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ABSTRACT: In this study, we report a simple and green method for the synthesis of L-tyrosine-stabilized silver (AgNPs) and
gold nanoparticles (AuNPs) in aqueous medium under ambient sunlight irradiation. The nanoparticles (NPs) are characterized
by UV−visible spectroscopy, high-resolution transmission electron microscopy (HR-TEM), Fourier transform infrared
spectroscopy (FT-IR), cyclic voltammetry (CV), and dynamic light scattering (DLS) techniques. The size and shape of the metal
NPs could be controlled by changing the concentration of the substrate, metal precursors, and pH of the medium. The
synthesized AgNPs are found to be highly sensitive to Hg2+ and Mn2+ ions with the detection limit for both ions as low as 16 nM
under optimized conditions. However AuNPs are found to be sensitive to Hg2+ and Pb2+ ions with a detection limit as low as 53
and 16 nM, respectively. The proposed method was found to be useful for colorimetric detection of heavy metal ions in aqueous
medium.

KEYWORDS: Green synthesis, L-Tyrosine, Silver nanoparticles (AgNPs), Gold nanoparticles (AuNPs), Sunlight irradiation,
Colorimetric sensor, Heavy metal ions

■ INTRODUCTION

Noble metal nanoparticles such as silver (AgNPs) and gold
nanoparticles (AuNPs) have drawn remarkable interest in the
past few years as they exhibit strong absorption of electro-
magnetic waves in the visible region due to surface plasmon
resonance (SPR), highly stable dispersions, chemical inertness,
and biocompatibility.1,2 A small change in the NPs size, shape,
surface nature, and distance between particles leads to tunable
changes in their optical properties,3,4 which find application in
the fabrication of optical devices,5 catalysis,6 surface-enhanced
Raman scattering (SERS),7 bioimaging,8 colorimetric sensors,9

and so on. As a result of their uses in the biological and
chemical applications, researchers were inspired to integrate
“green chemistry” approaches to functionalize the AgNPs and
AuNPs using biomolecules like carbohydrate,10 proteins,11

amino acids,12 biopolymers,13 etc. Few groups have focused on
green synthetic pathways for nanomaterial’s synthesis. Among
them, the Varma et.al. group concentrated on green synthesis of
noble metal nanoparticles using plant extracts, vitamins,
biosurfactants, etc. in aqueous medium.14−18 Ag−Au bimetallic

NPs were made by Wallen et.al. using glucose and starch as
reducing and stabilizing agents.19 Plant tannin was used for
synthesis of AuNPs.20 Very recently, He and co-workers
reported utilization of trypsin for green synthesis of AuNPs.21

Amino acids (AA) are usually classified different ways based
on the polarity and nature of side groups, namely, weakly acidic
or basic, hydrophilic, and hydrophobic. The physicochemical
properties of the side groups are important because they can
influence the reduction, stabilization, and conversion of
reducible metal ions (Ag+/Au3+) to the NPs, respectively.22

Thus, AA may serve as the effective precursor for the green
synthesis of AgNPs and AuNPs. Many reports are documented
for the synthesis of AgNPs and AuNPs using various amino
acids and amino acid-modified amphiphiles as capping agents in
the presence of different reducing agents as well as operating
under various experimental conditions.23−31 However, the
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drawback of using additional reducing agents may complicate
the recovery of the final products and also render them
unsuitable for further biological or chemical applications. The
other approaches cited in the literature require tedious multi-
step thermal treatment or sophisticated techniques for the
synthesis of NPs.
There are many reports available for the synthesis of AgNPs

and AuNPs using AA as the capping and reducing agents.
Selvakannan et.al. reported synthesis of tryptophan-capped and
reduced AuNPs in aqueous medium.25 Shao et al. reported size-
and shape-controlled synthesis of gold nanostructure using
aspartate as reducing and capping agents.32 Later, Ma et.al.
reported one-pot synthesis cysteine-capped and reduced
AuNPs in aqueous solution at room temperature.33 Recently,
Khan and co-workers reported on the synthesis of AgNPs using
tyrosine, aspartic acid, and tryptophan as reducing and capping
agents in the presence of surfactant as the shape-directing
agent.34−36 Suri et.al. reported synthesis of AuNPs using
glutamic acid as a self-reducing agent.37 Sastry et.al. reported
synthesis of AuNPs using various AA as the capping agent.38,39

A review also exists on the dual roles of compounds from plant
extracts, natural products, and amino acids exhibiting both
reducing and capping agent properties for the synthesis of
AuNPs.40 Earlier, our group reported the synthesis of AgNPs
and AuNPs using naturally occurring sodium salt of
taurocholate (NaTC) and glycocholate (NaGC) as reducing
and capping agents with tunable longitudinal plasmon
resonance.41 These aspects encourage us to study and to
report on possibility of green synthesis of AgNPs and AuNPs
involving AA as the capping agent under sunlight irradiation.
Solar energy is an external stimulus employed to control the
switchable behavior of NPs, which can be used as a thermal
energy substitute. Solar irradiation is the well-known largest
source of carbon neutral renewable energy, which is nontoxic,
nonpolluting, and traceless in chemical processes. There are
reports available on the utilization of natural ambient sunlight
for the synthesis of NPs.42−47 More recently, we reported a
rapid synthesis of AgNPs using the sodium salt of N-cholyl
amino acids as the reducing and capping agents under ambient
conditions in the presence of sunlight irradiation.48

Heavy metals like Li+, Na+, K+, Mg2+, Ca2+, Ba2+, Ni2+, Cu2+,
Fe2+, Fe3+, Cr6+, Zn2+, Co2+, Cd2+, Pb2+,Cr3+, Hg2+, and Mn2+

are reported to be potential environmental pollutants as many
of them are toxic even at trace ppm level concentrations.
Therefore, determination of toxic metals in the biological
system and aquatic environment has become a vital need for
remedial processes. So far, there are several reports available for
the detection of heavy metal ions using various analytical
instruments.49−51 Although those methods offer excellent
sensitivity and multi-element analysis, they are not cost
effective, involve time-consuming procedures, and are skill
dependent and use nonportable accessories. In recent years,
AgNPs and AuNPs have been extensively used for colorimetric
detection of heavy metal ions due to their tunable size and
distance-dependent optical properties with high extinction
coefficients at the visible region. Advantages of using NPs as
colorimetric sensors are proven to be a promising approach for
simple and cost-effective protocols with high sensitivity and
rapid tracking of valuable and toxic metal ions in environmental
samples/systems.49−54 So far, there are several reports available
for the detection of environmentally toxic metal ions (Hg2+,
Pb2+, and Mn2+) using NPs of metal ions. For instance, Wang et
al. reported the detection of Hg2+ ions with the naked eye using

unmodified AgNPs and mercury-specific oligonucleotides as
sensors.55 Senapati et al. reported detection of Hg2+ using
popcorn-shaped gold nanoparticles protected by tryptophan as
a probe with selectivity .56 Recently, Farhadi and co-workers
reported the use of green synthesized and unmodified AgNPs
for Hg2+ detection.57 Chai and co-workers reported colori-
metric detection of Pb2+ using glutathione functionalized
AuNPs.58 AuNPs generated through sunlight irradiation were
used as an ultrasensitive probe for the detection of Pb2+ ions.59

Metal nanoparticles have been utilized for naked eye detection
of lead ions in aqueous media.60 Recently, Zhou and co-
workers reported colorimetric detection of Mn2+ using AgNPs
cofunctionalized with 4-mercapto benzoic acid and melamine as
a probe.61 Hence, in the present investigation, we report a
simple and green synthesis of AgNPs and AuNPs using L-
tyrosine as capping and reducing agents under sunlight
irradiation at basic pH. The prepared NPs are characterized
using various instrumental techniques and are found with good
water dispersibility, biocompatibility, and stability up to six
months. Also, they offer the possibility to be a potential
colorimetric sensors for the detection of Hg2+, Pb2+, and Mn2+

ions in aqueous medium.

■ MATERIALS AND METHODS
Instruments. UV−visible spectroscopy measurements were carried

out on Techcomp UV-2301 spectrophotometer operated at a
resolution of 1 nm. High-resolution transmission electron microscopic
(HR-TEM) images were recorded with a JEOL JEM 2100 equipped
with a Gatan imaging filter. The HR-TEM analysis were conducted by
placing a drop of the nanoparticle solution on carbon-coated copper
grid and followed by solvent evaporation under vacuum as per manual
instructions. Dynamic light scattering (DLS) measurements were
performed for colloidal solutions using Nanotrac Ultra NPA 253 from
Microtrac, U.S.A. Cyclic voltammograms (CV) were recorded using a
computer-controlled 400A electrochemical analyzer at a scan rate of 25
mV/s. A glassy carbon electrode (2 mm in diameter) was used as a
working electrode, and the surface of the electrode was polished with
alumina powder (0.05 μm) and rinsed well with double-distilled water
before use. A platinum wire was employed as an auxiliary electrode. All
the potentials were recorded with respect to a saturated calomel
electrode (SCE) as the reference electrode. The FT-IR spectra were
recorded using a Perkin-Elmer FT-IR (Spectrum one) spectrometer
with 1 cm−1 resolution with KBr pellets. AgNPs solutions were
centrifuged at 10,000 rpm for 30, min and the residue was dried and
used in measurements. The wide-angle X-ray diffraction (WAXD)
patterns of the dry powders were collected in a Philips powder
diffraction apparatus (model PW 1830). The powders were taken in a
glass slide, and the diffractograms were recorded using nickel-filtered
Cu Kα radiation at a scanning rate of 0.6° 2θ/min.

Materials. L-Tyrosine, silver nitrate (AgNO3), and hydrogen
tetrachloroaurate trihydrate (HAuCl4.3H2O) were purchased from
Sigma Aldrich, India. Salts of the different cations for the study [LiCl,
NaCl, KCl, MgCl2, CaCl2, BaCl2, ZnCl2, CoCl2, NiCl2, CdCl2, HgCl2,
CuCl2, MnSO4, Pb(NO3)2, FeSO4, FeCl3, K2CrO4, and Cr(NO3)3]
were procured from SRL chemicals Pvt. Ltd., India. All heavy metal
salt solutions (1 × 10−5 M) used for the experiments were prepared by
mixing the required amount of salt in triple-distilled water, and pH was
adjusted with 1N HCl and 1N NaOH. The glasswares were washed
with aqua-regia (HCl: HNO3 = 3:1 (v/v)) and rinsed well with triple-
distilled water prior to use.

Synthesis of AgNPs and AuNPs. Stock solutions of AgNO3 (1.0
× 10−3 M), HAuCl4 (1.0 × 10−3 M), and L-tyrosine (1 × 10−2 M)
were prepared using triple-distilled water, and the subsequent dilutions
were made from the stock solution. In order to optimize the reaction
condition, 0.3 mL of 1 × 10−3 M aqueous metal ion (M+) solution was
added to different concentrations of L-tyrosine (3.3 × 10−4 to 3.3 ×
10−3 M), and the final volume was made up to 3 mL. The mixture was
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kept under ambient sunlight irradiation for 5 min. The changes are
found in the color of the solution, which was from colorless to lemon
yellow for AgNPs and pink for AuNPs. In the case of AgNPs, the peak
at 420 nm along with a weak shoulder at 330 nm were detected. The
formation of the metal NPs can be attributed to the direct redox
reaction between L-tyrosine and metal ions. Control experiments
performed at room temperature, under UV light irradiation, sunlight
irradiation, and heating at 60 °C showed that the reaction under
sunlight irradiation produced a narrow SPR peak with high intensity
(Figures S1and S2, Supporting data). This may be attributed to the
acceleration of rate of the electron transfer to the metal ions at a
comparatively faster rate.44 Under sunlight irradiation, metal atoms are
formed rapidly from the Ag+/Au3+ ions, and the generated atoms
nucleate and further grow to form NPs. Tyrosine serves as an effective
capping as well as reducing reagent and helps to control the
uncontrolled growth of NPs to bigger sizes. The synthesized AgNPs
and AuNPs showed characteristic absorption SPR peaks at 408 and
522 nm, respectively.

■ RESULTS AND DISCUSSION
Effect of L-Tyrosine Composition on the Formation of

AgNPs and AuNPs. As mentioned in the Materials and
Methods section, the reaction was demonstrated by addition of
1.0 × 10−3 M of AgNO3 ions to various concentrations of L-
tyrosine ranging from 3.3 × 10−4 M to 3.3 × 10−3 M in aqueous
medium under ambient sunlight irradiations. The colorless
solution gradually changed to intense yellow during the
formation of AgNPs depending on the concentration of L-
tyrosine used in the reaction mixture. The reaction was
completed within 5 min, and no change in the color was noted,
indicating the reduction of Ag+ ions to AgNPs. The formation
of AgNPs was further confirmed by the UV−visible spectra, as
shown in Figure 1(a). The characteristic SPR band of the

solution observed at 408 nm increased with an increase in the
concentration of L-tyrosine, which may be due to the formation
of spherical-shaped AgNPs.
However, at higher concentration of tyrosine (2.3 × 10−3 M

to 3.3 × 10−3 M), a shoulder was noted at a longer wavelength
region (520−600 nm) as shown in curves iv−vii of Figure 1(a),
indicating the formation of either larger spherical particles or
anisotropy ellipsoids/rods of the AgNPs. Similar conditions
were used for the synthesis of AuNPs, and their resulting
spectra are shown in Figure 1(b). The colorless solution
gradually changed to intense pink depending upon the
concentration of L-tyrosine used in the reaction mixture. The
SPR peaks confirm the reduction of Au3+ ions to AuNPs. The
reaction was completed within 5 min, and no change in the
color of the solution was noted thereafter. The intensity of the

SPR band at 522 nm increased without any shift in the λmax

with increase in the concentration of L-tyrosine from 1.3 × 10−3

M to 3.3 × 10−3 M. The prepared NPs were found stable for
more than six months without any precipitation. The size and
shape of the AgNPs and AuNPs prepared using two different
concentrations of L-tyrosine (1.6 × 10−3 M and 3.3 × 10−4 M)
are confirmed by TEM and DLS analysis. The TEM images and
DLS results revealed spherical particles and with sizes
dependent on the concentration of AA used (Figure 2(a−d).

The average particle size observed for AgNPs is 8.2 ± 2 nm
at higher concentration and 32 ± 2 nm at lower concentration
of AA. Regarding AuNPs, 17 ± 2 and 36 ± 2 nm, respectively,
are detected. The XRD patterns of as prepared AgNPs and
AuNPs are shown in Figure S3 of the Supporting Information.
The peaks at 2θ = 38.3, 44.6, 64.7, and 77.5 are indexed as
(111), (200), (220), and (311) planes for AgNPs and AuNPs,
respectively. These results agree well with the reported
standards (JCPDS file no. 04-0784). It shows that the prepared
AgNPs and AuNPs are polycrystalline. In higher concentrations
of L-tyrosine, the NPs are smaller in size, and the corresponding
spectra showed a narrow SPR band with high intensity. At
lower concentrations, the NPs are larger in size, and their

Figure 1. UV−visible spectra of L-tyrosine-stabilized AgNPs (a) and
AuNPs (b) solutions at various concentrations of L-tyrosine ranging
from 3.3 × 10−4 M to 3.3 × 10−3 M.

Figure 2. TEM images and corresponding particle size distribution of
AgNPs and AuNPs using two different concentrations of L-tyrosine
(1.3 × 10−3 and 3.3 × 10−4 M). The insets of (a) and (c) show the
SAED pattern of the corresponding NPs.
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corresponding spectrum showed a broad SPR band in a longer
wavelength region.
Effect of pH on Ag and AuNPs Formation. L-Tyrosine

contains three functional groups, hydroxyl (−OH), amine
(−NH2), and carboxylate (−COO−), that are sensitive to pH
variation and act as active sites for adsorption on the surface of
the NPs and stabilizes the NPs. The effect of pH on the
interaction between L-tyrosine and metal salts was studied at
different pH values, ranging from 7.0 to 12.0, under sunlight
irradiation as shown in Figure 3. The intensity of the SPR band

of AgNPs increased significantly with increase in pH from
neutral to alkaline medium and showed maximum intensity at
pH 11.0. With further increase in pH, the SPR intensity
decreased remarkably due to the formation of metal hydroxides
(Figure 3a). No SPR band was observed at pH below 6,
indicating that the acidic pH does not favor AgNPs formation.
Figure 3b shows a typical UV−visible spectrum of the prepared
AuNPs colloidal solution at different pH values, ranging from
7.0 to 12.0, in the presence of sunlight irradiation. At neutral
pH, the SPR band of AuNPs with a low absorbance band at 550
nm and a shoulder peak in the longer wavelength region
between 680 and 720 nm are detected.
However, the intensity of the SPR band of AuNPs increased

significantly with a blue shift with an increase in the pH from
neutral to alkaline, and the maximum intensity of the SPR peak
was present at pH 12.0 (Figure 3b). This phenomenon
indicated smaller aggregates of the AuNPs in acidic pH while
stable dispersion was noted in alkaline pH. The result was in
accordance with the previous reports.62 The differences in the
peak intensity and the width of the SPR band observed at
various pH could be attributed to the dissociation constant of
the functional groups such as −NH2, −OH, and −COO− of
the L-tyrosine falling within the pH values between 9.0 and
11.0. The change in color of the solutions from turbid yellow to
deep yellow for AgNPs and blue to red for AuNPs was noted to
identify these processes.
Cyclic Voltammetry and FT-IR Studies of L-Tyrosine-

Capped Metal NPs. The electrochemical behaviors of L-
tyrosine-stabilized AgNPs and AuNPs are studied by cyclic
voltammetry technique using a platinum electrode with a fresh
surface at a scan rate of 25 mV s−1. The inset of Figure 4
(curves a,b) shows the cyclic voltammograms of 1 × 10−3 M of
AgNO3 and HAuCl4 ions in aqueous medium. The peak
potentials observed at 0.54 and 0.25 V correspond to the
oxidation and reduction potential of AgNO3, respectively, and
the peak at 0.85 V corresponds to the stable irreversible

reduction potential of the HAuCl4 ions. The direct electro-
oxidation of L-tyrosine at the GCE (glassy carbon electrode)
gave a poorly behaved irreversible voltammogram with an
anodic peak at 0.68 V, representing a very slow oxidation
process at the electrode surface. The oxidation and reduction
peak potentials of metal ions completely vanished, which clearly
indicates the reduction of AgNO3/HAuCl4 to zero oxidation
state in the form of AgNPs and AuNPs (Figure 4). This might
be due to the electron donating −NH2 and −OH groups of
tyrosine, which act as the reducing functional groups in the
formation of NPs.
The interaction of L-tyrosine on the surface of the metal NPs

was confirmed by FT-IR characterizations of the as-synthesized
AgNPs and AuNPs compared with pure L-tyrosine as shown in
Figure 5. The broad band centered at 3217 cm−1 arises due to

the presence of −NH2 and −OH groups in the amino acid. The
peaks observed at 1743, 1602, and 1465 cm−1 correspond to
the stretching modes of the −CO, −NH2, and −COO−
group, respectively, which are merged together and exhibited as
a single peak at 1636 cm−1 after the reduction to the metal
atoms. This could be due to the contribution of the −NH2 and
−COO− groups for the reduction and stabilization of AgNPs
and AuNPs. The disappearance of the −OH stretching mode

Figure 3. UV−visible spectra of L-tyrosine-stabilized AgNPs (a) and
AuNPs (b) synthesized under sunlight irradiation for 5 min at different
pH: (i) 7, (ii) 8, (iii) 9, (iv) 10, (v) 11, and (vi) 12. Inset shows the
color photograph of the corresponding solutions.

Figure 4. Cyclic voltammograms of L-tyrosine-reduced Ag and AuNPs
determined at a glassy carbon electrode using 1 × 10−3 M of a
supporting electrolyte (KNO3). Curves a and b are 1 × 10−3 M of
AgNO3 and HAuCl4 ions with a supporting electrolyte, respectively.
The curve in blue is for 1 × 10−3 M of pure L-tyrosine with a
supporting electrolyte, and the curves in red and black are L-tyrosine-
reduced Ag and AuNPs, respectively. Scan rate: 25 mV/s.

Figure 5. FT-IR spectra of (a) pure L-tyrosine, (b) L-tyrosine-stabilized
AgNPs, and (c) L-tyrosine-stabilized AuNPs.
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around 2500−3300 cm−1 in the FT-IR spectrum supports the
oxidation of the phenolic group in tyrosine, which is in
agreement with the earlier report.62 The broad band appearing
at 3400 cm−1 may be due to the existence of water molecules in
the AgNPs and AuNPs as shown in curves b and c of Figure 5.
Metal Ions Recognition Ability of AgNPs. The

optimized concentration of L-tyrosine (1.6 × 10−3 M)-stabilized
AgNPs in the present study was tested for their application as a
colorimetric sensor for detection of metal ions. The metal ions
detection ability of L-tyrosine-capped AgNPs was studied
separately for each of the metal ions involving Li+, Na+, K+,
Mg2+, Ca2+, Ba2+, Ni2+, Cu2+, Fe2+, Fe3+, Cr6+, Zn2+, Co2+, Cd2+,
Pb2+,Cr3+, Hg2+, and Mn2+ at a fixed concentration of 200 μL of
a 1 × 10−5 M metal ion solution being added to the AgNPs
solution. The change in the intensity of absorbance was
monitored using UV−visible spectroscopy as shown in Figure
6. Upon addition of various metal salts (Li+, Na+, K+, Mg2+,
Ca2+, Ba2+, Ni2+, Cu2+, Fe2+, Fe3+, Cr6+, Zn2+, Co2+, Cd2+, Pb2+,
and Cr3+) to the AgNPs solution, the intensity of the SPR band
showed a slight change, while the color of the solution
remained constant (Figure 6a,b). However, a remarkable
change in the intensity of the SPR band was observed when
Hg2+ and Mn2+ were added, and the color of the solution
changed from yellow to colorless for Hg2+ and brown for Mn2+,
each demonstrating the high sensitivity and selectivity of
AgNPs toward Hg2+ and Mn2+. Figure 6c demonstrates the
change in absorbance intensity after the addition of different
metal ions to the AgNPs solution.
The quantitative assessment of the selectivity of Hg2+ and

Mn2+ ions detection was studied by changing the concen-
trations of these metal ions to the AgNPs at similar laboratory
conditions. The SPR band of the system was monitored by
UV−visible spectroscopy, and the results are shown in Figure 7.
The addition of Hg2+ ions to the AgNPs solutions led to the
gradual hypsochromic shift in its SPR band as shown in Figure
7a. The extent of the shift toward the lower wavelength region
depends on the concentration of Hg2+ ions in the solution. This
could be due to the direct redox reaction between zero valent
Ag and Hg2+ ions, where the AgNPs oxidized to form Ag+ and
Hg2+ ions were reduced to a Hg atom. Further, it was
confirmed by TEM analysis that there were no NPs observed
after the addition of Hg2+ in the AgNPs solutions (Figure S4,
Supporting Information). Similar observations have been
reported in earlier studies on the interaction of Hg2+ with
colloidal AgNPs.63 However, the absorbance intensity
decreased with increased concentration of Hg2+ ions ranging
from 16 nM to 660 nM, and the value of the linear regression
coefficient (R2) was found to be 0.9970 with the detection limit
up to 16 nM (inset in Figure 7a).
Similarly, quantitative Mn2+ assays for direct colorimetric

visualization were done by adding various concentrations of
Mn2+ to the AgNPs solution, and the changes in the SPR band
were noted using UV−visible spectroscopy. As shown in Figure
7b, with increasing concentration of Mn2+, there was a gradual
shift observed in the SPR band of AgNPs toward a longer
wavelength, indicating the aggregation of the particles, and the
color of the solution changed from light yellow to brown
(Figure 6c, inset). This may be due to the formation of a
chelation complex between L-tyrosine-containing functional
groups (−COO−, −NH2, and −OH) on the NPs surface with
Mn2+ under alkaline conditions. Also the Mn2+ ions rapidly
induced the aggregation of AgNPs, which was confirmed by
DLS analysis in the present study (Figure S5, Supporting

Information). The observation was in agreement with the
earlier reports.64 The inset of Figure 7b shows an increase in
the absorbance intensity ratio (A520 /A408 nm) with increasing
concentration of Mn2+ ranging from 16 × 10−9 M to 50 × 10−8

M, and the value of linear regression coefficient (R2) was found
to be 0.9952 with the lowest detection limit of 16 nM.
We also performed experiments to analyze the competitive

interaction of both metal ions (Mn2+ and Hg2+) with the
AgNPs solution at optimum pH conditions, and the change in
the optical absorbance was noted (Figure S6a, Supporting
Information). The intensity of the SPR band decreases
remarkably with a hypsochromic shift in the λmax and showed
preferably strong interactions between Hg2+ and AgNPs when
compared to that of Mn2+ and AgNPs.

Figure 6. UV−visible absorbance spectra of L-tyrosine-stabilized
AgNPs with alkali and alkaline earth metal ions (a) and transition
metal ions (b). The bars and photograph represent the colorimetric
response of AgNPs incubated with various metal ions (c).
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Metal Ions Recognition Ability of AuNPs. The metal
ions detection ability of L-tyrosine-capped AuNPs was studied
using several metal ions such as Li+, Na+, K+, Mg2+, Ca2+, Ni2+,
Mn2+, Cu2+, Fe2+, Fe3+, Cr6+, Zn2+, Hg2+, Co2+, Cd2+, Pb2+, and
Cr3+ at a fixed concentration of 100 μL of a 1 × 10−5 M
solution of the metal ion to the constant composition of the
AuNPs solution, and the change in the SPR intensity values are
recorded as shown in Figure 8a and b. The metal ions other
than Hg2+ and Pb2+ did not show any significant shift in the
SPR band, and the color of the solution remained pink. Many
authors have reported on the colorimetric detection of Hg2+

using AuNPs as the sensor in aqueous medium,63−68 and all the
studies were based on the shift of the SPR peak toward a longer
wavelength due to the binding of Hg2+ on the AuNPs surface,
which led to a color change from pink to violet.
In contrast to earlier reports, in the present study, a blue shift

in the SPR peak of AuNPs was observed with an increase in
concentration of the Hg2+, and the color of the solution
remained constant. In this report, different concentrations of
aqueous solutions of Hg2+ ranging from 16 nM to 330 nM were
analyzed, and the change in the SPR band was recorded. A
significant shift in the SPR band from 522 to 511 nm was
observed on increasing the concentrations of Hg2+ ions as
shown in Figure 9a. The AuNPs did not show any major shift
in the SPR maxima on increasing the concentration to 300 nM
of Hg2+, and no change in color was noted. The adsorption of
Hg2+ on the surface of AuNPs leading to the formation of the
core shell structure that prevented the aggregation of NPs may
be the possible reason, and the size of the Hg2+-adsorbed NPs

was further confirmed by DLS analysis (Figure S7, Supporting
Information). The result was in agreement with the reports by
Morris et al. and Radhakumary et al.67,68 Our findings were
similar to the above reports, where the absorbance ratio (A511/
A522 nm) was found to vary almost linearly with an increase in
the concentration of Hg2+ ion from 33 to 300 nM, and the
value of linear regression coefficient (R2) was found to be
0.9902 with a detection limit of 53 nM.
The colorimetric detection ability of Pb2+ ions were analyzed

in the present study, and it was observed that the increase in
concentration of Pb2+ from 16 to 330 nM showed the λmax of
the SPR band shift from 522 to 552 nm along with the change
in color of the solution from pink to violet. These observations
could be used for the quantitative measurement of the Pb2+ ion
in the solution (Figure 9b). A linear correlation between the
absorbance ratio (A600/A522 nm) and the Pb2+ concentration
(ranging from 16 × 10−9 to 100 × 10−9 M) with a linear
coefficient of 0.9964 was useful for the quantitative
determination of 16 nM of Pb2+ in aqueous solution. The
stimulation of Pb2+ ions for the aggregation of AuNPs was
confirmed by DLS analysis (Figure S8, Supporting Informa-
tion). We also demonstrated experiments to analyze the
competitive interaction of both metal ions (Hg2+ and Pb2+)
with the AuNPs solution at optimum conditions, and the
change in the absorption intensity was noted (Figure S6b,
Supporting Information). The intensity of the SPR band
decreases remarkably with a small bathochromic shift in the
SPR λmax that showed preferably a strong interaction between
Pb2+ and AuNPs when compared to that of Hg2+ and AuNPs.
Hence, the method proposed in the present study is

Figure 7. Stacked UV−visible spectrum of AgNPs as a function of
various concentrations of (a) Hg2+ and (b) Mn2+ ions. Insets of a and
b show plots of absorbance intensity of AgNPs at 408 nm vs Hg2+

concentration and the absorption ratios A520/A408 nm of AgNPs versus
Mn2+ concentration, respectively.

Figure 8. Absorbance spectra of L-tyrosine-stabilized AuNPs on
interacting with different metal ions (a). The bars represent the
colorimetric response of AuNPs incubated with various metal ions (b).
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comparable with other colorimetric methods reported for the
detection of Hg2+, Pb2+, and Mn2+ in aqueous solution, and the
results are shown in Table S9 of the Supporting Information.
The method adopted in the present study showed a lower
detection limit than the reported values.

Practical Application. The colorimetric sensor application
of the synthesized metal NPs was tested in real samples such as
tap water and drinking water. Different concentrations of metal
ions (Hg2+, Mn2+ and Pb2+) were added to the tap and drinking
water, and the ability of the NPs to detect these metal ions
present in the water samples was analyzed. A linear increase in
the absorption intensity of AgNPs at 408 nm was observed at a
concentration of Hg2+ ranging between 20 and 150 nM (Figure
S10a, Supporting Information). The lowest detectable concen-
trations of Hg2+ in drinking water and tap water were estimated
to be 19 and 26 nM, respectively. The absorption ratio (A520/
A408 nm) of AgNPs showed a linear increase with Mn2+

concentration in drinking and tap water ranging between 20
and 200 nM (Figure S10b, Supporting Information). The
lowest detectable concentrations of Mn2+ in drinking water and
tap water were estimated to be 23 and 26 nM, respectively.
Similarly, the absorption ratio (A522/A511 nm) of AuNPs
increased linearly with an increase in concentration of Hg2+

in drinking water and tap water ranging between 60 and 200
nM, and the lowest detectable concentration of Hg2+ in
drinking water and tap water samples were estimated to be 60
and 72 nM, respectively (Figure S11a, Supporting Informa-
tion). The absorption ratio (A600/A522 nm) of AuNPs also
showed a linear increase in detecting Pb2+ ions in the drinking
water and tap water over a concentration range between 20 and
100 nM, and the detectable lowest concentration of Pb2+ was
estimated to be 23 and 26 nM drinking water and tap water
samples, respectively (Figure S11b, Supporting Information).
The metal ion detection ability of the AgNPs and AuNPs was
significantly different when tested with drinking water and tap
water in comparison to that of distilled and demineralized
water. This may be due to the presence of some impurities in
drinking water and tap water that could influence the detection
ability of metal NPs.

Possible Mechanism for NPs Interaction with the
Heavy Metal Ions. On the basis of the present study and
earlier reports, we propose a possible mechanism for the
interaction of Ag and AuNPs with heavy metal ions, which is

Figure 9. UV−visible spectra of AuNPs after the addition of various
concentrations of (a) Hg2+ and (b) Pb2+ ions. The inset shows the plot
of absorbance ratios of AuNPs versus Hg2+ and Pb2+ concentrations.

Scheme 1. Schematic Illustration of the Formation Process of Ag and AuNPs and Its Interaction with Metal Ions
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shown in Scheme 1. In the present study, we observed a blue
shift on increasing the concentration of Hg2+ ions added to the
AgNPs solution, and the color of the solution changed from
yellow to colorless. This could be due to the oxidation of Ag0 to
Ag+ during the process of reduction of Hg2+ ions.57 The
decrease in the intensity of the SPR band with a blue shift could
be due to either the influence of Hg2+ ions on the surface of
AgNPs with or without amalgamation or reduction in the size
of the AgNPs. Morris et al.67 and Radhakumary et al.68 reported
that the interaction of AuNPs with Hg2+, resulted in a blue shift
in the SPR band that could be due to the formation of a core
shell structure. Our observations were similar to their report.
The intensity of the SPR band shifted toward a lower
wavelength, and the color of the solution remained the same
with an increase in concentration of Hg2+. This may be due to
the adsorption of Hg2+ ions on the surface of the AuNPs
forming a core shell structure, and this observation further
supports that these NPs do not aggregate together. However,
after interaction of Mn2+ with AgNPs and Pb2+ with AuNPs, a
red shift in the SPR band was observed along with an increase
in the concentration of these metal ions. This could be due to
the complexing action of L-tyrosine present on the surface of
NPs and metal ions (Pb2+ or Mn2+), which leads to the
aggregation of NPs.

■ CONCLUSIONS

In conclusion, the present study reports the simple and green
approach for the synthesis of AgNPs and AuNPs using L-
tyrosine under ambient sunlight irradiation in aqueous medium,
and NPs were characterized by UV−visible, HR-TEM, DLS,
cyclic voltammetry, and FT-IR techniques. L-Tyrosine acted as
both reducing and capping agents for the stabilization of metal
NPs, and the particles were stable for up to six months. The
−OH and −NH2 groups of L-tyrosine were found to be
involved in the reduction of the metal ions, while the −COO−
group binds strongly to the surface of the NPs. The size of the
metal NPs could be controlled by varying the concentrations of
capping agent and pH of the reaction medium. The synthesized
NPs were used as colorimetric sensors for detection of various
heavy metals in aqueous medium. The prepared AgNPs were
highly sensitive to Hg2+ and Mn2+ ions, while AuNPs were
highly sensitive to Hg2+ and Pb2+ ions. These colorimetric
sensors could be used in both quantitative and qualitative
detection of metal ions such as Hg2+, Pb2+, and Mn2+ ions with
the detection limits of nM concentration and also could be
easily visualized with the naked eye or by using a UV−visible
spectrometer. We validated the practicality of this method
through the analyses of drinking water and tap water samples.
This simple, rapid, and cost-effective sensing system appears to
hold great practicality for the detection of heavy metal ions in
real samples.
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