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A novel, simple and highly sensitive plasmonic colorimetric method is developed for the detection of Pb2+ in
aqueous samples. Themethod is based on the aggregation of gold nanoparticles (AuNPs) or SiO2core–Aushell nano-
composites (SiO2@Au NCs) in the presence of Pb2+ ions. It was found that the colour of AuNPs or SiO2@Au NCs
changes in the presence of Pb2+ ions and the intensity of surface plasmon resonance (SPR) peak of AuNPs or
SiO2@Au NCs decreased. Thus, the synthesis of sensitive surface enhanced Raman scattering (SERS) materials;
~20 nm spherical AuNPs and ~360 nm SiO2@Au NCs leads to the development of nanosensor for the detection
of Pb2+ ions. Both AuNPs and SiO2@Au NCs by virtue of their versatility show localized surface plasmon reso-
nance (LSPR) peaks at 522 nm and 541 nm respectively. The synthesized AuNPs, SiO2@Au NCs and analyte sam-
ples preparedwere characterised using a scanning electronmicroscope, a transmission electron microscope and
a UV–vis spectrophotometer. The SERS study was also used to compare sensitivities of both AuNPs and SiO2@Au
NCs towards Pb2+ ions using crystal violet (CV) as a target molecule. The analyte Pb2+ was detected as low as
500 nM using 20 nm AuNPs and 50 nM using 360 nm SiO2@Au NCs. It was confirmed that SiO2@Au NCs were
found ten times more sensitive as compared to AuNPs for the detection of Pb2+ ions.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Nanoparticles, notable for their small size, high surface area to
volume ratios, and strong adsorption capacity, have been the subject
of great interest in analytical chemistry [1]. The gold nanomaterials
based optical probes have recently attracted considerable attention in
the analysis of environmental and biological samples due to their sim-
plicity, sensitivity and selectivity because of their unique size- and
shape-dependent optical properties, high extinction coefficients and
light scattering approaches [1–3]. Therefore, over the past decade, nano-
particles have widely been used for elemental detection, determination
as well as speciation [1–3]. Nowadays most of the countries are facing
shortage of safe potable water. In developing countries, the contamina-
tion of drinking water due to heavy metal ions like Pb2+, Cd2+, Zn2+

and As3+ from industrial effluents has been a challenging task before
the analytical chemists [1–4]. The rapid progress in the field of nano-
technology and fabrication of advanced nanomaterials offers a range
of applications including detection and remediation of a broad range
of environmental contaminants [3,5,6]. Rapid, ultrasensitive and
9 2321512.
91 1438 228365.
choudhary2002@gmail.com
inexpensive analytical methods provide attractive tools for environ-
mental monitoring [3,7–9]. The monitoring levels of potentially toxic
metal ions like Hg2+, Pb2+ and Cu2+ in aquatic ecosystems are
extremely important as these ions have severe negative impacts on
human health and the environment [1,10,11]. Among these metal
ions, Pb2+ ions have received significant attention, largely because of
the fact that it causes serious diseases like memory loss, anaemia, be-
haviour problems, low intelligence quotient and kidney dysfunction
[13]. Due to its non-biodegradability even at low concentrations, Pb2+

ions can cause serious damage to the brain and central nervous system
especially to children [14]. Therefore, the rapid, sensitive and trace level
detection of Pb2+ ions is of great importance in public interest. While
many effective fluorescent sensors have been successfully developed
for various metal ions [15–19], there have been relatively few reports
on Pb2+ ions sensing via selective fluorescent sensors [20–24].

Metallic nanoparticles (NPs), especially gold nanoparticles (AuNPs),
have emerged and received much attention for colorimetric sensing of
biomolecules and many heavy metal ions due to their high extinction
coefficients, size and distance-dependent optical properties [1,2,
25–29]. To successfully integrate these nanomaterials for the selective
detection of different species, the surface of the AuNPs must first be
functionalized with biomolecules or small receptors without altering
the stability of the functional groups in solution [30–32]. Therefore, con-
tinued strategies have been develop metal ion sensors for specific
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metals based on synthesis of nanomaterials. These are usually based on
the localized surface plasmon resonance (LSPR) for the modified Au
and even AgNPs [3,6–9,24,29–32]. Among various optical reporting
methodologies listed in the literature for the detection of Pb2+ ions,
sensing based on the plasmon absorption of Au and AgNPs is rather
more promising [5,33,34]. Although in colorimetric assays AgNPs
have been used less extensively in comparison to AuNPs, AgNPs also
have shown its applicability for the heavy metal detection based on
colour change between the dispersed and aggregated ones [3,35].
Triazocarboxyl AgNPs show a cooperative effect on the recognition of
Co2+ over other metal ions tested [35] while mercapto pyridine
glutathione-modified AuNPs were used as a colorimetric sensor for
As3+ in groundwater [36]. Moreover, the metal NPs show excellent se-
lectivity and sensitivity as colorimetric sensors when these are mostly
of spherical morphology [3,11,12,19,35,36]. Simple, cost-effective and
rapid colorimetric method for simultaneous detection of Hg2+, Pb2+

and Cu2+ using papain enzyme-functionalized AuNPs has been devel-
oped with a detection limit of 200 nM [37]. One step synthesis of water
soluble Au and AgNPs has also been reported at room temperature
using a naturally occurring bifunctional molecule, i.e., gallic acid where
ratiometric plots of the aggregated to the isolated forms are shown to
have high sensitivity (30–300 μM) as well as selectivity for the naked
eye detection of Pb2+ ions [38].

In our most recent reports, in addition to produce an excellent review
on the analytical techniques involving NPs and core–shell nanocompos-
ites as new generation water remediation materials [5], we have demon-
strated not only the plasmonic detection of Fe3+ [8], F− [39] and Cd2+

[40] but also the removal of F− using nanomaterials from aqueous
media [41–43].Wehave also reported the development of promising sur-
face enhanced Raman scattering (SERS) substrate: freckled SiO2@Au
nanocomposites [44]. Hence, in continuation of our interest in the appli-
cation of nanomaterials [3,8,39–44], we report novel, efficient, rapid and
visual detectionmethod for Pb2+ ion based on the development of sensi-
tive AuNPs and SiO2@Au nanocomposites (SiO2@Au NCs). Thus the pres-
ent work describes the strategy for preparing citrate capped AuNPs and
SiO2@Au NCs based on a multistep process via a sol–gel reaction [45,46]
in which the AuNPs were modified with silica and their applications for
the detection of Pb2+ in aqueous samples.

2. Experimental

2.1. Materials

All the chemicals were of analytical reagent grade and used as re-
ceived without any further purification. Tetraethoxysilane (TEOS,
≥99%), ethanol C2H5OH (≥99.5%), ammonium hydroxide (NH4OH,
≥25% w/v in H2O), tetrachloroauric acid trihydrate (HAuCl4·3H2O,
≥99.99%), trisodium citrate dihydrate (Na3C6H5O7·2H2O, ≥99%), sodi-
um borohydride (NaBH4, ≥99.99%), 3-aminopropyltriethoxysilane
(APTES, ≥99.9%), sodium hydroxide (NaOH pellets, ≥98.5%), silver ni-
trate (AgNO3, ≥99%), lead chloride (PbCl2, ≥99%), potassium carbonate
(K2CO3, ≥99%) and crystal violet (CV) were all procured from Sigma-
Aldrich (USA) and used in this study. Indium tin oxide (ITO) used in
this study was obtained from Sigma Aldrich (USA) and used as such.
Milli-Q purification system was used to get deionized water.

2.2. Instrumentation

The particle size analyses of AuNPs and SiO2@Au NCs alongwith the
morphological investigations have been made using a transmission
electron microscope (TEM), a field emission scanning electron micro-
scope (FESEM) and a scanning electronmicroscope (SEM) as per the re-
quirements. The detection was also assessed using a UV–visible
absorption spectrophotometer for surface plasmon resonance (SPR)
and SERS. The absorption spectra were recorded on a UV-2401 spectro-
photometer (Shimadzu) at room temperature. TEM measurements
were performed on a Hitachi 2010 TEM (USA) operated at an accelerat-
ing voltage of 200 kV. SEM measurements were performed on JEOL
XL30 SEM (USA) while FESEM images were obtained using a Hitachi
S-4800 microscope (USA). Centrifugation was performed on a Sigma
3K15 centrifuge (USA). Raman spectra were recorded with a Renishaw
2000 equipped with Ar+ ion laser (wavelength 532 nm) and a charge-
coupled device (CCD) detector (Renishaw Co., U.K.). Samples for
Raman spectroscopy studies were prepared on ITO slides obtained
from Sigma Aldrich (USA).

2.3. Synthesis of AuNPs

The AuNPs were synthesized using citric acid colloidal reduction
route [45,47]. Trisodium citrate (5 mL, 0.03 M) was added to boiling
tetrachloroauric acid (10 mL, 5 mM) aqueous solution while stirring
under reflux. The reaction mixture was kept boiling for 30 min when
deep wine red colour was persisted, indicating the formation of the
AuNPs. Thereafter heater was turned off, keeping the water condenser
running till the NPs solution cooled down to room temperature. The
AuNPs were isolated from the colloidal solution by centrifugation at
4000 rpm for 30 min and washed three times with 8 mL deionized
water. The AuNPs thus obtained were dispersed in deionized Milli-Q
water for further use.

2.4. Synthesis of SiO2@Au nanocomposites

For the synthesis of SiO2@Aunanocomposites it was essential to syn-
thesize SiO2 NPs. Silica NPswere synthesized by Stober's methodwhere
ethanol (15 mL), water (3 mL) and NH4OH (0.75 mL) were mixed in a
round bottom flask at room temperature and stirred for 30 min [48].
Then 1.2 mL of TEOS was added to above solution and stirred for 3 h.
A white precipitate was obtained which was thoroughly washed three
timeswith ethanol and dried. In order to get SiO2@AuNCs, silicawas ini-
tially functionalized using 12 mM APTES in C2H5OH:H2O (3:1 v/v) and
adding silica particles (0.04 mg in 4 mL alcohol) to APTES with
APTES:silica ratio as 2.3:1 v/v. The resulting solution was vigorously
stirred at 75 °C for 4 h. The solution was then centrifuged and the pre-
cipitate obtained was washed with water. The functionalized silica
NPs were then re-dispersed in water.

The speckled SiO2@AuNCswere synthesized in our three stepproce-
dure reported elsewhere [49]. In the first step, the gold seeds with silica
particles were prepared. 20 mL (6.25 mM) of gold solution, 4.5 mL
(0.1 M) of NaOH solution and 1 mL functionalized silica NPs in water
were stirred at 75 °C for 10 min. This solution was centrifuged, washed
withwater and re-dispersed in 40mLwater. In the second step, gold hy-
droxide solution was prepared. For this 28mg K2CO3, 100 mL of Milli-Q
water and 1.5 mL of 25 mM gold sol solution were taken in a 250 mL
round bottom flask, stirred and aged in the dark for 12 h. Finally, the so-
lutions prepared in the 1st and 2nd steps were mixed and stirred for
10 min with (1.6 mL, 5.3 mM) NaBH4 which led to the formation of
water soluble plasmonic SiO2@Au NCs.

2.5. Detection of Pb2+ ions

The stock solution of 1 mM PbCl2 was prepared in Milli-Q water.
500 μL of each AuNP and SiO2@Au NCs was taken separately in the dif-
ferent test tubes. 10, 100, 1000 and 2000 μL of Pb2+ of four different
concentrations 50 nM, 5 × 102 nM, 5 × 103 nM and 10 × 104 nM were
added in both AuNPs and SiO2@Au NCs separately. For SERS activity,
1.5 × 10−2 mM concentration of CV was used where 10:1 dye to NP
ratio was maintained. Each solution was subsequently subjected to
various studies.

In order to find out limit of detection of Pb2+, different concentra-
tions of Pb2+ solutions containing 10, 100, 1000 and 2000 μL volumes
were added separately into 500 μL AuNPs as well as SiO2@Au systems.
After thorough shaking, the colour changes in the solutions were



Fig. 2. Field emission scanning electron microscopy image of SiO2@Au NCs.
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observed and UV–vis absorption spectra were recorded. TEM and SEM
were used to measure the size of AuNPs and SiO2@Au NCs also in the
presence of Pb2+ and especially to monitor the amount of aggregation.

3. Results and discussion

In the past few years the metal NPs, due to their peculiar physical
and chemical properties, have witnessed great potential in developing
nanomaterials based optical sensing systems for thedetection of various
analytes such asmetal ions, DNA, and proteins in a wide variety of sam-
ples [1–9]. The LSPR, which strongly depends on the shape, size and ag-
gregation of NPs, is of great interest in detecting various species [3,7–9,
39,40]. The plasmonic based detection of Pb2+ ions is vital to field envi-
ronmentmonitoring because of their toxic effects on the human health.
Therefore it is extremely important to develop sensitive and reliable an-
alytical tool for the detection of Pb2+ ions in water.

3.1. TEM/FESEM studies of AuNPs and SiO2@Au NCs

The size of AuNPs and SiO2@AuNCswas observed using electronmi-
croscopy. Fig. 1(A & B) represents the TEM images of AuNPs and silica
particles respectively. The AuNPs were of quasi-spherical shape and
SiO2 NPs were of spherical shape. The average size of AuNPs and SiO2

particles observed were ~20 nm and ~360 nm respectively.
Fig. 2 represents FESEM image of speckled SiO2@Au NCs. It was ob-

served that the average AuNPs size and silica particles were ~20 nm
and ~320 nm, respectively, which got increased to ~360 nm after the
decoration of AuNPs on silica particles i.e., after the formation of speck-
led SiO2@Au core–shell NCs. The FESEM image clearly shows that the
core–shell NCs synthesized herein were speckled particles i.e., they re-
tain the gold particle size used in the formation of core–shell NCs. How-
ever, they appear as separate particles with certain nanogaps (1–2 nm)
between them and create a large number of adsorption sites for the de-
tection of Pb2+ ions.

3.2. Surface plasmon studies of AuNPs and SiO2@Au NCs

The UV–vis spectra for AuNPs and SiO2@Au core–shell NCs in solu-
tion are shown as Fig. 3. The UV–vis spectrum of AuNPs is sharper
(a) compared to AuNPs on the SiO2 NCs (b). The peak due to AuNPs
was observed at ~522 nm due to surface plasmon resonance (SPR) ab-
sorption of NPs [40]. This peak at 522 nm is responsible for the ruby
red colour displayed by conventional gold colloids. The SPR peak due
to core–shell NCs appeared at 541 nm [40]. Thus there was a shift to
the longer wavelength i.e., red shift in the case of SiO2@Au core–shell
NCs accompanied by broadening of the peak. This red-shift confirmed
an enlargement of the NPs due to an increase in SiO2@Au NC diameter.
Fig. 1. Transmission electron microscopy ima
The change in SPR position is also attributed to changes in the optical
properties of the medium in which nanocomposite material was dis-
persed. The fact that the AuNPs are bound to the SiO2 confirms that
the red shifted peak evolved at 541 nm is due to aggregates of gold
NPs [50–52].

3.3. Pb2+ ion detection and visual colour change

The surface plasmon peaks in UV–visible spectra of AuNPs, SiO2@Au
core–shell NCs and SiO2@Au NCs along with increasing concentrations
of Pb2+ are shown in Fig. 4. Fig. 4 clearly depicts that with increasing
amount of Pb2+ in the solution of SiO2@Au NCs, the intensity of the
peaks decreased and at the highest concentration of Pb2+ the peak disap-
peared. It is also clearly shown that the peak width went on increasing
with the increased addition of Pb2+ ions in the SiO2@Au NC solution.

In Fig. 4, it was observed that changes in SPR spectra of SiO2@Au NC
solution occur at 50 nM concentration of Pb2+ ions which has a pro-
nounced peak at 541 nm and its intensity dramatically decreased with
increasing amount of Pb2+ ions but a sudden change was observed at
50 nM concentration. Thus, 50 nM was taken as the detection limit of
Pb2+ using SiO2@Au NCs. In addition, a red shift in SPR peak from
541–583 nm also took place which is clearly shown in Fig. 4. After the
addition of 10 × 104 nM concentration of Pb2+ ions into NC solution,
the characteristic peak completely disappeared; this might be due to
the loss of the characteristic property of nano-regime after a strong ag-
gregation of the SiO2@Au NCs at this high concentration of Pb2+.

In fact, the aggregation and corresponding colour change of
nanoprobe solutions driven by target analytes have been employed for
the visual detection of certain analytes, such as Cd2+ [40], F− [39] and
ges of (A) AuNPs and (B) SiO2 particles.
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Fig. 3.UV–vis spectra of (a) gold nanoparticles and (b) silica gold nanocomposites i.e., SiO2@
Au NCs.

Fig. 5. Visual detection of SiO2@Au NCs with different concentrations of Pb2+ (1) AuNPs,
(2) SiO2@Au NCs, (3) SiO2@Au + 25 nM Pb2+, (4) SiO2@Au + 50 nM Pb2+, (5) SiO2@
Au+ 500 nM Pb2+ and (6) SiO2@Au + 5 × 103 nM Pb2+ ions.
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Fe3+ [8] and thus detection of Pb2+ ions in present study. Therefore,
upon addition of Pb2+ ions the solution turned blue, induced by aggre-
gation of SiO2@Au NCs, which was detected by the naked eye and also
confirmed by a red shift and broadened peak in the UV–vis spectra
[53]. Thus Fig. 5 depicts a visual detection of 50 nm Pb2+ using SiO2@
Au NC solution which was also confirmed by the red shift in the SPR
peak as shown in Fig. 4. Similarly, the change in the SPR peaks of
AuNPs, with the addition of different amounts of Pb2+ was observed
as shown in Fig. 6. The SPR peak of AuNPs appeared at 523 nm whose
intensity started decreasing with the addition of Pb2+ and also showed
red shift from 523 to 530 nm as shown in Fig. 6. A new peak at 693 nm
also appeared and the red shift in band from 693–707 nm was clearly
seen with the addition of 500 nM to 10 × 104 nM concentration of
Pb2+ (Fig. 6).

3.4. SEM study on interaction of Pb2+ with NPs/NCs

The SEM observations indicated the formation of rod like shape in
the sample of AuNPs upon addition of Pb2+ ions as has also been report-
ed in the case of thedetection of Fe3+ [8]. It also indicated that aggregat-
ing particles grow in a particular direction, and one dimensional growth
of aggregating meta-stable spherical particles stabilized into nanorod
shape which are the quintessential to show how optical properties are
dependent on the dimensions (or shape) of NPs. Thus the dipole
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Fig. 4. Surface plasmon peaks in UV–visible absorption spectra of (1) AuNPs, (2) SiO2@Au,
(3) SiO2@Au + 50 nM Pb2+, (4) SiO2@Au + 500 nM Pb2+, (5) SiO2@Au + 5 × 103 nM
Pb2+ and (6) SiO2@Au + 10 × 104 nM Pb2+.
plasmon resonance of a solution of nanorods is typically split between
transverse and longitudinal dipole resonances due to the different di-
mensions along the width and length of the particles and thus showing
different peaks (Fig. 6). Therefore, the plasmon band of the resulting
NPs red shifted with increasing concentration of Pb2+ ions.

To confirm the interaction of Pb2+with SiO2@Au, the SEM images of
SiO2@Au after the addition of 50 nM Pb2+ ions and also of AuNP solu-
tions with 500 nM Pb2+ were taken as shown in Fig. 7 and Fig. 8(A &
B) respectively. They also show different degrees of aggregation in the
case of SiO2@Au NCs and AuNPs in the presence of Pb2+. Fig. 7 shows
the SEM image of Pb2+ treated SiO2@Au NCs and clearly shows very
high degree of the aggregation in the sample i.e., SiO2@Au NCs after
the addition of 50 nM Pb2+.

The formation of the aggregates in the case of AuNPs with 500 nM
Pb2+ was also seen in the SEM images as shown in Fig. 8(A & B) and
was in a linear fashion in the case of AuNPs which accounted for the ap-
pearance of the new peak in the range of 693–707 nm (cf. Fig. 6). Very
dense aggregation with SiO2@Au NCs was observed in the presence of
50 nM Pb2+ which was confirmed as the lower detection limit of
Pb2+ by SiO2@Au NCs in comparison to AuNPs.

The interaction of Pb2+ nanoprobes was also investigated using
Raman spectroscopy as it is an excellent technique to investigate the in-
teractions. The samples for the SERS studywere prepared bymixingNPs
Fig. 6. SPR peaks of UV–visible absorption spectra of (1) AuNPs, (2) AuNPs+ 50 nMPb+2,
(3) AuNPs+ 500 nM Pb2+, (4) AuNPs+ 5 × 103 nM Pb2+ and (5) AuNPs+ 10 × 104 nM
Pb2+.



Fig. 7. Scanning electron microscopy image of SiO2@Au core–shell NC solution after the
addition of 50 nM Pb2+.

Fig 9. (A). SERS spectra of SiO2@Au NCs solution using CV (10−4 M) as a model molecule
and using 0.05% laser power (1) CV, (2) SiO2@Au+CV, (3) CV+ SiO2@Au+50 nMPb2+,
(4) CV + SiO2@Au + 500 nM Pb2+, (5) CV + SiO2@Au + 5 × 103 nM Pb2+,
(6) CV + SiO2@Au + 10 × 104 nM Pb2+. (B). SERS spectra of AuNPs using CV molecule
(1) CV, (2) CV + AuNPs (3) CV + AuNPs + 50 nM Pb2+ (4) CV + AuNPs + 500 nM
Pb2+, (5) CV + AuNPs + 5 × 103 nM Pb2+ and (6) CV + AuNPs + 10 × 104 nM Pb2+.
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or NC solutions with 10−4 M solution of CV and dropped on ITO sub-
strate and dried for 12 h. Fig. 9(A) represents the effect on the SERS
spectra by Pb2+ ions in SiO2@Au NC solution obtained by using
10−4 M CV concentration, 0.05% laser power and at λ = 532 nm. On
the other hand, Fig. 9(B) shows SERS spectra of AuNPs using CV
(10−4 M) and 0.05% laser power.

The important observations from Fig. 9A&B have been obtained that
both AuNPs and SiO2@AuNCs coated ITO substrates did not give any de-
tectable Raman signal. Similarly, CV molecules also do not show any
Raman signal except one at ~500 cm−1 which is very clearly shown as
spectrum 1 in Fig. 9A & B. However, when CV molecules are dispersed
on AuNPs or SiO2@Au NC surfaces, various vibrational modes (peaks)
appeared with large intensity (cf. spectrum 2 in Fig. 9A & B). However,
with the addition Pb2+ ions, the signal of CV molecules starts getting
suppressed (spectra 3–6 in Fig. 9A & B). The reduction in the intensities
in SERS spectra was consistent with the SPR observations i.e., SiO2@Au
was more sensitive compared to AuNPs (cf. Section 3.3). The SiO2@Au
NCs have also been reported as superior material as compared to
AuNPs for the detection of Hg2+, Pb2+ or Cu2+ [11]. Our most recent
study on the detection of Cd2+ had also confirmed the similar conclu-
sion [40].

3.5. Comparison and selectivity

The proposed method was compared with other existing methods
for the detection of Pb2+ ions. Table 1 represents the comparison of
the limits of detection of various methods that have been developed in-
volving nanomaterials as the nanoprobes [54–61]. The proposed meth-
od using SiO2@Au NCs shows high selectivity and sensitivity for the
naked eye detection up to 50 nM Pb2+ in water samples while
Fig. 8. (A & B). SEM images of aggre
500 nM using AuNPs. Hence the synthesized SiO2@Au core–shell NCs
and AuNPs can play an important role as a SPR based sensor to detect
a concentration of Pb2+ in aqueous samples in the range of 50–
5000 nM and 500–10 × 104 nM respectively. Table 1 clearly shows
that the proposed method using SiO2@Au core–shell NCs is superior to
many other methods due to its much lower limit of detection.
gated AuNPs at 500 nM Pb2+.



Table 1
Comparison of the limit of detection for Pb2+ involving different sensing materials.

Sensors for the detection of Pb2+ Detection
limit (μM)

Reference

2-Mercaptoisonicotinic acid functionalized AuNPs 0.1 [54]
Colorimetric detection of Pb2+ ions 0.5 [55]
L-Glutathione stabilized AuNPs 0.1 [56]

β-Cyclodextrin functionalized AuNPs 20 [57]
Alkyl phosphate functionalized AuNPs 1.7 [58]
Gold NPs 1.2 [59]
Sodium thiosulfate and hexadecyl trimethyl
ammonium bromide modified AuNPs

0.1 [60]

Liquid metal marbles 10 × 103 [61]
Citrate capped plasmonic AuNPs 0.5 Present work
Plasmonic SiO2@Au NCs 0.05 Present work
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In terms of visual observation and real application of the proposed
method to water samples, the selectivity is the most important charac-
teristics of a colorimetric sensor. The colour of SiO2@Au NC solution
changes, from wine red to grey to light grey and finally colourless
(Fig. 5) with increasing concentration of Pb2+ from 50, 500 to
5000 nM demonstrates its range and selectivity for the detection of
Pb2+ in water samples.

4. Conclusion

The aggregate formation between Pb2+ ions with SiO2@Au NCs or
AuNPs was investigated by observing the change in SPR bands via UV–
vis measurements and SEM studies. It has been confirmed that SiO2@
Au NCs were able to effectively detect 50 nM Pb2+ with the formation
of large aggregates i.e., high degree of aggregation as compared to
AuNPs with 500 nM. The largest shift in SPR bands with SiO2@Au NCs
at 50 nM Pb2+ while with AuNPs at 500 nM was confirmed by the
SEM studies. The decrease in Raman intensities was observed and was
consistentwith the SPR observations i.e., SiO2@Au NCs is more sensitive
compared to AuNPs and showed the detection limit of 50 nM Pb2+.
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