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Abstract: Gold nanoparticles (AuNPs) were prepared by using a green approach that employed
orange (citrus sinensis) peel water extract (OPE) as a reducing agent. In this case, the organic
compounds present in orange peel were able to reduce Au(III) to Au(0) and, at the same time,
to act as a capping agent, functionalizing the surface of the AuNPs, stabilizing them in a water
solution. This “green” approach valorizes orange peel waste as a resourceful material and makes
the synthetic process of AuNPs more environmentally sustainable, safe, and economically feasible
than the traditional methods. The obtained gold nanoparticles (AuNPs@OPE) were characterized
by FT–IR, DLS, SEM analysis, and UV–Vis spectroscopy; the latter showed a characteristic surface
plasmon resonance (SPR) band at 530 nm, typical of spherical gold nanoparticles. The AuNPs@OPE
were then tested as colorimetric sensors for heavy metals in water, showing an affinity and selectivity
toward Pb2+. In fact, in the presence of Pb2+, the added cation favors the aggregation process, and, in
this case, nanoparticles form clusters due to the interactions between Pb2+ and the carboxyl/hydroxyl
groups on the surface of the AuNPs@OPE, increasing the size of the nanostructure. This process is
accompanied by a change in color of the AuNPs@OPE from pink to violet, with a formation of a
second, new SPR band, at a higher wavelength, relative to the aggregate formation. The colorimetric
assay was tested at different times with the addition of Pb2+ ions showing different LOD values
of 13.31 µM and 0.05 µM after 15 min and 90 min, respectively. The proposed colorimetric assay
was also tested for analyzing Pb2+ in drinking water samples demonstrating the reliability to use
AuNPs@OPE with real samples.

Keywords: colorimetric sensor; gold nanoparticles; lead ions; orange peel extract; aggregation–
induced process

1. Introduction

In recent years, considerable research has focused on the optimization of colorimetric
sensors for the detection of pollutants, such as organic compounds and heavy metals [1].
Heavy metals are widely used in agriculture, industry, medicine, and other fields; because of
this, they are dispersed into the atmosphere, water, and soil. They are among the most prob-
lematic water pollutants since they are difficult to remove, present non–biodegradability
properties, and they have a tendency to bioaccumulate in living organisms, posing a threat
to human health and the environment. Some of the most common heavy metals present in
wastewater are copper (Cu), cadmium (Cd), zinc (Zn), lead (Pb), mercury (Hg), arsenic (As),
chromium (Cr), and iron (Fe) [2]. Lead is a naturally occurring toxic metal as it composes
0.002% of the Earth’s crust, but its widespread use by humankind has resulted in extensive
environmental pollution [3].

Lead is the second most toxic metal after mercury, and human exposure to Pb salts
and oxides can cause severe health problems, such as high blood pressure, cardiovascular
problems, kidney damage, and problems of brain development in children [4]. The detec-
tion and removal of lead from polluted water are important challenges to be faced to ensure
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human safety. Lead detection is usually performed by well–established techniques, such as
atomic absorption/emission spectrometry (AAS/AES), inductive coupled plasma mass
spectrometry (ICPMS), anodic sweep voltammetry (ASV), capillary electrophoresis (CE),
and X-ray fluorescence spectroscopy (XFS), requiring expensive instruments and extensive
sample preparation [5].

Nanoparticles are materials in the size range of 1–100, with special physical and chem-
ical properties that make them useful for a wide range of applications, including chemical
and biological sensing [6–10]; water purification [11]; environmental remediation [12,13];
drug delivery [14]; food processing, packaging, and preservation [15]; and more.

The use of metal nanoparticles (NPs), due to their easy synthesis, biocompatible
nature, high specificity, surface functionalization, and optical characteristics for the sensing
of hazardous heavy metals, has attracted a great deal of attention [16]. In particular, gold
nanoparticles (AuNPs) attract considerable interest due to their unique properties and
have been successfully applied to sensing in the fields of environmental monitoring, optics,
catalysis, and imaging, as antimicrobial agents, and in biomedical devices [17,18]. AuNPs
show low toxicity, good biocompatibility, and high stability and dispersibility, which make
them applicable to many fields.

The traditional methods for the synthesis of AuNPs usually involve aggressive re-
ducing agents, along with a capping agent and volatile organic solvents. These methods
quickly generate well–defined and pure products, but they are also expensive and generate
a lot of toxic waste. However, biological approaches that involve the use of plant extracts
as the reducing and capping agent represent simple, rapid, eco–friendly, and cost–effective
methods to obtain green and more sustainable AuNPs [19].

In this work, orange (citrus sinensis) peel extract was used as a reducing agent for the
synthesis of AuNPs, and the method was optimized to find the most effective reagent ratio,
temperature, and pH conditions.

Orange peel is one of the many waste products of the agri–food industry. The total
global production of orange fruits is estimated to be 76.29 million tons per year, of which
about 40–50% is the peel, discarded as waste [20]. Citrus peel is rich in organic acids
(citric, ascorbic, and malic acids), phenolic acids (caffeic acid, ferulic acid, p–coumaric acid,
gallic acid, and chlorogenic acid), and flavonoids (hesperidin, hesperidin, rutin, naringenin,
narirutin, nobiletin, and tangeritin). These natural compounds can act as reducing agents
and stabilizers in the synthesis of metal nanoparticles. Citrus peel extracts have been used
to synthesize Au [18,21], Ag [22,23] CdO [24,25], ZnO [26,27], Fe [28], FeO [29], CuO [30],
and TiO2 [31] nanoparticles.

The special properties of AuNPs arise from the resonant oscillation of free electrons in
the presence of light, known as localized surface plasmon resonance (SPR). The plasmon
resonance can either radiate light, a phenomenon that is very useful in the imaging field and
production of sensors [32], or rapidly dissipate energy through heat, which can be used for
other applications, such as cancer treatment or the destruction of viruses and bacteria [17,33].
In the case of AuNPs, the frequency of the surface plasmon resonance falls into the visible
region, showing a well–defined SPR band in this region of the electromagnetic spectrum.
The frequency of the SPR band is highly sensible to the chemical environments and depends
on the shape of the nanostructure (spheres, rods, shells, etc.), size, functionalization on the
surface of the nanoparticles, and, also, can change according to the state of aggregation
of the nanoparticles. In the last case, the interparticle distance is reduced causing a shift
in the SPR band with respect to monodispersed ones [34], and a shift in the SPR band,
accompanied by a color change, can be effectively used for the colorimetric detection of a
specific analyte in water solutions. Nanoparticle–based colorimetric sensors have become
very popular and increasingly studied because of their low cost, simplicity of detection,
on–site application, and because they do not require complicated sample treatment and
complex analytical instrumentation [35].

In recent years, different functionalized AuNPs, exploiting the aggregation process,
have been applied as colorimetric sensors for the detection of Pb2+ ions in solutions. Differ-
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ent chemical synthetic procedures were used for the formation and the functionalization
of the AuNPs [16,35]. As an example, Chung et al. proposed a classic method, such as
the Turkevic method, using sodium citrate as a reducing and stabilizing agent [36]; other
protocols involved the use of strong, dangerous, and sometimes toxic reducing agents, such
as gallic acid, 11–MUA, pyridine–formaldehyde, and TOAB [37–41]. Other procedures
involved chemical reducing agents for the reduction in gold precursors, and, in addition,
specific functionalizing compounds were selected to add to the as–produced AuNPs, such
as amino–acids, oligonucleotide, and aptamers [42–44].

Recently, more and more frequently, AuNPs being produced by exploiting green and
more eco–sustainable reducing agents, such as waste or extracts from plants, and applied
as colorimetric sensors for Pb2+ detection [45–47].

In this study, gold nanoparticles (AuNPs@OPE) were obtained by a green approach us-
ing orange peel extract (OPE) as a reducing and stabilizing/capping agent. The AuNPs@OPE
were fully characterized by UV–Vis, SEM, EDX, and DLS analyses, and then tested as
colorimetric sensors for heavy metal ions in water, showing an affinity and selectivity
towards Pb(II); the addition of this metal ion favored the aggregation of the nanoparticles
and the process was accompanied by a change in the color of the AuNPs@OPE from pink
to violet, evidenced by a second new surface plasmon band, relating to the aggregate’s
formation, at a higher wavelength. The proposed colorimetric assay was also tested using
natural waters demonstrating the reliability to use the AuNPs@OPE with real samples.

2. Materials and Methods
2.1. Materials

Gold (III) chloride hydrate (HAuCl4·H2O), NiCl2, CoCl2, ZnCl2, CuCl2, MnCl2, CdCl2,
HgCl2, and PbCl2 were purchased from Sigma–Aldrich (St. Louis, MO, USA). NaOH 2M
and HCl 2M were purchased from Carlo Erba Reagents SAS (Chaussée du Vexin, Parc
d’Affaires des Portes, Val de Reuil, France). Fresh orange fruit (Citrus sinensis) was bought
in Eurospin, Camerino, Italia. All the solutions were prepared by using ultrapure water
(18.2 µS/cm) produced by Milli–Q® Advantage A10, Merk.

2.2. Preparation of the Orange Peel Extract

The orange fruit was initially washed with deionized water; the peel was successively
separated from the fruit and cut into small pieces. A total of 30 g of orange peel was mixed
with 100 mL of UltraPure water, heated to 100 ◦C, and after the boiling point, the solution
was left for 10 min. The OPE solution was then separated from the solid peel and collected
after filtration using filter paper. Finally, the extract solution was centrifugated at 6000 rpm,
and the liquid phase was recovered, divided into small portions, and then stored in a
freezer at −25 ◦C, until its next use.

2.3. Synthesis of AuNPs @OPE

The synthesis of gold nanoparticles (AuNPs@OPE) was optimized in 40 mL of ultra-
pure water in a glass flask equipped with a refrigerant column, using a final concentration
of 0.165 mM of HAuCl4. The solution was stirred and heated at 100 ◦C; once the boiling
point was reached, the OPE solution was added as a reducing agent. Different pH condi-
tions and different volumes of the OPE solution were tested for the optimization of the
AuNPs@OPE. The reaction should be kept at reflux at a 1000 rpm stirring rate to allow
the optimal formation of nanoparticles. High temperature and stirring produced a quick
reaction and reduced the aggregation of nanoparticles. The status of the reaction and the
formation of the nanoparticles were monitored by UV–Vis spectroscopy using an Agilent
Cary 8454 Diode Array System spectrophotometer. The reaction was stopped after 1 h
when the surface plasmon resonance (SPR) band was stable. The obtained nanoparticle
suspension was dialyzed with a 3.5 kDa membrane (Spectra/Por Dialysis Membrane Stan-
dard RC Trial Kit bought from Spectrum Laboratories Inc., (Irving, TX, USA)to remove the
reagents in excess, and stored at 4 ◦C.
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2.4. Characterization of AuNPs@OPE

AuNPs@OPE morphologies were analyzed by field emission scanning electron mi-
croscopy (FE–SEM, Sigma 300, Zeiss, Gina, Germany) at 8 kV and with energy–dispersive
X-ray spectroscopy (EDX, Quantax, EDS, Bruker). Specifically, several drops of the obtained
AuNPs@OPE were deposited on silicon foil, which was then placed on aluminum stubs by
using self–adhesive carbon tabs; the liquid phase of the sample was removed by drying
at 30 ◦C in a vacuum oven (Vismara, 65). The distribution of the nanoparticles’ size was
analyzed by using ImageJ 1.54 d software.

The functionalization of the AuNPs@OPE and the presence of the functional groups of
the surface ligands were investigated by Fourier–transform infrared spectroscopy (FT–IR),
using a Perkin–Elmer System 2000 FT–IR instrument (Waltham, MA, USA). In this case, the
AuNPs@OPE were first lyophilized (FreeZone 1 Liter, Labconco, Kansas City, MO, USA),
and the obtained nanoparticle pellets were analyzed by FT–IR spectroscopy.

The size distribution of the nanoparticles and the zeta potential were evaluated with
dynamic light–scattering (DLS) measurements performed by using a Malvern Zetasizer
nano–S device (Malvern Instruments, Worcestershire, UK) equipped with a back–scattered
light detector operating at 173◦.

2.5. AuNPs@OPE as Colorimetric Sensors for Heavy Metal Ions

Stock solutions of different metal cations (Ca2+, Cd2+, Co2+, Cu2+, Fe2+, Hg2+, K+,
Mg2+, Zn2+, Na+, Ni2+, Mn2+, and Pb2+) with a final concentration of 1.01 mM were pre-
pared by using the corresponding salts reported in the Materials and Methods Section 2.1.

The selectivity of the AuNPs@OPE was tested by adding a final concentration of 50 µM
of the different metal cations and monitoring the UV–Vis spectral change after 15 min.
For the case of Pb2+, spectral changes were monitored at regular intervals after different
additions of the metal cation, from 2.5 to 50 µM, to the AuNPs@OPE. For all the analyses,
the AuNPs@OPE were diluted at a 1:1 ratio in ultrapure water and the tests were conducted
in a total volume of 2 mL. The colorimetric assay was repeated in the range of 0–9.90 µM,
and the UV–Vis spectral change was monitored after 90 min following the Pb2+ additions.
A colorimetric assay was also performed using different natural drinking water samples
with spiked concentrations of Pb2+ of 15, 20, 28, and 33 µM. The ionic composition of the
drinking water was analyzed by the ICP–MS 7500cx series (Agilent Technologies, Santa
Clara, CA, USA) and ion chromatography (ICS–1000, Dionex– Thermo Fisher Scientific,
Waltham, MA, USA).

3. Results
3.1. Synthesis of AuNPs@OPE

The AuNPs@OPE were synthesized starting from HAuCl4 as the precursor and orange
peel extract (OPE) as the reducing and capping/stabilizing agent. To obtain the best
condition for the formation of the AuNPs@OPE, different ratios of OPE/HAuCl4 and
the pH conditions were evaluated. The spectra obtained at different pHs are reported in
Figure 1a, showing that a neutral pH is the best condition for the synthesis of AuNPs@OPE
using OPE as a reducing and stabilizing agent. During the reaction, the solution turned from
colorless to red–purple, confirming the reduction of Au(III) to Au(0) with the consequent
formation of AuNPs@OPE and the observation of the typical surface plasmon resonance
(SPR) band, centered at 530 nm, characteristic of spherical gold nanoparticles.

The effect of different HAuCl4/OPE ratios, using different amounts of OPE solutions
from 50 to 250 µL, can be observed in the UV–Vis spectra reported in Figure 1b. In this case,
the SPR band ranges from 530 to 540 nm, and different color shades are detected depending
on the quantity of the extract used in the reaction (Figure 1b).
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Figure 1. UV–Vis spectra of AuNPs@OPE prepared (a) at different pHs, (b) with different quantities
of OPE (50–250 µL), with the inset showing the change in color of the prepared nanoparticles and
(c) FT–IR spectra of the OPE extract (yellow) and lyophilized AgNPs@OPE nanoparticles (blue).

The lowest amount of OPE equal to 50 µL, in a total volume of 40 mL, did not show a
good reduction capacity towards Au(III); when increasing the amount of OPE to 100 µL,
the typical SPR band of AuNPs at 530 nm was detected, but, in this case, a broadened
peak indicated the partial aggregation of the AuNPs@OPE. By using 150 µL of OPE extract,
a sharper and more narrow SPR band at 530 nm was obtained; in these conditions, the
reduction of Au(III) and the formation of the nanoparticles were faster, showing a shorter
reaction time. Continuing to increase the amount of OPE extract to 200 µL, the SPR
band increased, showing a little red shift to 350 nm, probably due to an increase in the
nanoparticles size; the addition of 250 µL of OPE did not show any improvements, while,
on the contrary, the absorbance of the SPR band decreased. For these reasons, the optimal
condition chosen for the preparation of AuNPs@OPE was a neutral pH using 150 µL of
OPE that showed the narrowest SPR band.

3.2. Characterization of AuNPs @OPE

The FT–IR spectra of the OPE extract and the lyophilized AuNPs@OPE prepared
under optimal conditions are reported in Figure 1c. The OPE extract (yellow line) shows a
small peak at 3750 cm−1 and a broad peak at 3400 cm–1 related to the stretching vibration
of the –OH group of alcohols, phenols, flavonoids, and –COOH groups of free and inter–
molecular bonding. The band at 2920 cm−1 is related to the –CH stretching of the aromatic
compounds present in the extract; additionally, the intense band at 1610 cm−1 is attributed
to the typical stretching vibration of the C=C aromatic bond of the phenolic groups, while
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the bands at 1730, 1415, and 1013 are related to the C=O, –COOH, and C–O functional
groups, respectively [48]. The results, according to the literature, confirm the presence of
polyphenol and flavonoid compounds inside the OPE extract; these interesting compounds,
particularly the flavonoids, for their reducing ability, represent advantageous reducing
agents for the formation of green AuNPs@OPE [49]. The FT–IR spectra of the lyophilized
AuNPs@OPE confirm the functionalization of the nanoparticles by the OPE extract, due
to similar profiles, suggesting that the surface of the nanoparticles is covered by organic
water–soluble components obtained from the OPE extract.

The morphologies of AuNPs@OPE observed by this green procedure, in the best
experimental conditions, were analyzed by SEM measurements (Figure 2). In Figure 2a, the
SEM image shows the presence of spherical AuNPs; in the SEM image in Figure 2b with a
greater magnification, it is also possible to observe that the nanoparticles are surrounded by
halos, probably due to the functionalization of OPE compounds that cover the surface of the
nanoparticles. The size analysis distribution of the obtained AgNPs@OPE was performed
by using ImageJ software on more than 250 nanoparticles (Figure 2c), showing a normal
distribution with an average size of 27.58± 1.08 nm. The EDX analysis (Figure 2d) of the
SEM image confirms the presence of Au, while the other detected peaks are related to
C and O, which can be attributed to the OPE organic compounds present in the sample
as surface ligands; the Si signal is due to the sample support used for the deposition of
the AuNPs@OPE.
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Figure 2. (a,b) SEM images at different magnifications, (c) size distribution analysis, and (d) EDX
spectrum of AuNPs@OPE.

In addition, a DLS analysis was performed on the AuNPs@OPE where the main size
of the nanoparticles, as reported in Figure 3, was around 35.52 nm, thus in good agreement
with the SEM analysis.
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The as–proposed optimized protocol, in the preparation of AuNPs@OPE, demon-
strated the production of stable and spherical functionalized AuNPs@OPE by using and
valorizing a waste material, such as OPE extract; in addition, this procedure did not involve
the use of toxic and harmful reagents for the human health and for the environment as
applied in several chemical synthetic methods [16,35].

3.3. Sensing Mechanism and Selectivity of the Colorimetric Assay

The mechanism of this simple and rapid colorimetric assay for sensing Pb2+ ions is
represented in Figure 4, which is based on the aggregation mechanism of AuNPs@OPE by
the presence of Pb2+ ions. The AuNPs@OPE solution diluted at a 1:1 ratio with ultrapure
water appears pink since the gold nanoparticles are capped by negatively charged organic
anions (e.g., –OH, –COOH), such as organic acids, phenolic compounds, and flavonoids
present in the orange peel extract [11]. This capping effect reduces the repulsive forces
between gold nanoparticles, hinders agglomeration, and favors their stability [50].
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The presence of negative functional groups on the surface of the nanoparticles was
confirmed by a negative zeta potential value of −20.4 ± 1.29 mV. This value also indicates
the moderate stability of the nanoparticles for aggregation. After the addition of cations,
in this case Pb2+ ions to AuNPs@OPE, a chromatic variation in the colloidal suspension
can be observed due to the interaction of the AuNPs@OPE nanoparticles with the analyte
of interest, usually accompanied by the appearance of a second SPR band at a higher
wavelength. Specifically, Pb2+ ions can strongly induce the aggregation of AuNPs@OPE
by forming clusters between different gold nanoparticles because of the formation of
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coordination complexes between Pb2+ ions and the carboxyl/hydroxyl groups of the
organic molecules that functionalize the AuNPs@OPE [51–53].

Therefore, the addition of Pb2+ ions to the AuNPs@OPE decreases the inter–particle
distance of the nanoparticles [53], causing a change in the SPR bands (Figure 5); specifically,
the main SPR band at 530 nm of the AuNPs@OPE decreases with the appearance of a
second SPR band at 614 nm, as reported in Figure 5a, accompanied by a color change
from pink to violet (Figure 5b). The color variation could be easily detected 15 min after
the addition of the Pb2+ ions; after 1.5 h, the cluster that formed between the Pb2+ and
AuNPs@OPE reached a critical mass and all the nanoparticles aggregated and precipitated
to the bottom of the solution (Figure 5b).

The colorimetric assay was tested by using different metal ions at the same concentra-
tion of 50 µM; all the solutions, in this case, were analyzed by UV–Vis spectroscopy after
15 min, showing a strong selectivity towards Pb2+ ions, as can be observed in Figure 5a,
where only Pb2+ shows the typical spectrum of aggregated gold nanoparticles. The DLS
measurements of AuNPs@OPE in the presence of Pb2+ (50 µM), shown in Figure 5b, con-
firmed the aggregation and the formation of clusters between Pb2+ ions and the nanoparti-
cles with a mean diameter of about 122.6 ± 0.99 nm.

Chemosensors 2024, 12, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 4. Schematic presentation of the AuNPs@OPE colorimetric mechanism for the detection of 
Pb2+. 

Therefore, the addition of Pb2+ ions to the AuNPs@OPE decreases the inter–particle 
distance of the nanoparticles [53], causing a change in the SPR bands (Figure5); specifi-
cally, the main SPR band at 530 nm of the AuNPs@OPE decreases with the appearance of 
a second SPR band at 614 nm, as reported in Figure 5a, accompanied by a color change 
from pink to violet (Figure 5b). The color variation could be easily detected 15 min after 
the addition of the Pb2+ ions; after 1.5 h, the cluster that formed between the Pb2+ and 
AuNPs@OPE reached a critical mass and all the nanoparticles aggregated and precipitated 
to the bottom of the solution (Figure 5b). 

The colorimetric assay was tested by using different metal ions at the same concen-
tration of 50 µΜ; all the solutions, in this case, were analyzed by UV–Vis spectroscopy 
after 15 min, showing a strong selectivity towards Pb2+ ions, as can be observed in Figure 
5a, where only Pb2+ shows the typical spectrum of aggregated gold nanoparticles. The DLS 
measurements of AuNPs@OPE in the presence of Pb2+ (50 µM), shown in Figure 5b, con-
firmed the aggregation and the formation of clusters between Pb2+ ions and the nanopar-
ticles with a mean diameter of about 122.6 ± 0.99 nm. 

Figure 5. (a) UV–Vis spectra of AuNPs@OPE with different cations at the same concentra-
tion (50 µM); (b) DLS analysis of AuNPs@OPE with Pb2+ ions (50 µM) with inset showing 
the color changes in AuNPs@OPE colloidal solutions before and after the addition of Pb2+ 
ions (50 µM) at different times. 

3.4. AuNPs@OPE as Sensors for Pb(II) in Water 
Note that the AuNPs@OPE are selective for the Pb2+ ions. The experiment proceeded 

toward an appropriate calibration of the system for the quantification of the metal ion by 

Figure 5. (a) UV–Vis spectra of AuNPs@OPE with different cations at the same concentration (50 µM);
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3.4. AuNPs@OPE as Sensors for Pb(II) in Water

Note that the AuNPs@OPE are selective for the Pb2+ ions. The experiment proceeded
toward an appropriate calibration of the system for the quantification of the metal ion
by using a spectrophotometric technique. A stock solution of Pb2+ (1 mM) was added in
increasing volumes to different samples of AuNPs@OPE for a concentration that ranged
from 2.49 to 58 µM of the metal ion; Figure 6a reports the UV–Vis spectra of AuNPs@OPE
with increasing concentrations for Pb2+ ions measured at 15 min after each addition. Form
the spectra, it is possible to observe that the AgNPs@OPE show a single SPR band at
530 nm; with the increasing concentration of Pb2+ ions, the principal SPR band decreases
with the consequent increase in a second SPR band at 614 nm, showing a visible isosbestic
point at 574 nm, due to the formation of AuNPs@OPE–Pb clusters. The change in the
UV–Vis spectra is accompanied by a gradual change in color from pink to violet, as can be
observed in Figure S1. In such a case, the absorbance ratio between the principal band at
530 nm and the second SPR band at 614 nm can be used for calibration purposes. The plot
of the A614nm/A530nm ratio as a function of the concentration of the Pb2+ ions is presented
in Figure 6b, which shows a sigmoidal shape typical of the aggregation process, and the
curve can be divided into three different regions. In the first region, the lag phase, with
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low concentrations of Pb2+, from 2.48 to 6.6 µM, only a slow formation of a small lattice
occurred, in which only a few clusters between Pb2+ ions and AuNPs@OPE were formed. In
the second region, with higher sensitivity, where the concentration of Pb2+ ions ranged from
9.9 to around 38 µM, the increase in aggregation involved a higher number of nanoparticles,
producing a larger lattice that was associated with a greater change in the absorbance
spectrum with the formation of the second SPR band; this behavior corresponded to the
consequent linear increase in the absorbance ratio.

The third region, called the pre–saturation zone, in the presence of the highest con-
centration of Pb2+ ions, resulted in the formation of a larger cluster between Pb2+ ions and
AgNPS@OPE producing a superlattice that reached a critical mass favoring the collapse
of the system; in this case, the solutions started to appear cloudy due to the formation of
nanoparticle precipitate in the solution.
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up to 58 µM.

During the aggregation process, the increasing concentrations of Pb2+ ions was asso-
ciated with a higher clustering rate, and the increasing intensity of the second SPR was
associated with the aggregated forms of NPs. Using Hill’s equation [34] for the investigated
system, it was possible to obtain quantitative information about the aggregation mechanism
between AuNPs@OPE and Pb2+ ions. The proposed AuNPs@OPE nanoparticles can be
considered as macromolecules with n–binding sites on their surfaces, where n corresponds
to the number of COO−/C–O− sites. Hill’s equation refers to the saturation to unsaturation
ratio (number of occupied/free sites ratio) to the concentration of the ligand that, in this
case, is Pb2+. The saturation of the investigated system can be express as the following
Equation (1):

θ =
Absratio i

Absratio MAX
(1)

where Absratioi is the value obtained for each concentration of Pb2+ evaluated, and AbsratioMAX
is the value to which the sigmoidal curve asymptotically tends, which is obtained from the
fitting reported in Figure S2; consequently, the unsaturation can be represented as 1 − θ.
Hill’s equation can be expressed according to Equation (2):

log
θ

1 − θ
= nlog

[
Pb2+

]
− logKD (2)
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where n is the Hill’s coefficient and indicates the average number of bridging Pb2+ ions
between two AuNPs@OPE, and KD is the equilibrium constant for the cluster formations
between nanoparticles and the cation.

The Hill’s plot presented in Figure 7a shows three different linearity regions, where the
slope indicates the average number of bridging Pb2+ ions. The created plot confirms that
the aggregation process is very low at concentrations of Pb2+ ions lower than 12 µM; in the
range between 12 µM and 28 µM, one cation of Pb2+ binds two AuNPs@OPE nanoparticles,
while at a higher concentration of Pb2+ ions, the AgNPs@OPE cluster is linked by 3 –Pb2+

ions. A further increase in size causes the superlattice and the system to gradually collapse.
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Figure 7. (a) Hill’s plot for AuNPs@OPE with increasing concentrations of Pb2+; (b) calibration line
of Pb2+ sensor based on AuNPs@OPE in the range from 9.9 to 33.8 µM of Pb2+ ions.

As discussed before, the linear change in the A614nm/A530nm ratio is associated with
the second part of the sigmoidal curve; in this case, when fitting the results in the range
from 9.9 to 33.8 µM of Pb2+ ions with a linear equation, f(x) = mx + q (Figure 6b), the best
fitted values for the parameters to 95% confidence bounds were m = 0.0126 ± 0.0003 and
q = 0.20163 ± 0.00701, with an R–square of 0.997. The limit of detection (LOD), calculated
from the calibration curve as 3σ/m, was 13.31 µM of Pb2+ ions.

The aggregation process that involved the AuNPs@OPE and Pb2+ ions was time
dependent and kinetically regulated; the increasing time after the addition of Pb2+ ions
permitted us to detect a spectral change at a lower concentration.

In this case, the colorimetric assay was repeated and the UV–Vis spectral change was
monitored after 90 min. As it is possible to observe in Figure 8, in the range from 0.5 to
9.90 µM of Pb2+, a linear increase in the A614nm/A530nm ratio is detected and the LOD is
significantly reduced to 0.05 µM.

Under the optimized experimental conditions, the LOD values obtained in the two
different linearity ranges are comparable with the recent results reported in the literature
for the AuNPs’ application for the detection of Pb2+ ions (Table 1).
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Table 1. Comparison of LOD values of the proposed method with other published papers for the
determination of Pb2+ in water samples.

Capping/Functionalization Agent Linear Range LOD Ref.

Sodium citrate 10–100 µM 18 µM [36]
Gallic acid 50 nM–1 µM 25 nM [37]
11–Mercaptoundecanoic acid 2–50 µM 2 µM [38]
3–Mercaptonicotinic acid 4–aminobenzo–18crown–6 -- 50 nM [39]
Pyridine–formaldehyde 1–6 µM 1 µM [40]
Tetra–n–octylammonium bromide -- 0.5 µM [41]
GSH 0.1–10 µM 100 nM [42]
Valine -- 96.5 µM [43]
T– and G–rich aptamers -- 0.57 µM [44]
N–decanoyl–tromethamine -- 350 nM [54]
Poly(styrene–co–maleic anhydride) -- 30 nM [45]
Selaginella bryopteris plant extract 10–60 µM 0.24 µM [46]
Andrographis paniculata leave extract 0–100 12.66 µM [47]

OPE extract 9.9–33.8 µM (15 min)
0.8–9.9 µM (90 min)

13.31 µM
0.05 µM This work

3.5. Analysis of Pb(II) in Water Samples

Two drinking water samples were collected from the Lazio and Marche regions, in
the center of Italy, and the respective elemental analysis was performed by ICP–MS, and
anion determinations by IC chromatography are reported in Table S1. The water samples
were spiked with Pb2+ ions at different concentration levels and then analyzed with the
proposed colorimetric assay based on AuNPs@OPE. The UV–Vis spectra are shown in
Figure S3, and the determination of Pb2+ ions by using the calibration of the proposed
colorimetric sensor are summarized in Table 2; the recovery rate of the spiked Pb2+ ions
range from 97.64 to 114.33%, indicating the reliability of using the proposed sensor with
real samples.
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Table 2. Determination of Pb2+ in water samples by the proposed method.

Samples Pb2+ Added (µM) A614nm/A530nm Recovery (µM) Recovery %

Water 1 (15 min) 15 0.385 14.566 97.11
Water 2 (15 min) 20 0.457 20.257 101.29
Water 1 (15 min) 28 0.546 27.338 97.64
Water 2 (15 min) 33 0.608 32.198 97.75

Water 1 (90 min) 9 0.389 9.160 101.78
Water 2 (90 min) 3 0.341 3.433 114.33

4. Conclusions

A very simple, cost–effective, highly selective, and rapid colorimetric method for
the detection of Pb2+ ions using green AuNPs@OPE, synthesized with orange peel water
extract as a reducing agent, was used in this work. The absence of harmful reagents in
the synthesis of AuNPs and the selectivity of these AuNPs toward Pb2+ ions represent the
practical advantages of the proposed colorimetric method.

The addition of Pb2+ ions strongly induced the aggregation of the as–prepared
AuNPs@OPE with the formation of clusters between different AuNPs. This property is
evidenced by a decrease in the principal SPR band of the AuNPs@OPE with the appearance
of a second SPR band, accompanied by an evident color change from pink to violet.

Quantitative information about the aggregation mechanism between AuNPs@OPE
and Pb2+ ions was clarified using Hill’s equation on the investigated system showing the
different behavior of the aggregation process depending on the Pb2+ ion concentration.

The aggregation process that involved the AuNPs@OPE and Pb2+ ions was time
dependent and kinetically regulated; the increasing time after the addition of Pb2+ ions
permitted us to detect a spectral change at lower concentrations. The LOD values obtained
at two different times by this colorimetric assay are comparable with those reported in
other methods; in addition, the LOD value of 0.05 µM (10.36 ppb) is in accordance with the
WHO guidelines on lead, with the permissible level of Pb2+ ions in potable water, that is,
10 ppb.

The application of this colorimetric sensor for the analysis of Pb2+ ions in water
samples indicates the reliability of using the proposed method with real samples.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors12030033/s1; Figure S1: sample image of AuNPs@OPE
with the increasing concentration of Pb2+ ions up to 58 µM; Figure S2: fitting of the sigmoidal curve by
the logistic equation; Figure S3: UV–Vis spectra of AuNPs@OPE with different spiked concentrations
of Pb2+ using drinking water samples; Table S1: cations, anions, and pH of the drinking water used
for the colorimetric assay of Pb2+ using AuNPs@OPE.
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