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KEYWORDS Abstract Gold bimetallic nanostructures (AuBMNS) have exhibited superior Hg sensing activity
Mercury detection; as compared to their monometallic counterparts. Moreover, the Hg sensing performance of
Gold bimetallic nanostruc- AuBMNS depends on their shape, size, composition, and surface chemistry. Thus, morphology-
ture; controlled preparation and application of these nanostructures in Hg detection is a hot area of
Morphology-controlled research. Till now, no review paper in the literature accounts for the recent advances in the
preparation; morphology-controlled synthesis of AuBMNS and their application in sensing Hg related to shape,
Shape/size and sensing; size, optimum composition, morphology, and surface ligands. Taking this into consideration, we
Nano-sensors for Hg attempt to offer a clear understanding of the shape/size-controlled preparation, functionalization,

and morphology-dependent application of AuBMNS in Hg detection. The chemical reduction
approach for the morphology-controlled preparation of AuBMNS is critically discussed. The
prospective role of different reaction parameters such as temperature, pH, time, reducing agents,
nature/concentration of precursors, and capping/stabilizing agents in the morphology-controlled
preparation of these nanostructures are reviewed. Moreover, morphology-dependent optical prop-
erties and performance of AuBMNS are discussed with recent (2020-2022) examples. In the later
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part, detection of Hg by using AuBMNS is reviewed and the effects of size, shape, surface chem-
istry/structure, optimum composition, and synergism are discussed. Finally, recent challenges in
morphology-controlled preparation of AuBMNS, their shape/size-dependent performance, and
prospects to resolve the related issues are discussed.

© 2023 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Mercury (Hg) above a threshold limit is harmful to humans and
accountable for several life-threatening illnesses (Wang et al., 2022a,
2022b, 2022c, 2022d, 2022¢). Delay in the estimation and detection
of Hg have been the cause of different health issues in humans (Basu
et al., 2022). Hence, there is a great need to precisely and timely mon-
itor Hg in environmental and food samples. In this regard, several
chemical, biological and physical methods have been applied for Hg
detection (Ali et al., 2022). However, these methods have the limitation
of long pre-concentration steps, complex and lengthy protocols, costly
and complicated instrumentation (Amico et al., 2022). Hence, the
establishment of facile, feasible, cost-effective and rapid approaches
for Hg detection is a hot area of research.

Hg contaminants are found in air, soil and water, and can enter the
human body by different ways such as air, food and water (Wang
et al., 2021a, 2021b, Teng and Altaf 2022). Inorganic Hg’>" in the
atmosphere change into organic lipophilic compounds such as
methylmercury (Basu et al., 2022), which gathers in meat and vegeta-
bles, and enters the human body by eating fish, causing numerous dis-
eases (Li et al., 2022a, 2022b) (Amico et al., 2022, Arvay et al., 2022).
Hence, this has been associated with the progression and/or develop-
ment of neurodegenerative disorders such as Alzheimer’s, Amy-
otrophic, Parkinson’s, and Lateral Sclerosis Disorders (LSD).
However, their precise role as an exacerbating or causative factor
remains to be fully clarified (Azar et al., 2021, Rehman et al., 2021,
Ullah et al., 2021). The need for the development of new approaches
to monitor Hg contamination and to improve environmental aware-
ness among people is necessary. Nanotechnology-based methods have
been developed for easier and simpler detection of Hg contamination
in environmental and food samples. Recently, gold bimetallic nanos-
tructures (AuBMNS)-based sensors for selective and sensitive detec-
tion of Hg have been established.

Nanotechnology has presented a remarkable breakthrough with
the improvement of several nano-sensors for Hg detection (Liu
et al., 2022a, Shrivastava et al., 2022). Nanoparticles (NPs), with
minuscule size and high surface area, have overlooked the field of
detection and sensing, and have offered auspicious sensing systems
(by applying feasible on-site detection) compared to the traditionally
used methods (Khani et al., 2022). Particularly, gold nanoparticle
(AuNPs) mediated detection systems have been of prodigious research
significance as they have feasible pertinency in Hg detection (Hyder
et al., 2022). Moreover, the unique optical properties and greater sur-
face area of AuNPs help in the highly selective and sensitive detection
of Hg (Zhou et al., 2022). The physiological and morphological char-
acteristics of AuNPs greatly depend on their aggregation state, shape
and size which can be fine-tuned by selecting the suitable synthesis
method and stabilization agents as well as other parameters (Li
et al., 2021a, Li et al., 2021b, Li et al., 2022a, 2022b). Interestingly,
the addition of second/third metals (bi/trimetallic NPs) has exhibited
superior detection properties as compared to their monometallic coun-
terparts (Pandey et al., 2021, Wang et al., 2022a, 2022b, 2022c, 2022d,
2022).

In recent years, there has been a rush of interest in the synthesis and
fabrication of Au and/or Ag NPs for their prospective applications in
chemical and biological sensing. Several review papers (Chatterjee
et al., 2022, Gul et al., 2022, Lu 2022, Mehta et al., 2022, Xie et al.,
2022) have explored the versatility of such NPs as reliable sensing

agents for examining environmental and biological samples. Currently,
a great contribution of heavy metal ions has been noticed towards
environmental pollution and food toxicity (Mitra et al., 2022,
Oladoye et al., 2022). Among these, Hg has emerged as a significant
cause of environmental and food contamination (Cossa et al., 2022,
Li et al., 2022a, 2022b). Interestingly, Au-based multi-metallic NPs
have been reported as auspicious substrates for Hg detection as com-
pared to their monometallic counterparts (Wang et al., 2022a, 2022b,
2022c, 2022d, 2022¢). By evaluating the role of AuBMNS as admirable
materials in heavy metal detection, we tried to focus our study com-
pletely on the use of these NPs in Hg detection.

Over the years, several review articles have comprehensively inves-
tigated the use of both monometallic and multi-metallic Au NPs in the
detection of different organic and inorganic contaminants, along with
heavy metal ions. These articles have particularly focused on the uti-
lization of such NPs in different detection approaches such as electro-
chemical, fluorescent and colorimetric techniques (Hlavacek et al.,
2022, Hyder et al., 2022, Mukunzi et al., 2022, Wang et al., 2022a,
2022b, 2022c, 2022d, 2022e, Zhao et al., 2022). However, the shape
and size-controlled preparation of multi-metallic AuNPs, their
morphology-dependent ~ optical  properties,  shape/size  and
composition-dependent application towards Hg detection, and recent
challenges and prospects are not yet reviewed. In this article, a categor-
ical investigation of size/shape-controlled preparation of AuBMNS,
their application in the detection of Hg below the threshold limit, com-
parative evaluation of different sensing methods (such as colorimetric,
SERS, electrochemical, fluorescence, dual/combined techniques), and
important challenges and prospects have been discussed. Furthermore,
we analyzed the role of capping and stabilizing agents on the perfor-
mance of the AuBMNS towards Hg detection. Additionally, major
improvements and recent advances in designing AuBMNS of various
architectures and their comparative effectiveness have also been
reviewed to comprehend the recent scenario and offer upcoming direc-
tions for the sensing of Hg. Thus, the principal aim of this review paper
is to focus on the latest developments and recent state-of-art of
morphology-controlled preparation, functionalization and characteri-
zation of AuBMNS, and their shape/size-dependent optical, sensing
properties (based on different techniques) towards Hg detection, as
shown in Fig. 1.

2. Synthesis of AuBMNS with controllable shape and size

In recent years, the synthesis of gold NPs and their application
in Hg detection have garnered substantial attention owing to
their unique optical properties. A literature survey applying
the keywords “gold nanoparticles and mercury detection” is
presented in Fig. 2(A). The graph represents the number of
articles published in the last five years (2018-2022). A gradual
increase (every year) in the number of reports signifying the
need for Hg determination and applying stress upon the
importance of the research topic.

For AuBMNS, different methods have been applied such
hydrothermal  (Huang et al.,  202la), biogenic
(Akilandaeaswari and Muthu 2021), seed-mediated (Zhang
et al., 2019), thermolysis (Pawar et al., 2019), galvanic replace-
ment (Chen et al., 2020), multi-step synthesis (Lu et al., 2018),


http://creativecommons.org/licenses/by-nc-nd/4.0/

Morphology-controllable bimetallic gold nanostructures

r--.HHHHHHHHHHHHHHHHHH --------------- mAananaAananaannnannnannes—-——
P X o s

i« Mole ratio :
38 Concent'ration,'
‘e Temp’erature,,'/
i ' 7

\
o @
Y, 2,
%,

~

%,

]

1

i

I * Capping
g * Reducing
i : e Stabilization
:

1

N ———

Shape

W s
O s )
\“‘ Colorimetric

\\‘“‘Electrochem
\

-’
y

.

5 , d
.-IHHHHHHHHHHHHHHHHH“.—— -

Fig.1  Schematic demonstration of the controllable synthesis of AuBMNS and their application in Hg detection. The chemical reduction
approach with the impacts of different reaction parameters have been discussed for the morphology-controlled synthesis of AuBMNS.
Recent examples of AuBMNS for Hg detection have been reviewed. Challenges and prospects are discussed for future research.
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Fig. 2 (A) AuBMNS for Hg "2 detection. Number of articles in the last five years (2018-2022), searched on May 26, 2022, using the
keywords “‘gold nanoparticles and mercury detection”. (B) Different methods for the preparation of AuBMNS.

pulsed laser synthesis (Subhan et al., 2022), thermal decompo-
sition (Boeva et al., 2022), microwave (Al-Radadi 2022) and
radiolytic synthesis (Fernandes et al., 2021) (Fig. 2(B)). Fur-
thermore, the shape, size and stability of AuBMNS change
by varying the experimental parameters and preparation pro-
cedure. Based on previous reports, the chemical reduction is
a suitable and extensively used method for controlling the
shape, size and stability of the AuBMNS (Table 1).

In this article, we don’t demonstrate a full catalog of all the
methods that have been applied for the preparation of
monometallic and multi-metallic Au NPs. Interesting readers
are referred to some review papers dedicated to the prepara-
tion of mono-metallic and multi-metallic NPs (constituted of
different types of metals) (Ali et al., 2021a, 2021b, 202lc,

Saha et al., 2021, Sayadi et al., 2021, Crawley et al., 2022,
Gebre 2022). Here, we only focus on the shape/size-
controlled preparation of AuBMNS and their morphology-
dependent application in Hg detection as well as the recent
prospects and challenges.

Exact control over the synthesis procedure is required to
obtain the desired shape, size and morphology of AuBMNS.
Similarly, the surface functionality, structure and chemistry
of AuBMNS can be tuned by regulating the reaction parame-
ters. Moreover, nucleation and growth phases play a dynamic
part in controlling the particle shape and composition. How-
ever, controlling reaction conditions in the early stages is hard
and the mechanisms of morphology-controlled synthesis of
AuBMNS are still under investigation (Kluitmann et al.,
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Table 1 Selected examples of AuBMNS-based sensors for Hg detection.

S.  Type of AuBMNS Method of Shape Size Functionalization Ref.
No. preparation
1 Au@Fe Chemical reduction Spherical 85.22nm Ag iodide supported on (Liu et al., 2022a,
polyglycine 2022b)
2 Au@Ag core-shell ~ Seed-mediated route  Rod-shaped 16 nm Chitosan modified (Zhang et al., 2019)
3 Au@Ag hollow Galvanic etching Spherical 54— Template Ag NPs (Jain and Satija 2018)
nanostructures 75 nm
4 BSA- Chemical reduction Spherical 2.3 nm BSA-protected TEA co- (Zhai et al., 2017)
protectedAg@U reduction
NPs
5 Lysine- Chemical reduction Spherical 55 nm Lysine-caped (Bi et al., 2021)
capedAg@Au NPs
6 Ag@Au NPS Chemical reduction Pointed tips 26— AA and CTAB (Xing et al., 2018)
structure 59 nm functionalized
7 Ag@Au Chemical reduction Spherical 3 nm BSA functionalized (Liu et al., 2020)
Nanoclusters
8 Ag@Au Alloy NPs  Thermolysis Micro-flower 30— Tetraoctylammonium (Pawar et al., 2019)
50 pm bromide (ToABr) modified
9 Au@AgHollow Galvanic replacement Hollow center and 100 nm  Ag nano-cubes sacrificial (Chen et al., 2020)
nanocages reaction pinholes templates
10  Ag@AuNanocluster One-step green Irregular shape 5 nm BSA protected (Dai et al., 2018)
method
11 Au@SiO,Core-shell Pre-formed AuNPs Core-shell 15 nm Amino-Modified Au@SiO2 (Zhu et al., 2018)
NPs and SiO,
12 Au-Ag core-shell Pre-formed Au core—shell 122— CTAB modified (Zhu et al., 2019)
triangular nanopaltes as triangular 142 nm
nanoplates tempelate nanoplates
13 Au@SiO,; core-shell Multi-step synthesis Spherical core—shell 120 nm  DNA aptamer-modified (Lu et al., 2018)
NPs method
14 AuNCs- Chemical reduction Irregular 2.63 Modification with Ag(I) ion (Wang et al., 2018)
Ag@Xeratin
15 Au@S-C3Ny4 Chemical reduction Folded sheet-like 30 nm Chitosan functionalized (Amanulla et al., 2019)
structures
16  Fe;0s@Au Core- Chemical reduction Spherical core—shell 80 nm Thymine acetic acid (Butmee et al., 2021)
shell NPs anchored with cysteamine-
conjugated
17  Au-Pt@C Hydrothermal Fiber 400 nm  Aptamer modified (Xie et al., 2021)
Nanofiber method and
electrodeposition
17  Ag@AuHollow Reduction/ Spherical 26 nm SDS capped (Jain et al., 2020)
nanostructures heteroepitaxial seed-
mediated
18  Ag@Au NPs Chemical reduction Spherical 28 nm Poly(diallyl dimethyl (Mathaweesansurn
ammonium chloride) et al., 2020)
modified
19  Ag-coated two-step reduction Core-shell 19 nm agar-stabilized (Da et al., 2018)
AuNPs method
20 A@C;3Ny Chemical reduction Layered/nanosheets 100 nm Graphite-C5;N,4 nanosheets (Wang et al., 2019)
Nanocomposites supported
21  Ag@AuCore-shell One-pot reduction Spherical 43 nm Nafion stabilized l-cysteine-  (Siddiqui et al., 2019)
NPs approach capped
22 Au@Pd NPs Chemical reduction Irregularspherical 110 nm Au modified thiol graphene (Wang et al., 2022a,
2022b, 2022c, 2022d,
2022¢)
23 Au@Cu Chemical reduction Spherical 3.5 nm Aptamer-modified (Shi et al., 2021)
nanoclusters
24 Ag@Au NPs Hydrothermal Cubic 20 nm Zeolitic imidazolate (Salandari-Jolge et al.,
method framework 2021)
25 Ag@Au NPs Green method Spherical 5-45 nm  Extract of chlorella (Thangaswamy et al.,

acidophile

2021)
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2021). Moreover, it is tough to guess which reaction parame-
ters control the size, shape, morphology and functionality of
the AuBMNS (Ramos and Regulacio 2021).

The current innovations in the instrumentations for charac-
terizing NPs have helped researchers to prepare AuBMNS
with desired morphologies and compositions (Deng et al.,
2021a). Nevertheless, the ideal pertinence of AuBMNS is still
in the early stage to substitute the normal practices
(Vilimova and Siskova 2021). Additionally, reports dealing
with the morphology- and size-selective synthesis of NPs are
widely available in the literature, but activity-based synthesis
needs further study.

Various approaches have been developed to prepare
AuBMNS with preferred shape/size and morphologies. To
study all these strategies is beyond the domain of this review,
here, significant parameters for regulating the size, shape and
morphology of AuBMNS are described (Fig. 3).

2.1. Reaction pH

By regulating the pH of a reaction, AuBMNS with selected
structures can be prepared. Usually, at low pH, the power of
a reducing agent decreases, slowing the growth rate and thus
shape/size and morphology of AuBMNS can be regulated.
Similarly, the size of AuBMNS decreases at a higher pH and
this is associated with the reducing power of the reductant
(Hammami and Alabdallah 2021). Moreover, high pH results
in a greater number of nuclei at the start of a reaction and thus
causes a reduction in NPs size. Occasionally, unexpected mole-
cules and byproducts may cause alteration in reaction condi-
tions and so change the pH of the reaction mixture. Thus,
while controlling the pH of a reaction, other reaction condi-
tions should be carefully considered. Normally, the basic con-
dition is somewhat appropriate for the reduction of metal ions
since the power of reductants increases in the presence of
hydroxide ions (OH") (Irfan et al., 2022). In a study, AuBMNS
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were prepared by increasing the pH of the reaction mixture, by
adding a small amount of ascorbic acid, AuBMNS with small
tips and two surface plasmon resonance (SPR) modes were
obtained. This was attributed to the different core and shell
(metals) ratios, which were due to the enhanced de-alloying
rate of the shell and the low cavitating rate of the core at high
pH conditions (Xing et al., 2018). For example, in the biolog-
ical synthesis of NPs, a basic medium supports the reduction of
metal ions and creates NPs, hence, NPs form at a faster rate at
a higher pH (Khalil et al., 2012). Furthermore, alkalinity can
bring an electrostatic repulsion force among the NPs, hence,
successfully inhibiting them from aggregation. Nevertheless,
low pH causes a very high-positive charge on the reductants
and decreases the stability of NPs, and ultimately, accumula-
tion occurs (Shah et al., 2014).

2.2. Amount/nature of stabilizing agents

Stabilizing/capping agents can precisely interact with the
AuBMNS to minimize their surface energy. These stabilizing
molecules chemisorb on the surface of AuBMNS, hinder or
prevent the deposition of more metallic atoms, keep a firm for-
mation and stop the accumulation of AuBMNS (Khalaf et al.,
2021). The physiochemical structure of AuBMNS mainly
depends on the nature/amount of capping agent which is che-
misorbed on their surface. Therefore, appropriate stabilizing
agents are applied to control the size of AuBMNS and prevent
their overgrowth (Khan et al., 2020). Luckily, various com-
pounds are available as capping/stabilizing agents for the
preparation of AuBMNS.

The reaction of capping molecules and AuBMNS surface
depend on numerous features including functional group(s)
of capping agents and surface chemistry and morphology of
AuBMNS. Computational and experimental data can be
applied to determine the role of a certain stabilizing agent
and to figure out a specific capping agent for AuBMNS. Pre-

» Nature
» Style of addition
____» Simultaneous addition-alloy

» Prevent aggregation
agent » Control surface energy

» Metal-stabilizer interactions

Influences of important reaction parameters on the morphology-controlled preparation of AuBMNS. Shape, size, surface

structure and overall morphology can be controlled by regulating the power of reductant, precursors (nature/concentration),

stabilizing/coating agents, time, temperature and pH.
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viously, the binding energies have been calculated by using the-
oretical/computational approaches like density functional the-
ory (DFT) (Goliaei and Seriani 2019). Also, thermodynamic
adjustment can be used to successfully control the surface ener-
gies and eventually obtain AuBMNS with desired morphology
and structure (Nieto-Argtiello et al., 2021). Inappropriately, a
large number of covering/capping molecules disturb reaction
parameters and produce an undesirable product (Bibi et al.,
2022). This can be overcome by calculating the coverage den-
sities through experimental and theoretical analysis (Nanda
et al., 2019). Consequently, the shape and size of AuBMNS
can be tuned by applying estimated surface coverage densities
and optimized reaction conditions. Besides, the optimum con-
centrations of metal precursors and stabilizing agents can be
used to obtain monodispersed and small-sized AuBMNS.
Many compounds have been evaluated as reducing and cap-
ping/stabilizing agents in the formation of AuBMNS. For
instance, L-cysteine was applied as a reducing as well as a sta-
bilizing agent for the preparation of Au@Ag core—shell NPs
via a one-pot synthetic approach (Siddiqui et al., 2019).

2.3. Concentration of metal precursors and style of addition

Concentration and style of addition of metal ions influence the
size and shape of AuBMNS. Usually, in AuBMNS synthesis,
the simultaneous addition of two metals results in the forma-
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Absorbance (a.u

tion of alloy NPs. Though, when the reduction potential of
the other metal is different, regular (layered) AuBMNS can
be prepared (Liu et al., 2014, Joseph et al., 2019). For instance,
the shell thickness of core—shell AuBMNS was controlled by
adjusting the volume of metal precursors (Wang et al.,
2021a, 2021b). The AuBMNS with shell textures of 2, 3, 5,
7,9 and 11 nm were produced by applying different metal vol-
umes (from 2 to 11 mL and 1 mM) (Fig. 4). Similarly, bimetal-
lic hollow AuBMNS were prepared for the detection of Hg in
water. The AuBMNS of different compositions were prepared
by controlling the molar ratio of Ag and Au in the reaction
mixture, ranging from 0.13 to 2.0. The resultant nanostruc-
tures were characterized using UV—Visible spectroscopy and
transmission electron microscopy (TEM). The absorption
maxima of the AuBMNS were changed from 463 to 611 nm
by changing the concentration of the Au and Ag in the reac-
tion mixture. Increase in the molar ratio (0.25-2.0) resulted
in large-sized AuBMNS (from 54 to 75 nm) (Jain and Satija
2018).

In another study, a series of bovine serum albumin (BSA)-
coated AuBMNS were prepared by changing the molar ratios
of Au and Ag salts. Their electrochemiluminescence (ECL)
property was studied by applying tricthylamine (TEA) as a
co-reactant. Particularly, multi-fold higher efficiency was
noted for AuBMNS as compared to their monometallic coun-
terparts (Zhai et al., 2017).

Au@Ag (a)
Au@Ag+S,0,* (b) a b ¢
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]
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(A) EDS mapping, (B) TEM images, (C) UV-vis absorption spectra, (D) Optical photographs and UV-vis absorption spectra of

AuBMNS. The AuBMNS were prepared by seed-mediated method by using 20 mL of pre-formed Au NPs. The AuNPs were added into
3 mL of 0.1 M ascorbic acid at room temperature under magnetic stirring. Then, optimized volume of 1 mM AgNO; was dropwise (30 s
for each drop) added into the above reaction mixture. The average size of the prepared AuBMNS was 18 nm and the shell thickness of
core—shell AuBMNS was controlled by adjusting volume of metal precursors. The AuBMNS with a shell textures of 2, 3, 5,7,9 and 11 nm
were produced by applying different metal volumes (from 2 to 11 mL and 1 mM) of metal precursor. Reprinted from Wang et al., 2021a

@Copyright 2021, with permission from Elsevier.
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2.4. Nature of reducing agents

For AuBMNS preparation, an appropriate reducing agent is
necessary, but also, the other reaction parameters should be
adjusted correspondingly. It is hard to regulate the size and
shape of NPs under the influence of a strong reducing agent
since it causes a fast metal ions reduction. To obtain AuBMNS
with desired shape and size, weak or milder reductants can be
used (Chen et al., 2019). Predominantly, reductants show a
moderate/low reducing power at low pH, however their reduc-
ing power increase at high pH. Therefore, for a certain reac-
tion, a suitable reductant should be chosen that may not
disturb the nano-system. Several reducing agents such as
TEA, sodium borohydride, sodium citrate, elemental hydro-
gen, polyols, N-N-dimethylformamide (DMF), ascorbate and
Tollens reagent have been used for the preparation of Au-
based monometallic and multi-metallic NPs (Ali et al.,
2021a, 2021b, 2021c). For example, NaBH, was applied as a
reducing agent in the preparation of Ag-Cu NPs by simply
using the chemical reduction method (Kokilavani et al.,
2020). In another study, BSA capped Au@Ag NPs were syn-
thesized in an aqueous solution using a green and facile syn-
thetic method by reacting HAuCl, and AgNO; solutions
(Dai et al., 2018). Moreover, cetyltrimethylammonium bro-
mide (CTAB) was applied as a reductant in the preparation
of Au@Ag core-shell triangular nanoplates. The concentra-
tion of CTAB was found to affect the uniformity of the
AuBMNS. At a higher concentration of CTAB, small-sized
nanoplates were deposited in the bottom and inhomogeneous
AuBMNS were obtained. However, at low concentrations,
no deposition of the nanoplates was observed and uniform
AuBMNS were obtained (Zhu et al., 2019).

2.5. Temperature

Temperature can speed up the co-deposition of Au atoms
which results in the formation of AuBMNS. Hence, an appro-
priate temperature is vital for the synthesis of AuBMNS.
Though, the shape and size of AuBMNS greatly depend on
several other parameters such as pH, reducing/stabilizing
agents, precursors concentration and time. However, the
preparation of AuBMNS can be better controlled at low-
temperature. Reports have shown that the preparation of bi/
tri-metallic Au NPs needs a relatively higher temperature as
compared to their monometallic counterparts. For example,
Au-Ag core—shell triangular nanoplates stabilized with CTAB
were synthesized at 65 °C under vigorous stirring (Zhu et al.,
2019). Similarly, BSA-protected AuBMNS were prepared by
reacting the metal precursors (HAuCl, and AgNOs) at 37 °C
for 12 h (Dai et al., 2018). In another report, 6 mL of ethylene
glycol (EG) solution was pre-heated to 152 °C for 1 h under
magnetic stirring. Then, 70 mL of Na,S solution in EG was
pipetted into this hot EG. Finally, Au@Ag hollow nanocages
were obtained (Chen et al., 2020). Hence, to get thermodynam-
ically and kinetically controlled AuBMNS, it is crucial to carry
out their preparation under optimized temperature.

2.6. Reaction time

Reaction time is an important parameter for controlling the
morphology of AuBMNS. It has been ascribed that extended

reaction time results in a large number of NPs and promotes
agglomeration of NPs. In an experiment, Au/Ag bimetallic
NPs were prepared by reacting HAuCl, with pre-formed Ag
NPs and the solution was stored at ambient temperature for
12 h to ensure Au atoms deposition on the surface of the Ag
NPs through galvanic replacement reactions (Ismail and
Dawes 2022). In another study, biopolymer capped AuBMNS
were prepared by reacting the metal precursors under opti-
mized experimental conditions in a magnetic stirrer at 70 °C
(in a water bath) for 3 h (Ismail and Dawes 2022). Depending
on the nature and structure of AuBMNS, the reaction time
may be extended. For instance, Au@Ag core—shell nanorods
were prepared by using pre-formed Au NPs. To the pre-
formed Au NPs, different volumes of AgNO; (30, 50, 70,
100 and 250 pL) were added under magnetic stirring. The reac-
tion mixture was reacted for 2 h and Au@Ag nanorods were
collected by centrifugation (Chen et al., 2022). In conclusion,
AuBMNS with diverse sizes and shapes can be obtained by
sensibly regulating reaction conditions, and these conditions/-
parameters direct the morphologies and functionalities of these
Nnano-sensors.

3. Functionalization of AuBMNS

The stability and dispersity of AuBMNS can be associated
with their ability to avoid self-aggregation or decomposition.
The stability of AuBMNS can be improved by using a suitable
surface functionalizing agent. The functionalization involves
chemical interactions between stabilizer molecules and
AuBMNS surfaces (Deng et al., 2021b). Besides, partial substi-
tution on the AuBMNS surface through covalent coupling
bonds and physical interactions can be carried out (Zhang
et al., 2021). Generally, surface capping ligands containing at
least a thiol group have been chemically fabricated on the sur-
face of AuBMNS through strong Au-sulfur (Au-S) or Au-
nitrogen (Au-N) bonding (He et al., 2021). The functionaliza-
tion preserves the functionality, stability and unique optical
characteristics of AuBMNS. The strong SPR band and light
scattering property improve their behaviors toward target ana-
Iytes and result in the enhancement of sensitivity and selectivity
(Saeed et al., 2022).

Usually, citrate ions are not firmly bound to the surface
of AuBMNS, so they can be simply substituted by using
other ligands through a chemical reaction between the
AuBMNS surface and suitable ligands (Chatterjee et al.,
2022). Based on functionalization (Ielo et al., 2021), several
biochemical molecules have been utilized to cap the
AuBMNS surface Table 1. Recently, plant extracts have
been applied as a sustainable and green method for the
preparation of AuMBNPs with unique surface chemistry.
The diverse surface chemistry of plant-extract synthesized
AuBMNS have shown enhanced selectivity and sensitivity
towards Hg detection (Thangaswamy et al., 2021). However,
the use of different plant extracts for AuBMNS synthesis
result in various surface chemistry of AuBMNS and lead
to variations in the detection efficiency of the sensor
(Nieto-Argiiello et al.,, 2021, Thangaswamy et al., 2021).
Hence, understanding the role of surface chemistry in Hg
detection and the effect of plant extracts on the surface
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chemistry of AuBMNS is crucial for the preparation of reli-
able and effective Hg sensors.

4. Morphology-dependent optical properties of AuBMNS

The colloidal solutions of AuBMNS display bright intense col-
ors when interacting with light. This property is due to the free
electrons which create a surface plasma state. A localized SPR
is generated by these surface plasmas that resonate at a specific
frequency and result in the release of energy (scattered light).
The size, shape, geometry, dielectric function and nearby envi-
ronment of AuBMNS determine the type of the emitted light
(Kotataj et al., 2020).

A colloidal solution of AuBMNS exhibits ruby red color.
Typically, Ag NPs and Au NPs display SPR peaks in the
region of 400-450 and 500-550 nm respectively (Ali et al.,
2020a, Ali et al., 2020b). Similarly, SPR peaks for AuBMNS
have been observed at 552 nm (Krishnan Sundarrajan and
Pottail 2021). The main advantage of using AuBMNS as a col-
orimetric sensor is their exceptionally high molar absorptivity
or molar extinction coefficient in classical UV-visible spec-
troscopy. This property of AuBMNS in the visible region is
better than the normal organic dyes or chromophores by about
3-5 orders (Jain et al., 2020). The SPR peak varies with the
morphology and structure of Au NPs. For instance, the optical
nature of different Au NPs such as star-like/cubes (Alp et al.,
2021), hemispherical (Liebig et al., 2018), rods (Park and Song
2021), branched/flower-like (Fu et al., 2021), prisms (Tapia-
Arellano et al., 2021), octahedral (Zaheer 2021) NPs have been
described. Reports have shown that by increasing the size of
the NPs, redshift occurs in the SPR, as well as the accumula-
tion of NPs results in a shift in the SPR band (Dung et al.,
2021). Optical analysis has exposed that granule-like NPs dis-
play low transmittance and high absorption, while plate-like
NPs show high transmittance (Amirjani and Haghshenas
2018). For spherical NPs, the electric field of the metal surface
is the total field generated by the electric field and SPR, which
can be calculated by using the below equation (Kotataj et al.,

2020, Wang et al., 2020).

X 3x

—

Eout:on _O(EO 37 5
r r

(x?> + y7 = z?)

In this equation, o is the metal polarizability, x, y, z are
Cartesian coordinates, —»X, -y, —z are unit vectors and r is
the radial distance.

According to Mie’s theory, the extinction cross-section
(Cex) of spherical NPs can be computed by applying the below
equation (Rycenga et al., 2011).
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In this equation, the radius of the spherical NPs is repre-
sented by R and the refractive index of the medium is denoted
by em.

Theoretical studies have exposed that for larger NPs a
quadrupole mode could be excited while only dipole modes
could be excited for smaller NPs when irradiated with light
(Kotataj et al., 2020). Besides, the distribution of electric fields

around the NPs changes with the transformation of NPs
shape. For example, Ag nano-rods show double plasmon

peaks, with excitation along the long axis and short axis. For
triangular nano-prisms, four plasmon peaks can be observed;
out-of-plane quadrupole, in-plane dipole, weak out-of-plane
dipole and in-plane quadrupole (Boken et al., 2017).

The sensing efficiency and SPR of AuBMNS depend on
many variables including shape, size, composition, morphol-
ogy, inter-particle distances, orientation, dielectric constant
of the surrounding medium and surface chemistry of NPs.
However, size and shape are vital features (Kaviya 2020).
Hence, AuNPs have been extensively applied for heavy metal
ions sensing by taking benefit of their diverse morphologies
(Yu et al., 2020). The changes in SPR bands when the size/
shape of the NPs are because different NPs have different
extinction spectra in the ultraviolet—visible region (He et al.,
2020). Hence, the NPs show characteristics SPR bands depen-
dent on their shape and size, state of aggregation and external
environment. This offer an outstanding platform for propos-
ing Au NPs-based sensors for chemical and biological fields
(Yao and Santos 2020). Comparatively, the SPR of non-
spherical NPs has a more spectral shift than that of spherical
Au NPs owing to the relatively strong electric fields on the sur-
face with high curves (Yu et al., 2020). UV-vis spectroscopic
analysis has been applied to establish the molar extinction
coefficient of AuBMNS with different capping ligand mono-
layers and different sizes (Chen et al., 2021). Based on the
morphological-dependent optical properties of AuBMNS, they
have been applied in colorimetric, fluorescence, electrochemi-
cal, combined techniques and SERS detection of Hg (Fig. 5).
Moreover, in the latest literature survey, the core—shell
AuBMNS composed of Ag and Au atoms have been widely
used as nano-sensors for Hg detection (Table 1).

5. Role of surface chemistry and morphology of AuBMNS in Hg
detection

AuBMNS have shown promising application in Hg detection
due to their distinctive surface chemistry and morphologies.
The surface chemistry of AuBMNS can be definitely adjusted
to enhance their selectivity and sensitivity towards Hg. This
can be accomplished through the functionalization of their sur-
faces with different ligands (Chatterjee et al., 2022). The mor-
phology of AuBMNS also plays a vital role in Hg detection as
their large number of surface-active sites and high surface area
to volume ratio allow for efficient detection of Hg ions (Joseph
et al., 2019). Moreover, the bimetallic nature of AuBMNS
enables their synergistic effect and leading to enhanced sensing
properties (Fernandes et al., 2021). Significantly, the combina-
tion of morphologies and surface chemistry AuBMNS pro-
vides a promising platform for the development of highly
selective and sensitive sensors for Hg detection (Becerril-
Castro et al., 2022, Chen et al., 2020).

The use of plant extracts for AuBMNS synthesis is benefi-
cial over other methods as it is cost-effective and eco-friendly.
However, plant extracts synthesized AuBMNS have an extre-
mely complicated surface chemistry, which varies from plant
extract to plant extract (Ali et al., 2020c, Ali et al., 2021a,
2021b, 2021c). AuBMNS synthesized using plant extracts
show a distinctive surface chemistry that can be adjusted for
specific applications. Owing to the specific surface chemistry
of AuBMNS, they can bind selectively to Hg ions, leading to
enhanced detection sensitivity. Hence, the synthesis of
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Fig. 5 Overview of the frequently applied detection methods for AuBMNS-based Hg detection. AuBMNS have been applied in
colorimetric, fluorescence, electrochemical and SERS detection of Hg. These methods can be applied in combination to improve the

sensitivity and selectivity towards Hg detection.

AuBMNS using plant extracts holds great potential for the
development of sensitive and efficient detection systems for
Hg ions (Thangaswamy et al., 2021).

Studies have shown that the detection efficiency of
AuBMNS depends on their nature, surface ligands, composi-
tion and morphology (Table 2). For instance, nafion stabilized
l-cysteine-capped Au@Ag core—shell AuBMNS of size 43 nm
were applied for Hg>* detection in different groundwater sam-
ples, and the limit of detection (LOD) was about 0.5 nM
(Siddiqui et al., 2019). Zeolitic imidazolate framework-8
derived Ag@Au core—shell AuBMNS of size 20 nm were used
for Hg?>* detection in water samples and LOD of 1.8 + 0.04
nM was achieved (Salandari-Jolge et al., 2021). Moreover,
Apt-Cu@AuAuBNPs were applied for Hg>* determination
in Porphyra up to 4.92 nM (Shi et al., 2021) (Fig. 6 (A)).

The detection efficiency of NPs towards Hg ions also
depends on their nature. Often, bimetallic NPs are more sensi-
tive and selective towards Hg ions detection. For instance,
monometallic and bimetallic NPs of Au and Ag were synthe-
sized via the green method using an aqueous extract of Chlor-
ella acidophile and examined for Hg detection. The bimetallic
NPs were found more efficient in the detection of Hg as com-
pared to their monometallic counterparts (Thangaswamy
et al., 2021).

The composition of AuBMNS influences their perfor-
mance. For example, spherical Au@FeAuBMNS were applied
to detect Hg in a real water sample by using a colorimetric
method, and LOD of 1.0 nM was achieved (Liu et al.,
2022b). On the other hand, the same spherical Au@Ag
AuBMNS with different compositions were used for Hg detec-
tion in water and 5 nM LOD was obtained (Zhai et al., 2017).
This show that the compositions of AuBMNS have a strong
correlation with their detection efficiency.

In a study, Hg was detected in water up to S nM by using
spherical BSA-protected Au@Ag NPs of size 2.3 nm (Zhai

et al., 2017), while chitosan modified rod shape Au@Ag NPs
of size 16 nm and pointed tips shape Au@Ag NPs (AA and
CTAB functionalized) exhibited LODs of 0.9 nM and 5 nM
respectively for the determination of the same analyte
(Zhang et al., 2019). These studies show that the detection of
Hg ions was greatly affected by the size and shape of the
AuBMNS (Tables 1 and 2).

The detecting efficiency of AuBMNS was found to be
greatly affected by the functionalizing/stabilizing agents used
in the NPs formation. For instance, Hg was detected up to
4.8 nM by lysine-caped spherical Ag@Au NPs of size 55 nm
(Bietal., 2021), while BSA functionalized Ag@Au NPs of size
3 nm and Tetraoctylammonium bromide (ToABr) modified
Ag@Au NPs detected the same analyte (Hg) up to 0.35 nM
and 1.5x107 M respectively (Pawar et al., 2019, Liu et al.,
2020). Furthermore, Hg"? was detected in water (up to
0.88 nM) by using CTAB modified Ag@Au NPs (core—shell
triangular nanoplates) of size 122 nm (Zhu et al., 2019). On
the other, the same analyte (Hg"?), in the same medium (wa-
ter), was detected up to 10 nM by using DNA aptamer-
modified AuBMNS of size 120 (Lu et al., 2018). These exam-
ples demonstrate that the sensing of the same ion (Hg'?)
was strongly affected by the nature of the stabilizing/function-
alizing agent of the AuBMNS.

Recently, various AuBMNS have been applied for Hg ">
detection. For example, zeolitic imidazolate framework
modified cubic Ag@Au NPs of size 20 nm exhibited
LOD up to 0.018 nM (Salandari-Jolge et al., 2021), while
spherical Ag@Au NPs of size 18 nm detected the same
ion up to 200 nM (Wang et al., 2021a, 2021b) and Au@Ag
core/shell NPs of size 43 nm detected the ion up to about
0.5 nM (Siddiqui et al., 2019). Hence, a strong association
between the LOD and size/shape/capping agents of
BMNNPs can be observed while using these NPs for
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Table 2 Comparison, detection method and nature of different AuBMNS-based sensors for Hg determination.

S. Type of AuBMNS Sample LOD Detection mechanism Ref.

No.

1 Au@Fe Real water 1.0 nM Colorimetric (Liu et al., 2022a, 2022b)

2 Au@Ag core—shell River water 0.9 nM Naked-eye detection (Zhang et al., 2019)

3 BSA-protectedAg@U Water 5 nM ECL (Zhai et al., 2017)
NPs

4 Lysine-capedAg@Au NPs Aqueous solutions 4.8 nM tion (Bi et al., 2021)

5 Ag@Au NPS Pool water 5 nM Selective etching/colorimetric  (Xing et al., 2018)

6 Ag@Au Nanoclusters Aqueous solutions 0.35 nM Fluorescence (Liu et al., 2020)

7 Ag@Au Alloy NPs Water 1.5 x 10" M SERS (Pawar et al., 2019)

8 Au@AgHollow Lake and tap 10 nM Etchinginduced morphology  (Chen et al., 2020)
nanocages water transformation

9 Ag@AuNanocluster Fish and rice samples 10 pg L! Ratiometric and visual (Dai et al., 2018)

detection

10 Au@SiO,Core-shell NPs  Tap water 1.25 ng/mL  Fluorescence (Zhu et al., 2018)

11 Au-Ag core—shell Lake water 0.88 etching-induced spectrum (Zhu et al., 2019)
triangular nanoplates change

12 Au@SiO, core-shell NPs ~ Water 10 nM SERS (Lu et al., 2018)

13 AuNCs-Ag@Keratin Real water 2.31 nM Fluorescence quenching (Wang et al., 2018)

mechanism

14 Au@S-C5Ny River water samples 0.275 nM Colorimetric (Amanulla et al., 2019)

15 Fe;04@Au Core-shell Water and fish samples 0.5 pg L™ ' Electrochemical (Butmee et al., 2021)
NPs

16 Au-Pt@C Real water 3.33 x 107!  Electrochemical (Xie et al., 2021)
Nanofiber samples mol/L

17 Ag@AuHollow Real water 10 pM Colorimetric (Jain et al., 2020)
nanostructures

18 Ag@Au NPs Real water 0.526mg L~"  Colorimetric (Mathaweesansurn et al., 2020)

19 Ag-coated Real water 78 nM Colorimetric and visual (Da et al., 2018)
AuNPs detection

20 A@C3Ny Real water 3.0 nM colorimetric (Wang et al., 2019)
Nanocomposites

21 Ag@AuCore-shell NPs Groundwater sample 0.1 ppt Voltametric (Siddiqui et al., 2019)

22 Au@Pd NPs Actual water sample 0.16 nmol/L  Electrochemical (Wang et al., 2022a, 2022b,

2022c, 2022d, 2022¢)
23 Au@Cu nanoclusters Porphyria 4.92 nM Ratio-metric fluorescent (Shi et al., 2021)
24 Ag@Au NPs River, tap and 1.8 x 10~ 7 Electrochemical (Salandari-Jolge et al., 2021)
wastewater samples M
25 Au@Ag NPs Real water and Chinese 0.2 pM Colorimetric and SERS dual- (Wang et al., 2021a, 2021b)
medicines mode

Hg"? detection (Guo et al.,
Mitchell et al., 2021).

2021, Jadoun et al., 2021,

6. Mercury detection using AuBMNS via various methods

6.1. Colorimetric AuBMNS for Hg detection

AuBMNS-based colorimetric sensors have been widely
reported for their sensitive and selective detection of Hg
(Chansuvarn et al., 2015, Gul et al., 2022). This is due to their
very high molar absorptivity or extinction coefficient, & (M~
cm™ ). The & of Au based NPs is higher in the visible region
as compared to conventional organic dyes or chromophores
by about 3-5 orders (Rosi and Mirkin 2005).

In a study, SDS capped spherical Ag@Au hollow nanos-
tructures of size 26 nm were synthesized via a reduction/
heteroepitaxial seed-mediated approach and applied for colori-

metric detection of Hg in a real water sample. The comparative
evaluation of the developed Ag@Au hollow nanostructures
revealed relatively high sensitivity toward Hg detection as
compared to their monometallic counterpart, and the LOD
was 10 pM (Xie et al., 2021).

In another study, agar-stabilized core—shell Ag-coated
AuNPs of size 19 nm were prepared via a two-step reduction
method and applied for Hg detection in real water up to
78 nM. The sensing of Hg was based on the suppression of
the interaction of agar-stabilized Au@ Ag NPs with dithiothre-
itol (DTT). The method presents the benefits of portable feasi-
bility, visual detection and easy operation (Da et al., 2018). In
addition, the colorimetric method can be combined with other
techniques to improve the Hg detection efficiency. For
instance, a colorimetric method was employed in combination
with the SERS technique and Hg was detected up to 0.2 uM in
Chinese medicines and real water samples (Wang et al., 2021a,
2021b).
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Fig. 6 (A) Aptamer-modified AuBMNS based ratio-metric fluorescent probe for Hg>* detection in Porphyra. The NPs were uniformly-
dispersed in solution in the absence of Hg?", while accumulated together due to the formation of thymidine-Hg-thymidine (T-Hg-T)
structure upon the addition of Hg?* . This resulted in the changes (visible to naked eye) in their fluorescence signals due to FRET. Finally,
Hg?* were detected ranging from 0.1 to 9.0 uM by the proposed fluorescence system with the LOD of 4.92 nM. Reprinted from Shi et al.,
2021 @Copyright 2021, with permission from Elsevier. (B) The label-free SERS sensor was based on the formation of T-Hg-T bonds and
the consequent alignment of DNA on the surface of Au shell. The consecutive T acted as the Hg>" identification elements, and the
segment with guanine and adenine (G and A) bases served as the signal reporters. When Hg>* interacted with the T, it resulted in the
enhancement of Raman intensity and allowed to measure low level of Hg?>* in aqueous solution. Based on the label-free SERS sensor,
Hg?* was determined within a wide concentration range from 1 x 10% to 1 x 10> M. Reprinted from Lu et al., 2018 @Copyright 2018,

with permission from Elsevier.

Hg-induced aggregation of AuBMNS is the main detection
mechanism, leading to a change in absorbance and color (Ali
et al., 2021a, 2021b, 2021c). The changes in absorbance and
color of colloidal AuBMNS through Hg-induced disassembly
and accumulation of analytes onto the surface of AuBMNS
have been applied in the detection of Hg ions in different sam-
ples (Bi et al., 2021). Additionally, the selectivity and sensitiv-
ity of AuBMNS depend on several parameters, such as
concentration of AuNPs, particle size, the concentration of
Hg in a sample, pH, temperature, ionic strength, and compo-
sition of the surrounding solution (Yu et al., 2021). Previously,
colorimetric analyses based on AuBMNS have been exten-
sively reported in various research areas. These methods
include but are not limited to colorimetric detection based
on the aggregation of functionalized AuBMNS, colorimetric

approaches based on the aggregation of un-functionalized
AuBMNS, detection based on removal of protecting ligand
from the surface of AuBMNS and detection based on non-
aggregation of AuBMNS induced by appropriate ligands
(Chansuvarn et al., 2015).

6.2. Fluorescent AuBMNS for Hg detection

Irregular-shaped AuNCs-Ag@XKeratin of size 2.63 nm were
prepared by using the chemical reduction method, the materi-
als were modified with Ag(I) ion and applied for Hg detection
in real water. Based on the fluorescence quenching mechanism,
a LOD of 2.31 nM was achieved (Wang et al., 2018).

In another study, amino-modified core-shell Au@SiO,
NPs were prepared by using pre-formed AuNPs and SiO,,
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applied for Hg detection in tap water and LOD of 1.25 ng/mL at a specific wavelength versus log [Hg] or a plot of compara-
was obtained (Zhu et al., 2018). Similarly, BSA functionalized tive fluorescence of AuBMNS as a function of [Hg] is applied
spherical Ag@Au nanoclusters of size 3 nm synthesized via as a calibration curve (Zhang and Guo 2022). Likewise,
chemical reduction were used to detect Hg in aqueous solu- AuBMNS need no additional protecting or stabilizing mole-
tions by using a fluorescence mechanism and LOD of cules to prevent their self-aggregation. Several studies have
0.35 nM was obtained (Liu et al., 2020), as shown in Fig. 7A. been reported to prepare fluorescence active AuBMNS and
The fluorescence detection principle of AuBMNS is based applied them for Hg detection (Chatterjee et al., 2022).

on the quenching of Hg-induced fluorescence. Generally, the

fluorescent intensity of AuBMNS decreases upon increasing

the concentration of Hg?". A linear plot of fluorescence ratios
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Fig.7 (A) Hg detection based on fluorescent AuBMNS. BSA functionalized spherical Ag@Au nanoclusters of size 3 nm synthesized via
chemical reduction were used to detect Hg in aqueous solutions by using fluorescence mechanism. The fluorescence intensity of the
AuBMNS was enhanced up to 8.0-fold by PhCs relative to the control sample (no PhCs) and LOD of 0.35 nM was obtained. Reprinted
from Liu et al., 2020 @Copyright 2020, with permission from Elsevier. (B) AuPd@ UiO-67 were used as signal enhancer for sensing Hg?* .
Au NPs were fabricated on HS-rGO to obtain a thin layer of Au@HS-rGO. The Aptl, as substrate strand, was modified on the system via
Au-S bond. The Apt2, as signal strand, was fabricated on the sensing system in the presence of Hg?". The Apt2 was modified with
AuPd@UiO-67 nano-zyme, which showed catalase-like activities to catalyze H,O, and produced electrical signal. When Hg?™
concentration was increased, the amount of fabricated Apt2-AuPd@UiO-67 increased and resulted in the enhancement of current
response. The concentration of Hg>" was found linear with current responses. The organized electrochemical apta-sensor showed a wide
linear range (1.0 nmol/L to 1.0 mmol/L) along with LOD of 0.16 nmol/L. Reprinted from Wang et al., 2022a, 2022b, 2022¢, 2022d, 2022¢
@Copyright 2022, with permission from Elsevier.
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6.3. SERS-AuBMNS for Hg detection

The AuBMNP-based SERS sensors have great potential for
the real-time detection and monitoring of Hg in biomedical
and environmental applications. Several studies have been
reported in the literature on the influence of size, shape and
composition of mono-metallic and multi-metallic NPs in SERS
efficiency, because plasmonic properties of NPs depend upon
their anisotropy, shape, size and intrinsic dielectric functions
(Becerril-Castro et al., 2022). For instance, Gao et. al. have
described that fully alloyed Ag@Au nanospheres showed bet-
ter plasmonic properties as compared to the individual Au or
Ag nanospheres owing to the synergist combination of the
plasmonic activity of Au and Ag (Si et al., 2018). Shweta
Pawar et al have observed 30 times improvement with Ag@Au
(90:10) micro-flower as compared to the pure Ag micro-flower
(Pawar et al., 2019). They assumed that the enhancement was
due to the surface-rich Ag in the alloy. Yilin Lu et al have
detected Hg up to 10 nM in water by using DNA aptamer-
modified Au@SiO, spherical core/shell NPs of size 120 nm
(Lu et al., 2018), as shown in Fig. 6 B. The DNA aptamer
immobilized on the surface of the NPs was comprised of con-
secutive thymine (T) bases, acting as the Hg"? sensing ele-
ments, and the adenine (A) and guanine (G) bases was
serving as the signal reporters. When Hg?" jons interacted
with the thymine, the DNA molecule assumed vertical align-
ment, resulted in the enhancement of Raman intensity ratio I
(660 cm™")/I(736 cm™") with an increase in Hg?" concentra-
tion. Hence, it was made possible to measure a very low level
of Hg?" in water quantitatively and selectively. Similarly,
Sujin et al have prepared spherical Ag@Au NPs of size 5-
45 nm by employing the green method (from the extract of
Chlorella acidophile). A more pronounced and enhanced
Raman spectra of the Au@Ag NPs compared to their
monometallic counterparts were observed and the materials
were recommended for sensing applications in industries
(Thangaswamy et al., 2021).

The mechanism of Hg detection based on AuBMNS and
SERS involves the interaction of Au and Hg on the NPs sur-
face, which leads to a change in the Raman scattering fre-
quency and intensity of the adsorbed molecules. The
presence of Hg results in a red-shift in the Raman peak, which
can be applied as a selective and sensitive indicator of Hg
detection (Pawar et al., 2019). Moreover, Ag@Au NPs are
the best choice owing to their extraordinary plasmonic prop-
erty in the visible region (Zhang et al., 2019). Recently, promis-
ing studies regarding AuBMNS-SERS detection of Hg have
been reported (Tim et al., 2021). Interestingly, spectra with sig-
nificant enhancement factors have been described by applying
AuBMNS of different morphologies (Lu et al., 2018, Pawar
et al., 2019). The combination of SERS and AuBMNS offers
a highly specific and sensitive method for Hg detection in com-
plex samples.

6.4. ECL AuBMNS for Hg detection

ECL has been extensively used in environmental monitoring
and immunochemical assays (Ma et al., 2021). ECL emission
is produced from electrochemical high-energy electron transfer
reactions rather than the excitation of a light source. Hence, it
prevents the scattering of light and also has other advantages,

such as easy operation, high sensitivity and lower background
signal (Gu et al., 2021). The first ECL emitter of silica NPs was
described in 2002, such as carbon nanodots and semiconductor
nanocrystals (Ge et al., 2021). Recently, metal nanomaterials
with special electronic, optical and chemical behaviors have
gained significant attention in ECL detection owing to their
low toxicity and molecule-like properties (Zhang and Wang
2014). Interestingly, Au-based NPs with enhanced catalytic
activity, excellent stability, ease of synthesis and good water
solubility have attracted extensive interest in ECL from the
analytical to fundamental field (Kukreti and Kaushik 2021).
Recently, AuBMNS have attracted particular interest in
ECL as compared to monometallic NPs, because they share
synergistic properties of two elements and display more supe-
rior efficiencies in optical, catalytic and electronic aspects
(Nikolaou et al., 2021). Qingfeng Zhai et al have prepared
spherical BSA-protected Ag@Au NPs of size 2.3 nm, and
reported their sensing efficiency for Hg detection in water
and LOD of 5 nM was achieved (Zhai et al., 2017). Further-
more, they investigated the ECL property of the Au@AgNPs
using different molar ratios of metals (Au and Ag) and TEA as
a co-reactant. The doping of Ag into Au NPs resulted in a
higher ECL emission; this is due to the synergistic effect of
the two atoms. The ECL was enhanced up to 5 times for the
bimetallic NPs as compared to their monometallic counter-
parts. The Ag atom was found to be served as an efficient
enhancer for the ECL property. Aptamer modified Au-Pt@C
nanofibers of size 400 nm were prepared by hydrothermal
method and electrodeposition and applied for Hg detection
in real water samples up to 3.33 x 10'® mol/L. The Au-
Pt@C sensor took the benefit of synergistic effects to enhance
the electrical signal, which was applied to detect Hg with high
sensitivity and selectivity (Xie et al., 2021). Irregular spherical
shape Au@Pd NPs of size 110 nm were applied to electro-
chemically detect Hg in actual water samples and 0.16 nM/L
LOD was reported (Wang et al., 2022a, 2022b, 2022c, 2022d,
2022¢), as depicted in Fig. 7B. These reports showed that the
electrochemical detection of Hg*? in food and environmental
samples has been proven to be an effective and sensitive
method.

The recommended mechanism of Hg detection based on
ECL AuBMNS involves the application of AuBMNS for
effective binding of Hg ions. The AuBMNS act as a catalyst
for the electrochemical reaction, resulting in the generation
of reactive oxygen species and the production of ECL. The
ECL signal can then be detected and measured as a marker
of the amount of Hg ions in the sample (Zhai et al., 2017).

6.5. Combined methods for Hg detection

To improve the sensitivity, selectivity and applicability of
AuBMNS-based sensors, two or more detection methods can
be employed. For instance, spherical Au@Ag NPs (of size
18 nm) were prepared by seed-mediated reduction method
and applied as colorimetric and SERS dual-mode sensors for
Hg"? detection in real water and Chinese medicines. The
dual-mode (SERS and colorimetric) action and controllable
etching of Au@Ag NPs were used and LOD of 0.2 uM was
obtained (Wang et al., 2021a, 2021b), as described in Fig. 8A.

Irregular-shaped (5 nm) BSA stabilized Au@Ag NPs were
prepared by a one-step green method and applied for Hg*?
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Fig. 8 (A) Spherical Au@Ag NPs (of size 18 nm) were prepared by seed mediated reduction method and applied as colorimetric and
SERS dual-mode sensor for Hg detection in real water and Chinese medicines. The Raman intensity and UV-vis absorption increased
when the silver shell was etched by S,03~. The LOD was 0.2 pM and 2 pM through the UV-vis spectroscopy and naked eye, respectively.
The LOD of SERS technique was 0.1 nM with a linear regression for the concentration of Hg>* (0.1 nM~! uM). Reprinted from Wang
et al., 2021b @Copyright 2021, with permission from Elsevier. (B) Irregular shaped (5 nm) BSA stabilized Au@Ag NPs were prepared by
one step green method and applied for the detection of Hg in fish and rice samples. The fluorescence of the Au@Ag NPs was rapidly and
significantly quenched by interacting with Hg. When Hg was introduced into the sensing system, an obvious fluorescence quenching was
observed and fluorescence color changed from red to pale blue. The observed quenching phenomenon was attributed to the formation of
Hg-Au bond. A relative standard deviation (RSD, n = 7) of 0.7% at 50 ug L' Hg>" concentration was achieved by applying a
commercial fluorescence spectrophotometer and LOD of 2.2 pg L™ was obtained. In visual sensing, Hg>* was detected up to 10 pg L'
from the blank with naked eye. Reprinted from Dai et al., 2018 @Copyright 2018, with permission from Elsevier.

detection in fish and rice samples (Fig. 8 B). The BSA stabi-
lized Au@Ag-based sensor was applied for a ratio-metric flu-
orescent sensor for highly sensitive and selective detection of
Hg "2 and LOD of 10 pg L' was obtained. The fluorescence
of the Au@Ag NPs was rapidly and significantly quenched
by interacting with Hg" 2. When Hg"? was added to the sys-
tem, the Au@Ag NPs solution showed an obvious fluores-
cence quenching phenomenon and the fluorescence color
turned from red to pale blue (Dai et al., 2018).

7. Key challenges and prospects

7.1. Controllable synthesis and development of AuBMNS-
Sensors

AuBMNS can be prepared under an optimized state, however,
when there is an alteration in experimental conditions, their
morphology, shape and size change accordingly. Because
changing in any experimental parameter may affect the prepa-
ration procedure and result in uncertainty in reaction condi-
tions (Huang et al., 2021b, Zhu et al., 2022). Though, the
chemical reduction approach is considered an easily control-
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lable and effective way of AuBMNS preparation, it still expe-
riences some difficulties at the atomic level. Hence, under-
standing the molecular/atomic level reduction mechanism
will eventually allow researchers to overcome the limitations
more attractively. Core-shell AuBMNS are often concerned
with limitations such as non-uniformity, rough surfaces, poly-
crystallinity, poorly-distinct composition and difficulty to sub-
stitute the templates without disturbing the shells. Similarly,
the preparation of ultra-fine AuBMNS is still a persistent
challenge.

Problems are still existing in the preparation of monodis-
perse and uniform nano-size AuBMNS, and it is difficult to
tune the shape and structure of AuBMNS (Quyen et al.,
2014). Besides, unlike monometallic NPs, the actual structure,
size distribution and topographical features of AuBMNS can
be hardly retained while further modifying their surface fea-
tures (Liu et al., 2009). Hence, it is better to combine the mod-
ification and preparation of AuBMNS in a simultaneous single
step, and to improve the prevailing in-situ preparation meth-
ods of AuBMNS with appropriate substrate templates
(Emam et al., 2017). Generally, researchers observe and con-
firm the preparation/characterization data of AuBMNS and
credit the influence of parameter(s) in the preparation of
AuBMNS. However, the exact design of AuBMNS for pre-
ferred purposes needs further exploration. Likewise, the
morphology-controlled preparation of Au and Ag-based
AuBMNS has been explored in several reports, while the other
multi-metallic nano-systems still need further study. Fascinat-
ingly, the surface structures of AuBMNS regulate their proba-
ble performance, consequently, a thorough study of their
stable structures is of significant importance, and this will offer
ultimate insights into the functionality, structural features, and
optical behavior of AuBMNS (Fan et al., 2016, Liu et al.,
2016). The capping/stabilizing agents (existing and new) can
direct the morphology development of AuBMNS and these
systems should be manipulated by using the molecular-level
understanding of the interactions between the functional
groups of stabilizing/capping agents and the surface facet of
AuBMNS. Moreover, the cost of Au is very high, which is
not appropriate for the informal application. Thus, another
goal is to reduce the cost, this can be done by designing
ultra-thin structures and/or replacing the Au with inexpensive
metals.

7.2. Standardization and performance comparison of AuBMNS-
Sensors

Despite the significant progress made in AuBMNS, challenges
persist in the development of more reliable and practical sen-
sors to overcome critical detection issues. The sensing efficacy
of AuBMNS towards Hg remains ambiguous at the molecular/
atomic level and needs further clarification. For example, in
core-shell NPs, it is unclear how the core elements control
the surface behavior of AuBMNS, how preparation methods
affect the reactivity of functional groups towards Hg, and
how biocompatibility and stability can be upgraded by incor-
porating other elements. Moreover, several challenges remain
to be resolved for the in-field practical application of
AuBMNS, including long-term biosafety, easy preparation,
quality control, large-scale production, and our limited knowl-
edge of their preparation/interaction mechanisms. Hence,

sophisticated theoretical analyses and mathematical studies
(e.g., DFT) are essential to explore the AuBMNS preparation
mechanism and interactions with Hg (McLamore et al., 2017).
As reviewed in this article, AuBMNS have been extensively
applied in Hg detection. However, there are comparatively
fewer reports in the literature related to the practical and
hand-held applicability of AuBMNS-sensors. Likewise, Au-
based tri-metallic NPs are relatively unexplored as compared
to AuBMNS, while their sensing performance towards Hg is
expected to be more efficient than the AuBMNS (Elayappan
et al., 2020, Bai et al., 2022). So, skillful designing of Au
multi-metallic NPs with appropriate shape/size and composi-
tions may result in highly effective sensors for Hg detection.
We propose that an organized framework is to be formulated
for Hg detection in environmental and food samples and next-
generation advanced nano-sensing.

Like organo-Hg species and inorganic Hg, Hg? is toxic,
even in low concentrations (ppb), and detection/removal of
trace amounts of Hg from any media is a challenging task.
In the literature survey, fewer studies have been noticed on
the detection and elimination of Hg’ as compared to Hg®*
species. To cope with this serious challenge, the research com-
munity should develop efficient, cost-effective and portable
AuBMNS-based sensors for the trace detection of Hg’ species
in food matrices and environmental samples. Interestingly,
changing the configurations, morphology and composition
AuBMNS can provide smart tools for sensitive and selective
detection of Hg’/Hg 2. These developments in AuBMNS will
be predictable to offer a stable and solid manifesto for the
sensing of Hg as well as other toxins. Buoyantly, the evolving
synthetic approaches of AuBMNS and technological develop-
ments in sensing strategies will fill the void.

8. Conclusion and future trends

Several methods are working to monitor and control Hg con-
tamination in environmental samples and food matrices. One
such approach is the use of noble metals NPs-based sensors
for Hg detection. Among the NPs-based sensors, Au NPs have
the unique advantage of low toxicity, easy method of prepara-
tion and tunable surface morphology, and have been exten-
sively applied in Hg detection. Reports have shown that Au
bimetallic NPs exhibited high sensitivity and selectivity as
compared to their monometallic counterparts due to the syner-
gistic action of the two atoms present in the AuBMNS. More-
over, the shape and size of the AuBMNS have a strong
influence on their sensing efficiency. However, there is no facile
way to control the size, shape and morphology of AuBMNS.
Significantly, the precise optimization of reaction parameters
could be applied to attain the anticipated AuBMNS. Different
morphologies of AuBMNS have been prepared via optimizing
reaction parameters such as pH, temperature, reducing agents,
time, concentration/nature of precursors and stabilizing/cap-
ping agents, etc. Moreover, different colorimetric, SERS, fluo-
rescence, electrochemical and combined methods have been
applied for sensitive and selective detection of Hg in environ-
mental samples and food matrices.

Beside these accomplishments, several important contests
still exist. Chemically, new schemes on surface make-up control
of AuBMNS at the atomic level are vital. Generally, the current
approaches are empirical/semiempirical, and for most
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AuBMNS preparation procedures, the principal chemistry
needs to be further investigated. Unfortunately, very few
AuBMNS have been recommended for practical in-field appli-
cation as compared to a huge number of reports in peer-
reviewed journals. Consequently, it is crucial to design applica-
ble and innovative AuBMNS that could be practically applied in
Hg detection in environmental and food samples. Also, with the
help of computational practices and multi-field approaches, the
down-to-earth application of the AuBMNS can be extended to
hand-held sensors. Moreover, efforts are needed to fabricate
and design plasmonic AuBMNS to achieve efficient coupling
of plasmon with SERS or/and fluorescence to amplify signals.
This will facilitate the commercialization of the coupled (plas-
monic, SERS and fluorescence) probes. The commercial avail-
ability of these sensing probes will boost the application of
AuBMNS-sensors in different fields. Hence, the forthcoming
research should be focused on practically designing/validating
AuBMNS-based sensors for their novel features and successive
application in the area where they have not yet been explored.
Undeniably, the upcoming era looks vivid for the
morphology-controlled synthesis and application of AuBMNS.
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