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The optimum pH for the detection of Hg?* by His-AuNPs was 12. The addition of Hg** to
the His-AuNPs caused the color change from red to black-blue, which is readily detectable
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detection and quantitation of 1.77 uM and 5.89 uM, respectively. His-AuNPs exhibited
good performance for the detection of Hg* in waste water collected from a steel industrial
facility in Banten Province, with a recovery and a percent relative standard deviation of
115% and 1.02%, respectively.
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= INTRODUCTION alternative method that is fast and simple is colorimetric
detection using gold nanoparticles (AuNPs).
Colorimetric detection is based on interactions between
a target compound and the surfaces of AuNPs, which
results in a visually distinct color change.

Mercury is a heavy metal that frequently
contaminates the environment. Natural environmental
mercury is mainly the result of volcanic activity; however,

human activities also contribute to the increasing levels of i )
The major advantage of the use of AuNPs is the

ability to functionalize their surfaces with a variety of
functional groups. Functional groups on the AuNP
surfaces not only stabilize the AuNPs in solution but also
provide sites for interactions with metal ions through

mercury through metal mining, forest fires, solid-waste
incineration, and the combustion of fossil fuels (coal, oil,
and gas) [1-2]. The divalent mercury ion (Hg*") is the
most common form of mercury and is stable when
dissolved in water [3]; this mercury species binds easily to
amino acids in the body. Mercury is difficult to
decompose biologically and persists in ecosystems. The

coordination [8]. The interactions between the
functional groups of capping agents and metals affect
AuNP stability, which can lead to AuNP aggregation [9].
Aggregation increases the sizes of AuNPs, which results
in a red-to-blue color change; a shift and expansion of

health effects of mercury include damage to the nervous
system, heart, kidneys, and bone [4].

Hg** has usually been analyzed by atomic
adsorption spectroscopy (AAS), inductively coupled the surface plasmon resonance (SPR) are also observable
plasma optical emission spectroscopy (ICP-OES) and
mass spectrometry (ICP-MS), high-performance liquid

chromatography (HPLC), advanced mercury analysis

by UV-Vis spectroscopy [10].

Various chemicals have been used as capping
agents in the synthesis of nanoparticles for metal
detection. 4,4-Dipyridine compounds have been used as
capping agents in the synthesis of AuNPs for the
detection of Hg** [11]. AuNPs stabilized Tween-20 were
used as a probe for the colorimetric detection of Hg**

(AMA), and gas chromatography-atomic fluorescence
spectroscopy (GC-AFS) [5-7]. The previous methods are
mostly time consuming and require a laboratory. One
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[12]. However, 4,4-dipyridine and Tween-20 were toxic
compounds and not environmentally friendly. Amino
acids have been used as capping agents because they were
green and biocompatible [14]. The amino acid contains
more than one functional group, namely carboxylic acid
and amino groups; these functional groups can interact
with more than one metal ion [11]. Several amino acids
have been used as capping agents for synthesized AuNPs
to detect metal ions. Sener et al. showed that AuNPs
synthesized using 11-mercaptoundecanoic acid and five
amino acids (lysine, cysteine, histidine, tyrosine, and
arginine) as capping agents are capable of detecting some
toxic heavy-metal ions [12]. In another publication, Sener
et al. reported the syntheses of AuNPs for the detection of
Hg*" using trisodium citrate as the reducing agent and
fourteen types of amino acids as capping agents [13].
Colorimetric detection was only observed when arginine
and lysine were used as capping agents, whereas the use of
histidine and the eleven other types of amino acids as
capping agents did not alter the UV-Vis spectrum of the
AuNPs. Liu et al. modified thymine in order to induced
AuNPs aggregation in the presence of Hg** [14]. Chai et
al. used I-cysteine-functionalized AuNPs to detect Hg**
[15], while Liu et al. reported the use of AuNPs with
cysteine capping agents for the detection of Cu** [11].
pH plays an important role in AuNP-based metal
detection. Guan et al. successfully synthesized AuNPs for
the detection of Fe’* at a set pH with histidine as the
capping agent [19], while Fu and co-workers adjusted the
pH during the synthesis of AuNPs-glutathione for the
detection of Ni** [20]. Inspired by this previous work, in
this study, we adjusted the pH during the synthesis of
AuNPs using trisodium citrate as the reducing agent and
histidine as the capping agent in order to develop a system
for the detection of Hg**. We expect that the developed
system can be used to detect Hg*" in wastewater samples.

m EXPERIMENTAL SECTION
Materials

Solid gold with 99.99% purity was obtained from
PT. ANTAM Indonesia. Analytical grade of trisodium
citrate, histidine, HNOs, Hg(NOs), and various standard
solutions of Cd(NOs),, Zn(NOs),, Cu(NO3),, Cr(NOs)s,
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Pb(NO:s),, Fe(NOs);, Co(NO:s),, Ag(NOa), Mg(Nos)z,
Ni(NOs), AI(NO3), K(NO;), Na(NOs), Mn(NOs), were
used for this purpose. NaOH and HCI reagents were
used to regulate pH. These compounds were obtained
from Merck (Germany) and were used without further
purification.

Instrumentation

The UV-Vis absorbance spectra were measured
UV-1700
morphologies of the nanoparticles were characterized by

using  Shimadzu PharmaSpec.  The
Transmission Electron microscopy (TEM, JEOL JEM-
1400). The nanoparticles size and zeta potential were
determined by Particle Size Analysis (PSA) Horiba SZ-
100. The infrared spectra were analyzed by Fourier
Transform Infrared (FTIR) using a Shimadzu FTIR
Prestige-21. The crystal structures of the nanoparticles

were characterized by Shimadzu XRD-6000.
Procedure

Preparation of histidine functionalized AuNPs

Chloroauric acid (HAuCly) solution was prepared
from 1 g certified gold metal 99.99% which was dissolved
in 40 mL of aqua regia. Deionized water was added to
increase the volume of the solution to 100 mL. AuNPs
were synthesized by the widely used Turkevich method
with a few modifications [18]. AuNPs were prepared in
a test tube by adding 5 mL of 0.26 mM chloroauric acid
solution to 5 mL of 0.02 M sodium citrate solution. The
test tube was then placed and heated in a water bath at
95 °C for approximately 15 min. The solution color
changed from clear yellow to dark red indicating the
formation of AuNPs. To functionalized AuNPs with
histidine, 5 mL of 0.1 mM histidine with a pH value of 1
to 13 was added to the synthesized AuNPs solution. The
pH of the histidine solution was adjusted using a
solution of 0.1 M NaOH and 0.1 M HCI.

Effect of reaction time

The effect of reaction time was determined by
reacting 1 mL of the His-AuNPs with 1 mL of a 10 pM
Hg*" solution, and the absorbance of the resulting solution
was measured using UV-Vis spectrophotometer at 10 min
intervals for 120 min.
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Detection of Hg**

The 1 mL solution of synthesized His-AuNPs was
used as the colorimetric detection. The color change from
red to purple to blue-black occurred after the addition of
1 mL of various Hg* concentrations. Colorimetric
detection was carried out on industrial wastewater from
Banten Province. Hg** concentration in wastewater was
measured using a mercury analyzer. The collected samples
were known to have Hg** concentrations of 3.55 nM. The
samples were spiked with Hg®* standard solution to
become 3 and 5 uM. The color changes were observed
using a UV-Vis spectrophotometer.

Effect of other cations

The effects of some other ions were investigated by the
addition of Cd**, Zn**, Cu*', Cr’*, Pb*", Fe’*, Co*", Ag', Mg™',
Ni**, AP*, K*, Na*, Mn*". Interference experiments were
carried out by adding 0.5 mL of a 10 uM metal solution of
the other metal ions to 0.5 mL of 10 uM Hg*', then was
added to a 1 mL solution of the synthesized His-AuNPs.
Colorimetric changes were observed using a UV-Vis
spectrophotometer at wavelength 525 nm. A blank solution
devoid of any additional metal cation was also tested.

Characterization

The SPR spectra were acquired at room temperature
using a UV-Vis spectrophotometer directly after synthesis
using a 1 cm optical path length quartz cuvette and 200-
800 nm wavelength range. The morphologies of the AuNPs
were characterized by Transmission Electron microscopy
(TEM, JEOL JEM-1400). AuNPs for TEM analysis were
prepared by immersing the copper grid into AuNPs
solution then drying at room temperature. AuNPs size was
determined by Particle Size Analysis (PSA, Horiba SZ-100).
The zeta potential of the AuNPs solution was assessed using
a Horiba SZ-100 Zeta Potential Analyzer. The Particle size
and zeta potential were directly measured after synthesis
using a 1 cm optical path length cuvette. The crystallinity
of AuNPs achieved was investigated by Shimadzu XRD
6000. The interaction between AuNPs, reducing agent,
capping agent, and Hg** was analyzed by FTIR. The sample
was prepared by collecting nanoparticle deposits from the
centrifugation of the nanoparticle solution.
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m RESULTS AND DISCUSSION
Effect of Histidine on SPR Peak of AUNPs

pH value is one of the most important factors that
influenced the AuNPs system. One of the systems
influenced is the SPR peak intensity of AuNPs [20]. In
this study, the acidity of histidine solution was affected by
the pK, of histidine; based on its pK, (a-NH;*: pK, = 9.2,
imidazole group or R: pK. = 6.0, a-COOH: pK. =1.8) [19],
His-AuNPs should be more stable under relatively
alkaline conditions (pH 8-12). Under these conditions, all
of the carboxyl and amino groups in the histidine capping
agent are deprotonated, resulting in a negative potential
zeta value of -64.4 mV (Table 1). This charge is due to the
interactions between the AuNP surfaces and the carboxyl
and amino groups of histidine that result in electrostatic
repulsion. Fig. 1 shows SPR peak intensity of AuNPs
synthesized using trisodium citrate as reducing agent
and histidine as capping agent. Fig. 1(a) demonstrates
that the addition of histidine at concentrations between
1 uM and 10 mM does not significantly influence the
intensity of SPR peak at 525 nm. The addition of 0.1 mM
histidine resulted in an increase in SPR peak intensity,
but the SPR peak did not shift from 525 nm. His-AuNPs
was less stable when the histidine solution was acidic
(Fig. 1(b)), as evidenced by a decrease in the SPR peak
intensity at 525 nm. Likewise, the His-AuNPs stability
was also lower at very alkaline pH, as confirmed by the
expanding SPR peak to a higher wavelength (red shift).

Effect of Histidine pH on the Detection of Hg?*

Protein probes are strongly influenced by pH [21].
Histidine was added to the AuNPs under a variety of pH
in order to ascertain the best conditions for the detection
of Hg*. The histidine at the acidic solution is not
completely deprotonated; hence interactions between
the carboxylate and amine of His-AuNPs and Hg** were
not optimal. All of the amine and carboxyl groups from
histidine were deprotonated at pH 13; however, the
possible reaction between OH" in histidine solution at
pH 13 and Hg* resulted in fewer interactions between
His-AuNPs and Hg*".
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Fig 1. UV-vis spectra of (a) AuNPs with various concentrations of histidine, (b) His-AuNPs prepared with histidine

at various acidity

Histidine solution at pH 12 was mixed with AuNPs
and was added to Hg** solution to give a decrease in the
intensity of the SPR peak at 525 nm and an appearance of
new SPR peak at 650 nm. This corresponds to a red to
blue-black color change when the sample was observed
with the naked eye as seen in Fig. 2. These results were in
line with the previous studies that a specific pH of cysteine
as a capping agent could influence the formation of the
SPR peak of AuNPs for the detection of glutathione
colorimetry [22]. Li et al. reported that cysteine solutions
with pH 5.8 affect AuNPs aggregation, resulting in
changes in color and changes in SPR peak intensity.

Effect of Interaction Time on the Reaction of His-
AuNPs and Hg?*

The reaction time greatly affects the interactions
between the His-AuNPs and Hg*, as shown in Fig. 3(a).
The SPR intensity of His-AuNPs at 525 nm was measured
every 5 min after the addition of 5 uM Hg’" revealing the
decrease in the intensity of SPR peak during the
observation period to 100 min. The results show that the
SPR intensity was stable after 100 min, indicating that the
colorimetric detection was optimum after 100 min. Fig.
3(b) reveals that the decrease in the SPR intensity of His-
AuNPs-Hg at 525 nm with increasing reaction time 0-
120 min is due to red shifting, which indicates that the
aggregation of His-AuNPs-Hg in the colloidal solution
occurred. Furthermore, the addition of Hg** to His-
AuNPs resulted in a new SPR peak at 650 nm, which was

red-shifted to 700 nm with increasing reaction time.
This observation is consistent with the formation of the
larger size of nanoparticles through aggregation. This
was confirmed by PSA that the His-AuNPs-Hg particles
were larger than those of His-AuNPs (Table 1).

Colorimetric Detection Mechanism

Prior to the addition of Hg*" ions, the AuNP and
His-AuNPs solutions were red in color when viewed by
the naked eye. The addition of Hg** to His-AuNPs
resulted in a red to blue-black color change, which
occurred within a few seconds after the addition of Hg*
indicating a decrease in nanoparticle stability. This
change was confirmed by UV-Vis spectroscopy, which
revealed a decrease in the intensity of the original SPR
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Fig 2. UV-Vis spectra of His-AuNPs with histidine
prepared at various pH and added Hg*
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peak at 525 nm and the formation of a new SPR peak
above 650 nm (Fig. 4); this new SPR peak is ascribable to
His-AuNPs aggregation. In addition, nanoparticles
aggregation caused color changing and SPR peak
widening [23]. This result is consistent with other studies
that using AuNPs with thymine as a capping agent which
showed the formation of new SPR peak UV-Vis spectra at
around 650 nm after Hg** addition [20]. The color change

of AuNPs colloid could be seen in Fig. 4(b).

Sener et al. predicted that aggregation between
Hg* and lysine/arginine occurs because these two
amino acids have two remaining amino group molecules
that can interact with more than one Hg* to form
bridges between particles [13]. Du et al. synthesized
AuNPs using thymine as capping agents for colorimetric
sensors of Hg** based on thymine coordination
chemistry, resulting in aggregation of AuNPs [20]. Based
on the report, we concluded that the mechanism for this
colorimetric response was involving one amino group of
histidine that is used to interact with AuNPs surface and
two remaining amino groups belonging to histidine are
used to provide a strong coordination interaction with
Hg*". Fig. 5 showed the illustration of colorimetric
sensors that occur between His-AuNPs and Hg*" was
based on histidine coordination chemistry.

Zeta Potential Analysis

Zeta Potential was determined at optimum
conditions and room temperature. Zeta potential was
measured by adding 5 mL of various Hg*
concentrations to 5 mL His-AuNPs. The zeta potential
is a surface-charge parameter of colloidal particles [24].
Colloidal particles with zeta potential values of more
than +30 mV or less than -30mV are stable colloids due
to strong electrostatic repulsion between particles
thereby preventing aggregation [25]. The zeta potential
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Fig 5. Schematic illustration Hg** detection by His-AuNPs

was used to indicate if the interactions between Hg** and
His-AuNPs exist. The synthesized AuNPs have negative
surface charges (Table 1), and the zeta potential of His-
AuNPs was found to be more negative than that of the
AuNPs, which indicates that the AuNPs solution is more
stable after the addition of histidine. Interactions between
the amino groups and the AuNP surface can result in a
more-negative zeta potential of the colloid [26]. In our
study, the existence of deprotonated amine and
carboxylate from histidine that are on the surface of
AuNPs will increase electrostatic repulsion, thereby
increasing stability. Meanwhile, the addition of Hg** to
His-AuNPs the
aggregation as indicated by the nanoparticle zeta potential

reduced stability promoting an
being closer to zero. This means that the addition of Hg**
to His-AuNPs affects the zeta potential. The higher the
concentration of Hg*" added, the closer the zeta potential
of the His-AuNPs-Hg solution to zero. The stability of
AuNPs after the addition of histidine and Hg** was

confirmed with the observation of the particle size.

Addition of histidine to AuNPs resulted in a decrease in
the size of His-AuNPs, while addition of Hg*" caused
aggregation of His-AuNPs followed by increased size of
His-AuNPs. The size of the nanoparticles was confirmed
by PSA as shown in Table 1.

Effect of Other Cations to the Hg? Detection

Our work tested fourteen other cations (K*, Co*,
Na*, Ag*, Cu?', Mg2+, 7Zn*, Mn?, Al*, Fe*, Cr**, Ni?*,
Pb?*, and Cd?*") to determine the effect of the other cations
to the colorimetric Hg** detection. Fig. 6(a) shows that
the SPR intensity at 525 nm only decreased with the
addition of Hg*". The addition of fourteen other cations
to His-AuNPs did not significantly reduce the SPR
intensity at 525 nm. However, the addition of Ag* resulted
in a slight increase of the SPR intensity of AuNPs since
Ag" is stabilized by citrate [27]. Interference experiments
were carried out by adding 0.5 mL of a 5 uM one of 14
cations to 0.5 mL of a 5 uM Hg**. The mixture of two
cations was added to the 1 mL His-AuNPs. The addition

Table 1. Zeta potential and particle size of AuNPs, His-AuNPs and His-AuNPs-Hg

Sample Zeta Potential (mV) PSA (nm)
AuNPs -34.8 Monodisperse 38.6
His-AuNPs -64.4 Monodisperse 32.1
His-AuNPs-Hg 5 uM -11.5 Monodisperse 252.8
His-AuNPs-Hg 7 uM -10
His-AuNPs-Hg 9 uM -6.3
His-AuNPs-Hg 11 pM -2.1
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of other cations to the Hg*" had essentially no effect on the
His-AuNPs detection-response to Hg**. A visual color
change from red to blue-black was noted and was
confirmed by UV-Vis spectroscopy (Fig. 6(b)).

Detection of Hg?*

In this work, we have successfully synthesized His-
AuNPs using trisodium citrate as a reducing agent and
histidine as a capping agent for Hg** detection. Hg*" at
different concentrations were tested to determine the
sensitivity of the colorimetric-detection method, and the
change in the absorbance at 525 nm (AAs;s) was plotted
as a function of Hg** concentration (Fig. 7). Linearity
determination was done by adding 5 mL Hg** to 5 mL
His-AuNPs. AAs,s was found to be linearly related to Hg**
in the 9-16 uM concentration range (R = 0.909), with the
limit of detection (LoD) and limit of quantitation (LoQ)
for Hg* of 1.77 uM and 5.89 uM, respectively. The LoD

was calculated by the equation LoD = 3 So/K and LoQ =
10 So/K, where S, was the standard deviation of the blank
(n = 7) and K was the slope of the calibration line. The
lowest detectable Hg** concentration in this work was
1.77 uM, which is above the allowed Hg** concentration
limit (15.43 nM) in the environment defined by the
Indonesian government (Indonesian Government
Regulation number 82/2001). This assay could be used
to determine mercury in the environment in accordance
with the LOD and linearity range. Table 2 showed the
comparison of the present method with the other
reported values.

His-AuNPs was used to detect Hg** in real
wastewater samples collected from an industrial site in
Banten Province. Wastewater was filtered to remove any
solids before testing. The concentration of Hg* in
collected wastewater was 3.55 nM tested by using
mercury analyzer. A recovery testing was performed by

Table 2. Performance of some typical colorimetric methods for the detection of Hg*".

Methods Linear range LOD Ref
Colorimetric Lysine- AuNPs 1-60 nM 10 nM [13]
Colorimetric Histidine-AuNPs - - [13]
Colorimetric Thymine derivative- AuNPs 50-250 nM 0.8 nM [20]
Colorimetric Cysteamine-AuNPs 0.05-3 uM 30 uM [28]
Colorimetric Thioctic acid-AuNPs 0.01-1 uM 10 uM [29]
Colorimetric Polyethyleneimine- AuNPs 0.003-5 uM 1.72 nM [30]
Colorimetric 8-hydroxyquinolines and oxalates-AuNPs 10 nM to 100 mM 10 nM [31]
Colorimetric Histidine-AuNPs 9-16 uM 1.77 yM This work
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of 1.02%.
effectiveness of this detection method for quantifying

These experimental results confirm the

Hg*" in the waste water.
Characterization of AUNPs

The addition of a capping agent to the AuNPs
affects both the particle size and distribution. The
AuNPs exhibited a non-uniform nanoparticle size
distribution with an average size of 38.6 nm with 82.9%
of the nanoparticles were smaller than 100 nm and had
monodispersed spherical morphologies. AuNPs with
various sizes can be obtained when synthesized using the
citrate reduction method, depending on the reactant
molar ratio [26,32]. The size distribution of AuNPs was
confirmed using PSA measurement (Fig. 8(a)) to give
97.5% of the nanoparticles smaller than 100 nm with an
average size of 32.1 nm (Fig. 8(b)). The spherical
morphologies of these nanoparticles were also
characterized by TEM. Fig. 9(a) shows TEM images of
AuNPs synthesized using trisodium citrate as the reducing
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Fig 8. Particle-size distributions of (a) AuNPs (b) His-AuNPs, and (c) His-AuNPs-Hg
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Y

Fig 9. TEM images of (a) AuNPs, (b) His-AuNPs, and (c) His-AuNPs-Hg

agent. The addition of histidine to the AuNPs resulted in
smaller and relatively uniformly distributed nanoparticles
(Fig. 9(b)). We conclude that the addition of histidine as
a stabilizing agent affects nanoparticle size. Fig. 9(c) shows
that the addition of 10 uM Hg*" resulted in larger
nanoparticles due to aggregation. The average size of the
His-AuNPs particles after the addition of Hg** was
252.8 nm.

Characterization using FTIR showed the differences
between AuNPs before and after the addition of histidine
and Hg** as shown in (Fig. 10). The AuNPs FTIR spectra
showed OH stretching bands around 3448 cm™ and OH
bending at 1635 cm™. The C-O vibration band is shown
at 1381 cm™. The C=0 band was found at wavelengths
1651 and 1558 cm™. The characteristic band of AuNPs
shows the functional group on trisodium citrate around
Au(0). His-AuNPs FTIR spectra show bands around the
wave number 3448 cm™ which are sharper than AuNPs
because of the stretching contribution of -NH. The

Hiz-AuMP=s-Hg

Hiz-AuMPs

AulPs

Transmittance (a.u.)

.EE-IIZIEI. .1E-.IIIIII. o E-I;IIII
Wavenumber(cnm)
Fig 10. FTIR spectra of AuNPs, His-AuNPs, and His-

AuNPs-Hg

3500

interaction of AuNPs with histidine causes the vibration
of band stretching C=0 to shift from 1651 and 1658 cm™
to 1627 and 1573 cm™’, and the sharpening of the C-O
peak at the wavenumber 1381 cm™. FTIR spectra changes
were evident that His-AuNPs interact with Hg*". The
His-AuNPs-Hg spectra showed a reduction in the band
at a wavelength of 3448 cm™ which was possible because
of the interaction of the amine group on His-AuNPs
with Hg®". The interaction of his-AuNPs with Hg**
causes vibration band stretching of C=0 at wavelengths
of 1627 cm™ experienced a shift to 1589 cm™.

XRD measurement was conducted to determine
the phase composition and crystal structure of AuNPs.
Peaks from AuNPs and His-AuNPs reveal the formation
of gold nanoparticles due to diffraction (111), (200), (220),
(311), and (222) with face centered cubic crystal shapes
(fcc) (Fig. 11). XRD AuNPs and His-AuNPs patterns are
consistent with the results of previous studies [19,33].
The XRD pattern between AuNPs and His-AuNPs has a

111 Hiz-&uMPs-Hg
= L |
LA
‘E His-&uMNPs
=
]
E
200 311 220 AuNP=
LR o b .&22
0 20 40 80 80 100
28 (degree)

Fig 11. XRD patterns of the AuNPs, His-AuNPs, and
His-AuNPs-Hg
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similar crystallinity according to their intensity. These
results are based on the reference of the Joint Committee
on Powder Diffraction Standard (JCPDS 04-0784), which
suggests that the crystalline gold nanoparticles were
formed. However, the addition of Hg** causes a decrease
in peak intensity in the XRD diffraction pattern (111),
(200), (220), (311), which is probably due to the
aggregation of nanoparticles as evidenced in the TEM
image. This result is in line with Tripathy et al. which
reported that the aggregation of AuNPs due to the
addition of Fe’* caused a decrease in the peak XRD
intensity characteristic of AuNPs [34].

m CONCLUSION

In this study, colorimetric detection of Hg** using
His-AuNPs has successfully been done by adjusting the
pH of the histidine solution that significantly affected the
aggregation of His-AuNPs. UV-Vis spectroscopy revealed
that the addition of Hg** to His-AuNPs resulted in a
decrease in absorbance at 525 nm only when histidine
solution at pH 12 was used, with new peaks observed at
wavelengths of around 650 nm. The change in color from
red to blue-black was readily observed with the naked eye.
This mercury detection method showed a good selectivity
with limits of detection and quantitation for Hg** of
1.77 uM and 5.89 pM, respectively.
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