groups:
each time, one of the cancellation groups is excluded from partial model
building and used as a partial test set. At the end of the procedure, the
average value of prediction abilities of all the subsets is calculated and
provided as the CV final outcome [25]. Obviously, the number of
cancellation groups and the criterium employed for their computation
strongly influences not only the final CV results but mainly to which
extent they do provide a realistic representation of model’s predictive
performances. In this case, in order to provide a realistic and robust
prediction estimation, three cancellation groups were defined in which
both the replicates for predetermined concentration levels were
excluded, as described in detail in Table S2 in the case of single metal ion
concentration (3 cancellation groups of 10/12 samples). This approach
was chosen in order to avoid including one replicate of a given con-
centration in the partial training set and the other one in the cancellation
group, thus leading to over-optimistic CV results. A similar approach
was followed in the case of cations distinction, defining 3 cancellation
groups of 22/24 samples by merging different single cation cancellation
groups, in order to avoid removing from the partial training set the same
concentration levels for both the metal ions.

3. Results and discussions

3.1. Characterization of water OPE extract

Fig. 1 displays the UV–Vis spectra of orange peel extract (OPE) in
water at different pH conditions, showing the characteristic signals of
phenolic compounds with changes in wavelength and in intensity as
function of the pH [24]. The different colour change, yellow at acidic
pH, orange at alkaline pH and almost transparent at neutral pH, could be
attributed to the presence of flavonoids.

In the acidic and neutral conditions, the spectra show the presence of

twomain bands at about 280 nm, due to the benzoyl ring-related system,
and at 320 nm, due to the localized transition within the cinnamoyl ring
system. In addition, the spectra reveal absorption bands within the
200–234 nm range, which are characteristic of ester, carbonyl, carboxyl,
and amine. functional groups [28].

The FT-IR profile of OPE extract, reported in Fig. 2, shows a broad
peak at 3400 cm− 1 attributable to the stretching vibration of –OH group
of alcohols, phenols, flavonoids, –COOH groups and to the intra and
inter-molecular bonding. The band at 2920 cm− 1 is due to the –CH
stretching of the aromatic compounds in the extract, the additional
strong band at 1610 cm− 1 corresponds to the typical stretching vibration
of the C=C aromatic bond of the phenolic groups, and finally the bands
at 1730, 1415 and 1013 can be associated with the C=O, –COOH and C-
O functional groups, respectively [29]. The results confirm, according to
literature, the presence of polyphenol and flavonoid compounds in the
orange peel extract. These interesting compounds can be used as ad-
vantageous reducing agents for the formation of the green AgNPs@OPE.
In particular, the flavonoids in the OPE solution show their maximum
reductive ability in alkaline pH [20].

3.2. Synthesis of AgNPs@OPE

For the preparation of AgNPs@OPE, AgNO3 is used as precursor and
OPE extract as reducing and capping/stabilizing agent in different ratios
and pH conditions. The obtained spectra (Fig. 3a) show that the SPR
band at about 408 nm, characteristic of silver nanoparticles, presents the
highest absorbance value by using 5 × 10-3 M of NaOH (pH=11.5).
During the nanoparticle formation the solution turns from colourless to
yellow, with a different colour shade depending on the quantity of NaOH
employed in the reaction (Fig. 3 a,c). The influence of OPE extract is
investigated bymonitoring the SPR band of the obtained AgNPs@OPE in
alkaline pH (11.5). The plot in the Fig. 3b depicts the UV–Vis spectra
obtained with the addition of different OPE aliquots (from 50 to 200 µL)
to a fixed quantity of AgNO3 in alkaline pH condition. The spectra show
a distinctive SPR band between 400 and 500 nm, typical for spherical
AgNPs, varying in wavelength, width and intensity depending on the
quantity of OPE extract employed. In this case, the highest, most intense,
and narrowest SPR band is obtained by using 20 µL of water OPE extract
in a total volume of 10 mL in ultra-pure water; these conditions were
optimal to obtain a regular distribution of nanoparticles that are stabi-
lized by the capping effect of the OPE extract, without the formation of
AgNPs aggregates.

Specifically, with the increase of the OPE amount up to 20 µL, the
SPR band increases while, adding higher amounts, AgNPs@OPE shows

Fig 1. UV–Vis spectra of OPE extract at alkaline (sky blue), neutral (purple)
and acid (green) pH.

Fig. 2. FT-IR spectra of OPE extract (purple) and lyophilized AgNPs@OPE
nanoparticles (green).
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the typical spectra of the aggregated nanoparticles with two SPR bands,
the first at lower wavelength, and the second at higher wavelength. The
solution colour, from yellow to orange, reflects the spectral modifica-
tions (Fig. 3c).

As far as reaction temperature is concerned, this parameter should
not go above 60 ◦C because, despite increasing the reaction rate, it
causes a red shift and a consequent enlarge of the bands, which could be
attributed to nanoparticles aggregation [30]; therefore 60 ◦C represents
the suitable temperature to obtain stable AgNPs@OPE (Fig. S1). For
these reasons, the AgNPs@OPE produced using 20 µL of OPE exctract, at
60 ◦C, has been used for the colorimetric assay.

3.3. Characterization of AgNPs@OPE

The FT-IR analysis (Fig. 2) of the lyophilized AgNPs@OPE shows
similar profile of the OPE extract IR-spectrum, suggesting that the sur-
face of the silver nanoparticles is bonded and functionalized by the
organic water-soluble components of the orange peel extract.

The morphology of AgNPs@OPE produced by this green approach is
analysed by SEM microscopy (Fig. 4a). In the Fig. 4b from the SEM
image with the largest magnification, it is possible to observe the pres-
ence of quasi-spherical AgNPs@OPE; it also appears that the AgN-
Ps@OPE are surrounded by halos, probably due to the presence of
surface ligands covering the nanoparticles. The EDX spectrum in Fig. 4c
confirms the presence of Ag, C and O from the OPE extract, and Na due
to the NaOH used during the preparation of the nanoparticles; the
presence of the Si-peak is due to the support material. The size distri-
bution analysis of the obtained AgNPs@OPE on more than 500 nano-
particles (Fig. 4d), by using ImageJ software, shows a normal
distribution and a main size at about 26.58 ± 3.21 nm; the DLS analysis
of the same batch of AgNPs@OPE, reported in the Fig. 4e, show an
average diameter size at around 32 nm, in accordance with the SEM
measurements. In addition, the presence of negative charges on the
surface of the silver nanoparticles was confirmed by the negative zeta
potential value of − 42.53. ± 1.90 mV.

3.4. AgNPs@OPE as selective sensor for Cd2+ and Pb2+

The as-prepared AgNPs@OPE are tested by UV–Vis spectroscopy by

adding the same concentrations (80 µM) of different metal ions: Ca2+,
Cd2+, Co2+, Cu2+, Fe2+, Hg2+, K+, Mg2+, Zn2+, Na+, Ni2+, Mn2+ and
Pb2+. Fig. 5a shows the UV–Vis spectra of the AgNPs@OPE after the
addition of each metal ion. As it can be observed, at this metal ions
concentration, the typical spectra of the aggregated nanoparticles, with
the formation of a new SPR band, are observed only for Cd2+ and Pb2+,
also confirmed by the different colour of the solutions, as reported in the
Fig. 5c.

The pristine AgNPs@OPE, as mentioned before, show a single SPR
band at 407 nm; the addition of Cd2+ ions produces a change in colour
from yellow to red-brown (Fig. 5b), associated with a concomitant
decrease and red- shift of the SPR band to 415 nm and with the for-
mation of a new second SPR band, at 519 nm (Fig. 5a). Similarly, in
presence of Pb2+ ions, the aggregation process lowers the intensity of the
principal SPR band it is also observed a red-shift of this band to 420 nm
and a visible broadening of the band together with the formation of a
second SPR band centred at 545 nm. All these spectral features result in
colour change from yellow to brown (Fig. 5b). The contribution in
absorbance of the two SPR bands is evaluated by deconvolution process
using lognormal equation, with Fityk software (Fig. S2). Specifically,
during the aggregation process, the metals interact with the AgN-
Ps@OPE, and in particular with the carboxyl/hydroxyl groups of the
organic molecules contained in the OPE, bonded on the surface of the
silver nanoparticles [31,32]. This interaction decreases the inter-particle
distance of the nanoparticles, producing the formation of a large cluster
of (AgNPs@OPE)n-(Cd2+)m or (AgNPs@OPE)n-(Pb2+)m, promoting a
chromatic variation of the colloidal suspension, the split of the principal
band and the formation of the second new SPR band in the absorption
profile of the AgNPs@OPE [11,33]. The colour variation can be easily
detected after 15 min from the addition of the Pb2+ and Cd2+ions. In
Fig. 5c, the absorbance ratio between the principal and the secondary
SPR bands, formed during the aggregation is reported: the higher change
in the ratio is obtained for only Cd2+ and Pb2+, confirming the selec-
tivity of the AgNPs@OPE towards these two heavy metals.

3.5. Cd2+ and Pb2+ quantification by univariate approach

UV–Vis spectra of Fig. 6a show the effect of adding increasing con-
centrations of Pb2+ ions, from 2.49 to 47.62 µM to AgNPs@OPE

Fig. 3. UV–Vis spectra of synthesized AgNPs@OPE at a) different concentration of NaOH with 20 µL of OPE and b) different amount of OPE extract; c) samples
picture of AgNPs@OPE colloidal solutions at different amount of OPE.
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colloidal solutions. From the absorbance profile it is possible to observe
that, after the first addition of 2.49 µM of the Pb2+ ions, the main SPR
band shifts to a longer wavelength (413 nm) while progressively
broadens and red-shifts for each addition of Pb2+ ions, up to 420 nm
(addition of 47.62 µM). The increasing concentration of the Pb2+ ions
leads to a regular increase of a second broadened SPR band at 545 nm.
Plotting the absorbance ratio between the two SPR bands (A545nm/
A407nm), a sigmoidal curve, that describes the aggregation process, can
be obtained (Fig. 6b). In the plot three linear region can be distin-
guished: the first, from 0 to 22.00 µM of Pb2+ ions, in which there is a
gradual formation of a small lattice of AgNPs@OPE; increasing the
concentration of the metal, the aggregation involves additional nano-
particles (second region) up to the third step, where the AgNPs@OPE-
Pb2+ clusters reach the critical mass; adding higher amount of Pb2+ ions
causes the clusters to collapse and precipitate.

For the first two linear regions of the absorbance ratio vs Pb2+ ions,
the concentration curve is fitted with linear equations f(x)=mx+ q; the
equations with the best fitted values for the parameters m and q with 95
% confidence are reported in Fig. 6 c,d. The limits of detection (LOD) for
the first and the second linear regions of the sigmoidal curve, calculated
as 3 σ/m, are 5.84 and 27.13 µM, respectively. The addition of
increasing amounts of Pb2+ ions shows a gradual change in colour of the
AgNPs@OPE colloidal solutions from yellow to red/brown (Fig. 6e).

For Cd2+, the obtained UV–Vis spectra upon adding increasing
concentrations of Cd2+ ions from 2.49 to 52.01 µM to AgNPs@OPE
colloidal solutions, are reported in Fig. 7a. The spectra show that after
the first addition, even for Cd2+ there is a red-shift of the principal SPR
band from 407 to 415 nm; in this case, increasing the concentration of
Cd2+ions, the principal SPR band decreases with the concomitant in-
crease of the second new SPR band, centered at 519 nm. Plotting the
absorbance ratio between the two SPR bands(A519nm/A407nm), even for
Cd2+ ions, a sigmoidal curve can be observed (Fig. 7b). For Cd2+, the
linear region is identified from 9.90 to 33.82 µM Cd2+ and fitted with
linear equations f(x) = mx + q; the equation with the best fitted values
for the parameters m and q with 95 % confidence is reported in the
Fig. 7c. The calculated limits of detection (LOD) as 3 σ/m, was 13.04 µM.
Finally, as hinted above, Increasing Cd2+ concentration, the AgNP@OPE
solution changes colour from yellow to orange (Fig. 7d) as a sign of
nanoparticle aggregation.

The LOD values obtained with this green colorimetric assay, valor-
ising a waste material are comparable with other reported AgNPs
applied for the detection of Pb2+ and Cd2+ ions (Table 1); however, in
the most cases, these AgNPs are chemically synthetized by specific
reducing and capping agents.

Fig. 4. A,b) sem images at different magnification, c) size distribution analysis d) edx spectrum and e) dls analysis of the agnps@ope.
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3.6. Multivariate quantification of Cd2+ and Pb2+

In the previous session, metal ion quantification has been performed
calculating the absorbance ratio between the two SPR bands, identifying
the different concentration ranges in which this parameter showed a
linear dependence from the concentration and fitting this trend by
univariate regression. To ease this procedure, multivariate calibration
tools can provide an alternative approach to Cd2+ and Pb2+ quantifi-
cation that relies on the information contained in the entire set of
AgNPs@OPE UV–Vis spectra at different metal ion concentrations rather
than on one single calculated parameter. In this case, Partial Least
Square regression is applied to develop a targeted multivariate quanti-
fication model per each analyte: without going into mathematical de-
tails, this algorithm firstly reduces the dataset dimensionality by
calculating new independent variables, named latent variables (LV), as
linear combinations of the original ones (absorbance values at different
wavelengths) that maximize the covariance with the response to be
modelled, in this case, metal concentration. Then, the mathematical
relationship between metal concentration and the selected latent vari-
ables is defined by Multiple Linear Regression (MLR) [26].

It must be underlined that the first LV has the maximum covariance
with the response; then, the information related to LV1 is subtracted
from the overall information, and LV2 is calculated in order to describe
the maximum residual covariance with Y and so on. Therefore, the first
LVs surely account for information actually related to the response
while, moving to higher-order LV, they might account for experimental
noise or other sources of variability. In order to avoid both lack of fit (too
few LV) and overfitting (too many LV) issues, the proper number of LV to
develop the quantification model must be identified by a suitable cross-
validation or validation strategy, as already hinted above [26].

In this case, Partial Least Square regression allows the quantification
of both Cd2+ and Pb2+ in the entire concentration range tested, from
2.49 to 47.62 µM without any need to reduce the concentration range
and the optimal number of LV is determined by jointly evaluating
RMSECV and RMSEP. RMSECV refers to the errors done by the model in
predicting metal ions concentration for samples in the training set (34)
during the cross-validation procedure, as described in the dedicated
section; RMSEP instead depends on the prediction errors for test sam-
ples, obviously considering only the samples containing the target metal
ion (4). Furthermore, the F test is applied to demonstrate the signifi-
cance of the numerical differences within the two parameters, as dis-
played in Fig. S3 in the case of Cd2+ (a) and Pb2+(b).

As clearly shown in the plots in Fig. S3, while RMSECV remains
almost constant increasing the number of LV, RMSEP is strongly
dependent on this parameter and generally presents quite high values
when either few LV or high LV numbers are considered, signalling
respectively lack-of-fit or overfitting issues; between these two border-
line cases, robust models with satisfactory predictive performances are
obtained and the optimal model is achieved considering 6 LV and 4 LV
for Cd2+ and Pb2+ respectively since, in these cases, no significant dif-
ference between RMSECV and RMSEP is registered (Fcalc < Ftab). In
Fig. 8, the comparison between experimental and predicted metal ion
concentrations are displayed for the optimal PLS model for Cd2+

(RMSECV: 4.24 µM, RMSEP: 6.59 µM) and Pb2+ quantification
(RMSECV: 5.07 µM, RMSEP: 7.99 µM), clearly showing the model
robustness and the satisfactory fitting and predictive ability.

3.7. Multivariate discrimination of Cd2+ and Pb2+-containing
AgNPs@OPE

Having already demonstrated AgNPs@OPE’s selectivity towards
Cd2+ and Pb2+ over other heavy metal ions and the feasibility of their
application to quantify these metal ions in aqueous solution, the final
step of this characterisation involves the possibility of exploiting AgN-
Ps@OPE to distinguish between solutions containing Cd2+ or Pb2+.
Considering the evident concentration-dependent spectral changes
registered for AgNPs@OPE in the presence of these metal ions and the
similarity of the UV–Vis spectra in the presence of either Cd2+ or Pb2+,
the distinction between the two analytes must be performed by a
multivariate approach.

Similarly to the previous case, also for this qualitative and dichoto-
mic response, the presence of Cd2+ or Pb2+, the entire UV–Vis spectra of
the training samples is employed to build a multivariate classification
model to be tested firstly by cross-validation and, secondly, by test set
prediction (validation). In this case, the training samples obviously
included samples containing either Cd2+ or Pb2+ at different concen-
trations in the range of interest (2.49––47.62 μM) since the model must
be trained to distinguish between the two metal ions, regardless of their
concentration.

Differently from calibration, in the case of multivariate classification
algorithms, data dimensionality reduction is not strictly mandatory, but
it must be applied whenever the number of variables (450) exceeds that
of samples per class (34), as in this case. Therefore, the entire dataset
composed by UV–Vis spectra of AgNPs@OPE added with increasing

Fig. 5. A) uv–Vis spectra, b) color change solutions and c) SPR bands absorbance ratio of AgNPs@OPE after the addition of 80 µM of different metal cations in water.
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Cd2+ or Pb2+ concentration (2.49–47.62 μM) is firstly submitted to
Principal Component Analysis (PCA) to reduce data dimensionality
while keeping the information included in the original data. This tool
allows finding new variables, named principal components (PC), as
orthogonal linear combinations of the 450 original variables that
maximise the explained variance; also, in this case, PC1 accounts for the
highest explained variance while the percentage gradually lowers for
PC2, PC3 and so on. The impact of each original variable in defining
each PC’s direction is expressed by the corresponding loading value.
Consequently, each sample can be projected in the space defined by
these new variables thus obtaining a new set of coordinates per each
sample, named scores [25,26].

In this case, five principal components are computed with a
decreasing percentage of explained variance (PC1:81.95 %, PC2: 7.68
%, PC3:5.28 %, PC4:2.97 % and PC5:0.97 %) and the associated loading
and score values are calculated. The line plot in Fig. S4 showing the
loading values vs. wavelength (nm) for the first four PCs allows us to
identify which spectral region mostly impacted the separation of the
samples alongside each PC; specifically, the highest impact is associated
with the region presenting higher loading values, both negative or
positive. An example of loadings interpretation is provided in the case of
PC1: the separation alongside this component is mostly determined by

signals around 415 nm, with negative loading values, and 520 nm, with
positive values; the detailed interpretation of the other PCs can be per-
formed following the same approach, but it is here omitted for brevity’s
sake.

Fig. 9 reports the score plots on PC1 vs. PC2 (Fig. 9a), PC2 vs. PC3
(Fig. 9b) and PC3 vs. PC4 (Fig. 9c). Analysing the samples’ location in
the bidimensional space defined by PC1 and PC2 (Fig. 9a), metal ions
concentration exerts the main effect, with score values on PC1
increasing together with this parameter, i.e. moving samples from left to
right, as shown by the arrows added to the plot; nevertheless, a tentative
distinction can be observed between AgNPs@OPE containing Cd2+ and
Pb2+ alongside PC2, especially at high metal concentrations.

The distinction appears much more visible in PC2 vs. PC3 score plot
(Fig. 9b) with all the Cd-containing samples located in the lower part of
the plot and all those containing Pb2+ in the upper part; also in this plot,
the metal ions concentration has a visible effect, depicted by the arrows,
but oppositive between the two cations. The same distinction is still
partially visible in the PC3 vs. PC4 plot (Fig. 9c), where instead, no clear
concentration-dependent effect can be distinguished.

In summary, PCA allows to both reduce data dimensionality and
highlight the differences, even if minimal compared to those
concentration-dependent, between the effect of the two metal ions on

Fig. 6. A) uv–Vis spectra, b) absorbance ratio (A545/A407) c-d) calibration lines and e) samples image of the AgNPs@OPE at the different concentration of Pb2+ ions
in water.
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AgNPs@OPE UV–Vis spectra.
Finally, the score matrix (68 samples x scores on 5 PCs) is used as the

input dataset to apply Linear Discriminant Analysis (LDA), a probabi-
listic method that calculates linear delimiters between n categories, two
in our case, relying on probability density distributions per each class. It
must be clarified that unassigned samples cannot occur in LDA since
samples are always assigned to the nearest category, even if the differ-
ence is minimal and the samples are actually in proximity to the
delimiter or, oppositely, they are outliers far from both the categories
[25,26,43]. The developed model is first evaluated by analysing pre-
dictive performances by means of cross-validation, following the
approach based on including in the cancellation group both the repli-
cates for given concentration levels, differently chosen for the two metal
ions, as already deeply discussed in the dedicated section.

CV outputs for LDA are usually presented either as “confusion ma-
trix”, which means a matrix reporting the actual category in the rows
and the predicted one in the columns, or plotting the CV Mahalanobis
distance of each training sample from the centroids of all the categories,
presented in form of bar plot in Fig. S5. It goes without saying that each
sample is assigned by the model to the nearest class, which means the
one with the smallest bar. In this case, all the samples are correctly
assigned apart from one Pb-containing sample that is wrongly assigned

Fig. 7. A) uv–Vis spectra, b) absorbance ratio (A519nm/A407nm) c) calibration line and d) samples image of the AgNPs@OPE at the different concentration of Cd2+

ions in water.

Table 1
LOD values of the proposed method with other AgNPs-based colorimetric sensor
for the determination of Pb2+ and Cd2+ in water.

Capping Agent Detection Linear range LOD

Dithizone Pb2+ 2–48 µM 3 µM [34]
Gluconate Pb2+ 0.5–2.22 µM 0.203

µM
[35]

3,4-dihydroxy-L-phenylalanine Pb 2+ 65––125 µM 81 µM [36]
PVA Pb 2+ 241 nM- 4.8

µM
0.096
µM

[37]

This work Pb2+ 2.49–22 µM 5.84
µM

5-Sulfonicanthranilic acid
dithiocarbamate

Cd2+ 10–100 µM 5.80
µM

[38]

1-amino-2naphtol-4-sulfonic
acid

Cd2+ 1–10 µM 0.087
µM

[39]

Chalcon carboxylic acid Cd2+ 0.23–3.18 µM 0.13
µM

[40]

Grape juice Cd2+ 10–150 µM 4.95
µM

[41]

Perylene dye Cd2+ − - 10 µM [42]
This work Cd2+ 9.90–33.82

µM
13.04
µM
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to the Cd category, even if the two distances are quite similar. The
overall percentage of correct prediction is 98.5 % for training samples in
CV [25,26,43].

Once developed and firstly evaluated, the classification model is
tested on independent samples containing either Cd2+ or Pb2+, in con-
centrations included in the range used for building the model (5.47,
17.20, 28.18 and 40.76 µM for each metal ion), or both the metal ions,
selecting three values of cumulative metal ions concentrations (5.47,
28.18 and 40.76 µM) and three Cd/Pb ratios (9:1, 1:1 and 1:9). Clearly,
test samples must be submitted to the same data treatment applied for
the training ones: they must be firstly projected in the PCA model,
multiplying the already computed loading values for the centred orig-
inal variables and obtaining the corresponding set of score values per
each test sample, that are secondly submitted to LDA model to predict
the category.

Table 2 and Fig. 10 summarise the results obtained for test set pre-
diction by LDA applied on Principal Components, reporting both the
predicted category per each test sample (Table 2) and the Mahalanobis
distance bar plot (Fig. 10). Test samples containing only Cd2+, from 5.49
to 40.76 µM, are correctly assigned to the Cd category, while the pres-
ence of Pb2+ is correctly identified only at higher concentrations (28.18
and 40.76 µM). Analysing Fig. 10, we can observe that samples at low
Pb2+ concentration present a quite similar Mahalanobis distance from
the two centroids, thus suggesting that they are located in proximity to
the delimiter and, therefore, the category assignment may vary just due
to experimental variability. As for mixed samples, when the cumulative
metal ion concentration is 5.47 µM, the presence of Pb2+ is never rec-
ognised, as it can be expected from the results on samples containing
only this metal ion. Opposite, when the cumulative metal ion

concentration is higher, in samples with a Cd/Pb ratio of 1:1, the dis-
tance between the two centroids is not so different, even if assigned to
the Cd class, while those with a 1:9 ratio are correctly assigned to the Pb
category, even in the presence of Cd2+. These interesting results allow to
demonstrate the robustness and effectiveness of the developed model in
distinguishing between Cd and Pb-containing AgNPs@OPE.

Fig. 8. Comparison between experimental and predicted metal ion concentration for training (blue) and test (green) samples in the case of Cd2+ (a) and Pb2+

quantification (b). It must be recalled that training samples prediction refers to the cross-validation procedure.

Fig. 9. Score plots on PC1 vs PC2 (a), PC2 vs PC3 (b) and PC3 vs PC4 (c) for the PCA model built on the training samples UV–Vis spectra registered for AgNPs@OPE
in the presence of Cd2+ or Pb2+.

Table 2
Predicted category for each sample in the test set.

Test sample [Cd2+] (µM) [Pb2+] (µM) Class

Cd 5.47 μM 5.47 0.0 Cd
Cd 17.20 μM 17.20 0.0 Cd
Cd 28.18 μM 28.18 0.0 Cd
Cd 40.76 μM 40.76 0.0 Cd
Pb 5.47 μM 0.0 5.47 Cd
Pb 17.20 μM 0.0 17.20 Cd
Pb 28.18 μM 0.0 28.18 Pb
Pb 40.76 μM 0.0 40.76 Pb
Cd-Pb (5.47 μM) 9:1 4.92 0.55 Cd
Cd-Pb (5.47 μM) 1:1 2.74 2.74 Cd
Cd-Pb (5.47 μM) 1:9 0.55 4.92 Cd
Cd-Pb (28.18 μM) 9:1 25.36 2.82 Cd
Cd-Pb (28.18 μM) 1:1 14.09 14.09 Cd
Cd-Pb (28.18 μM) 1:9 2.82 25.36 Pb
Cd-Pb (40.76 μM) 9:1 36.69 4.08 Cd
Cd-Pb (40.76 μM) 1:1 20.38 20.38 Cd
Cd-Pb (40.76 μM) 1:9 4.08 36.69 Pb
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3.8. AgNPs@OPE sensor application for Cd2+ and Pb2+ quantification
and discrimination in fortified real samples

Eventually, AgNPs@OPE ability to quantify and distinguish between
Cd2+ and Pb2+ is tested also in fortified samples of tap water in order to
confirm the robustness of both sensing mechanism and data treatment
approach to matrix-related effect. The tap water used is firstly charac-
terized by ICP-MS and IC analysis to quantify the main metal ions, and
the possible interferents, the results are reported in Table S3. The tap
water is then fortified with Cd2+ or Pb2+ or both the analytes in the
respective concentrations reported in the Table S1. All the fortified tap
water samples are characterized by UV–Vis spectroscopy (Figure S6) and
those containing only one analyte are employed to test the robustness of
the respective PLS model while all the samples, containing both one or
two analytes, are used to validate the LDA model run on PCA outputs.

As for the evaluation of PLS models robustness, the comparisons
between experimental and predicted metal ions concentration, both for
the training set (CV predicted) and the two test sets, are reported in
Fig. 11a and b: at a glance, the distribution around y= x line for fortified
tap water samples (red circles) do not significantly differ from that for
training (blue) and test (green) samples previously presented. To
confirm this preliminary assumption, F test is employed to confirm that
the difference between RMSECV or RMSEP for synthetic samples and
RMSEP for fortified tap water samples is not significant: for both the
metal ions, RMSEP in fortified tap water is equal to both RMSECV and
RMSEP for synthetic samples, being Fcalc always lower than Ftab, as

reported in Table 3.
Lastly, fortified tap water samples, containing either one or both the

metal ions, are submitted to the discrimination model to test also its
robustness towards matrix-related effects: as already discussed for the
synthetic test samples, also these test points are previously projected
into the PCA model and the so-obtained score values are submitted to
LDA to distinguish between Cd and Pb-containing AgNPs@OPE. As
shown in Fig. 11c, in presence of only onemetal ion, either Cd2+ or Pb2+,
LDA model perfectly recognises which metal ion has been added to
AgNPs@OPE but also, when both metal ions are present, the predomi-
nant amount of both Cd2+ and Pb2+ in 6:1 or 1:6 samples is correctly
identified. Only in samples containing almost equimolar mixtures of the
analytes (2:1 and 1:2), the classification results are less satisfactory.

Nevertheless, the results obtained for both Cd2+ and Pb2+ quantifi-
cation and discrimination in fortified tap water samples lead to prom-
ising results for the application of AgNPs@OPE as selective sensors in
real samples.

4. Conclusions

Silver nanoparticles (AgNPs@OPE) are prepared by an environ-
mentally friendly procedure using water orange peel extract as a
reducing, capping and stabilizing agent under alkaline conditions.

Comparing the optimized AgNPs@OPE with other reported AgNPs,
produced by orange/citrus peel extract, this green procedure permits to
obtain a regular distribution of the AgNPs@OPE with the absence of
nanoparticles aggregates [17–20,30,44], confirmed by the narrow SPR
band at 407 nm detected by UV–Vis spectroscopy, and by the SEM
analysis.

The as-prepared AgNPs@OPE are tested as colorimetric sensors in
aqueous solutions containing different metal ions. The colorimetric
assay shows selectivity towards Cd2 and Pb2+; in presence of the two
target cations the UV–Vis spectra display the typical behaviour of the
aggregation process, with the split of the principal SPR band at 407 nm,
and the formation of a new second band at a higher wavelength at 519
nm and 545 nm, for Cd2+ and Pb2+, respectively. The first approach is

Fig. 10. Mahalanobis distance from the centroids of Cd (green) and Pb (blue)
categories for each sample in the test set.

Fig. 11. Comparison between experimental and predicted metal ion concentration for training (blue) and test synthetic samples (green) or fortified tap water ones
(red) in the case of Cd2+ (a) and Pb2+ quantification (b) and Mahalanobis distance from the centroids of Cd (green) and Pb (blue) categories for each sample in the
test fortified tap water samples (c). It must be recalled that training samples prediction refers to the cross-validation procedure.

Table 3
Cross-Validation and Prediction statistics for PLS models for Cd2+ and Pb2+

quantification.

Test sample Cd2+ Pb2+

RMSEP in tap water 3.75 6.11
RMSECV 4.24 5.07
Fcalc 1.28 1.45
Ftab 8.61 2,89
RMSEP in synthetic samples 6.59 7.99
Fcalc 3.08 1.71
Ftab 9.12 9.12
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the metal ion quantification in the linearity range by univariate
regression monitoring the linear dependence of the absorbance ratio
between the two SPR bands from the concentration. The LOD calculated
from the linear univariate regression is 5.84 µM and 10.34 µM for Pb2+

and Cd2+, respectively. Then, PLS is applied to quantify the two metal
ions in the entire concentration range tested, relying on the information
contained in the entire UV–Vis spectra, achieving an RMSEP of 6.59 µM
and 7.99 µM for Cd2+ and Pb2+, respectively. In addition, UV–Vis
spectra registered both in the presence of Cd2+ and Pb2+ are employed
to compute a classification model able to distinguish which one of the
two target cations is added to AgNPs@OPE. This goal is achieved by first
submitting the dataset to PCA and, secondly, using PCA scores as input
data for LDA. The so-built model demonstrates satisfactory predictive
performances in unknown samples containing both one and two target
metal ions. Finally, the AgNPs@OPE ability to quantify and distinguish
between Cd2+ and Pb2+ is tested also in fortified samples of tap water in
order to confirm the robustness of both sensing mechanism and data
treatment approach to matrix-related effect; the results obtained for
both the cations quantification and discrimination lead to promising
results for the application of AgNPs@OPE as selective sensors in real
samples.
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