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Abstract: Gold nanoparticles (Au NPs) play a significant role in science and technology because
of their unique size, shape, properties and broad range of potential applications. This review
focuses on the various approaches employed for the synthesis, modification and functionalization of
nanostructured Au. The potential catalytic applications and their enhancement upon modification of
Au nanostructures have also been discussed in detail. The present analysis also offers brief summaries
of the major Au nanomaterials synthetic procedures, such as hydrothermal, solvothermal, sol-gel,
direct oxidation, chemical vapor deposition, sonochemical deposition, electrochemical deposition,
microwave and laser pyrolysis. Among the various strategies used for improving the catalytic
performance of nanostructured Au, the modification and functionalization of nanostructured Au
produced better results. Therefore, various synthesis, modification and functionalization methods
employed for better catalytic outcomes of nanostructured Au have been summarized in this review.

Keywords: nanomaterials; photocatalysis; pollutants degradation; solar fuel

1. Introduction

Nano is a Greek word which means small; particles with at least one dimension of less
than 100 nm are called nanoparticles. Because of the large volume surface area, increased
chemical reactivity or stability, enhanced mechanical strength, etc., nanoparticles have
gained great popularity in the field of nanotechnology [1] and wide spreads applications in
the field of electrochemistry, photochemical and biomedicine [2]. In general, nanoparticles
have been classified into organic-, inorganic- and carbon-based. Inorganic metal nanoparti-
cles are widely used in the preparation of nanoparticles, such as aluminium (Al), cadmium
(Cd), cobalt (Co), copper (Cu), gold (Au), iron (Fe), plum (Pb), silver (Ag) and zinc (Zn).
The Au nanoparticles were first prepared by Michael Faraday in 1856 [3,4]. Nanoparticles
range in size from 1 to 8 µm and have various shapes, including spherical ones, sub oc-
tahedron ones, octahedron, decahedron ones, icosahedral few twin ones, multiple twin
crystal ones, tetrahedron, nano-triangles, hexagonals and nano-rods. Nanoparticles are
different in size. The Au nanoparticles have attracted significant interest because of their
high-volume ratio surface, low toxicity, excellent biocompatibility, optical, electronic and
chemical properties [5–7]. Au nanoparticles are widely used in catalysis, optical molecular
sensing, cancer treatment and as building blocks in nanotechnology [8]. Au colloid is used
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for surface modification of ideal electrodes due to its excellent stability and unique char-
acteristics (including high biocompatibility maintaining the normal structure of attached
proteins or enzymes and their enzyme function). The individual physical, chemical and
Au nanoparticles optical properties can be innovative ways to control the transport phar-
maceutical compounds and control [9]. The Au nanoparticles possess essential properties
by functionalizing the surface with a change of ligands to improve the properties or bring
about modifications in them that make the functionalized Au nanoparticles proper for new
applications. Since the surface plasmon resonance (SPR) effect is caused by the reasonable
driving on the surface of the nanoparticles, due to the interaction with the electromagnetic
radiation of the appropriate wavelength, the strong absorption band and high luminous
characteristics of Au can be improved due to surface plasmon resonance (SPR) impact [10].
The ultimate size and shape of the nanoparticles leads to its SPR optical absorption and
scattering characteristics responsive to surrounding media and nanoparticles’ aggregation
condition. Rapid nanoparticle heating will cause formaldehyde oxidation in the air at
environmental temperature [11,12].

Both due to the high absorption of visible light, ultraviolet light by Au nanoparticles,
the oxidant reaction of synthetic dyes and other molecules, and the degradation of phenol
and the selective oxidation of benzyl alcohol, due to the absorption of ultraviolet, Au
NPs cause the 5d electron to transition to the 6sp band (inter-band transition). It can be
expected that ultraviolet rays will cause chemical reactions on Au NPs due to their high
photon energy. This indicates that the complete solar spectrum can be used to drive the
reaction with the new Au NPs photocatalyst. Although Au NPs have different absorption
properties of ultraviolet and visible light [13]. The capacity of Au NPs to capture electrons
appears to be determined by the location of the positive load in the configuration of the
loaded Au NP electron bands. When absorbing visible light, a positive charge is generated
in the 6sp band of Au, which can oxidize molecules like dyes, methanol and HCHO [12].
UV absorption in the lower 5d band of Au would be loaded positively and will oxidize
molecules including phenol [12]. As Au NPs pick up ultraviolet radiation, 5d electrons
are excited into the 6sp band and many of the excited electrons are high energy (see the
green line or higher in Figure 1), and the oxygen molecules and carrier in the Au NPs
intersections and helps the high-energy electrons of the 6sp band forming O−2 species.
Then O2 is involved in H+ to create other active substances such as radicals of HO2 or
OH [14]. Therefore, a large surface photo-voltage response under ultraviolet light can be
observed. Compared with the 6sp band, the positive charge remaining in the 5d band has
lower energy, so the affinity for electrons from the captured organic molecules is greater.
This property can be used in two reaction schemes. First, under ultraviolet irradiation, the
photocatalyst can oxidize compounds that cannot be oxidized under visible light, such as
phenol. Second, the greater ability to trap electrons under ultraviolet light can be used to
oxidize compounds into useful chemical intermediates. At the same time, the experimental
conditions can be manipulated to prevent further oxidation and achieve selective oxidation
with high selectivity. Both statistical process control (SPC) and transient photovoltage
(TPV) measurements will detect when enormous electron transfer occurs. The visible light
absorption by Au NPs the 6sp gain energy and transfer to the higher intraband energy
levels. Through the collision of electrons and electrons, the plasma heats the electron gas to
a high temperature (about 400–2000 K) in 100 fs or less [15]. On a given time scale, the Au
electron gas obeys Fermi–Dirac diffusion at high temperatures. Then, the electron-photon
interaction that shares the electron energy with the nanoparticle lattice occurs in the time
range of 500 fs to 10 ps. Therefore, it is believed that the electron gas maintains the excited
“hot” state for up to 0.5–1 ps. Very recently, Furube et al. [16] found that the transfer of
electrons from Au NPs to TiO2 is very fast, taking less than 240 fs [17]. A small amount
of excited electrons in Au may gain enough energy (above the green line in Figure 1)
to be captured by the adsorbed O2 molecules on Au NPs under moderate visible light
irradiation. The weak SPC signal demonstrate that majority of the excited electrons cannot
be trapped by O2 molecules. However, the loaded Au NPs can attract the electrons of
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organic molecules on the NPs [18]. Due to light irradiation, the Sulforhodamine B (SRB)
dye molecules get excited and then these excited molecules introduce their electrons to
the substrate. The formation of O−2 species is affected by the additional dye sensitization
of Au NPs by excited SRB molecules. In combination with SPR, the SRB effect on the Au
NPs leads to high rate of dye degradation. By increasing the visible light intensity, positive
charge increases and by gaining energy; a lot of electrons are seized by the O2 molecules.
Molecular O2 is considered to be an oxidant that catalyzes the reaction. The selective
oxidation of benzyl alcohol to benzaldehyde is an example of this scheme, which can only
be observed under ultraviolet light. The main experimental observations include the band
structure of Au NPs. Figure 1 shows the preliminary mechanism of photocatalysis using
supported Au NPs. Considering that the 6sp band overlaps the 5d band in terms of energy
scale, the proposed mechanism also provides the potential to turn on or turn off specific
reactions by adjusting the wavelength of the irradiated light. This discovery reveals a new
type of photocatalyst and a possible way through which sunlight can be used to drive
various chemical reactions on the photocatalyst at ambient temperature for environmental
purification and solar fuels production.

Figure 1. The energy band structure diagram of the supported Au NPs and the suggested mechanism
of using the supported Au NPs for photocatalysis. Reproduce with permission from reference [14],
RSC, 2010.

In this review, we attempted to summarize various methods for the preparation of
nanostructured Au and its possible modification procedures for obtaining Au-based nano-
materials with different surface morphologies under different environment and examined
their applications in several typical reactions in catalysis. This review also attempted to
further highlight the basic understanding on the preparation, modification, functionaliza-
tion and applications of nanostructured Au in catalysis. Furthermore, the basic mechanism
of light absorption and simultaneous production of electron-hole, its trapping techniques
and utilization have been described briefly.

2. Synthetic Methods of Au NPs

Au nanocrystals can be synthesized by a number of methods depending on its ap-
plications in various fields. Each method has its own advantages and disadvantages.
Therefore, selection of an appropriate method is crucial because the growth of nanostruc-
tures, as well as their properties significantly depends on the methods of preparation.
Such well-known techniques are hydrothermal, solvothermal, sol gel, direct oxidation,
chemical vapor deposition, electrochemical deposition, sonochemistry, laser pyrolysis and
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microwave. Khumaeni Ali et al. [19] synthesized the Au NPs via pulse laser ablation tech-
nique with a simple wavelength laser, using the Pulse Laser (Nd: YAG Laser, 1064 nm, 7 ns,
30 mJ), the low-power Neodymium yttrium aluminum grill is guided on a highly pure Au
sheet (99.95 percent). They obtained dark-red color spherical shaped colloid Au NPs that
were placed in deionized water. These results confirmed that using a low-power Nd:YAG
laser, Au nanoparticles with high purity and identical size can b obtained. In another
study, Eskandari-Nojedehi Maryam et al. [20] prepared Au nanoparticles via hydrothermal
method in which Edible mushroom (Agaricus bisporus) extract functioned both as a re-
ducing and stabilizing agent and HAuCL4.3H2O solution was mixed. The results showed
polyols and carbonyl groups in mushroom extract had effects on the formation of stable Au
NPs. Further, they proposed an environmentally friendly and low-cost method relative to
others chemical and/or physical NPs synthesis methods. The fabricated Au NPs showed
great antifungal activity against Aspergillus flavus in comparison to the Aspergillus terreus.
Errez-wing, Guti et al. [21] synthesized Au NPs via the microwave assisted method using
1-dodecanethiol. The results show that n-alkanethiol molecules not only act as passivation
compounds, but also prevent crystal growth, and also interact to form a cubic ordered array
of nanoparticles. The spontaneous formation of the superstructure of homogeneous Au
NPs was also confirmed, and the new nano-engineering technology field of synthesizing
nano-structured materials and high-productivity in a short time was expanded by this
method. Sakai Toshio et al. [22] synthesized Au NPs through the sonochemical reduction
method, with the help of hydrogen (H2), the tetrachloride Au(III) ion is reduced in an
aqueous solution of Au(III) tetrachloride tetrahydrate (HAuCl4.4H2O) ([AuCl4]−). There
was no additional capping agent in the gas. They obtained the spherical Au NPs. Jameel
Abdulghani and Rasha K. Hussain et al. [23] have synthesized the Au NPs through chemi-
cal reduction method by reducing (III) (AuCl4−) isatine anions (1H-indole-2,3-dione) in
the absence of all aqueous-solution reduction and dispersant agents. It was found that the
synthesis of spherical Au NPs at room temperature increased by increasing concentration
ratio of Is/Au (III) in the range 3.4–9.52. Babak Sadeghi et al. [24] synthesized the Au NPs
via the green synthesis method by mixing the leaves extract of stevia rebadiauna (SR),
which reduced the Au ions to Au NPs. The result confirmed the spherical and uniform dis-
tribution of the stable Au NPs with size ranges from 5 to 20 nm. Lili Zhu et al. [25] prepared
the Au NPs via the Brust−Schiffrin process in which tetraalkylammonium complexes of Au
([TOA][AuX2]) and Au thiolate ([TOA][AuSRX] and [TOA][Au(SR)2]) soluble complexes
were taken. The results confirmed that the complex [TOA][AuX2] in the precursor and
surplus thiol is reduced in to small Au NPs. If the concentration of the thiolate species
in solution is greater then small and uniform nanoparticles will not form in this method.
Hoo Xiao-Fen et al. [26] prepared the Au NPs by the seeding growth process. The Au
particles with numerous sizes were synthesized by changing the synthetic parameters. The
synthesized Au NPs are used to manufacture glucose sensors by using cyclic Voltammetry
to test the electrocatalytic activity of Au NP/ITO electrodes. The results showed the highest
electrocatalytic activity for glucose sensor with 30 nm Au NPs size compared to others.
A. Ruivo et al. [27] reported the use of a sol-gel method to synthesize Au NP where the
precursor of silica Sol-gel includes, under standard atmospheric conditions, HAuCl4.3H2O
and [bmim] [BF4]. The results confirmed that, due to ionic liquid degradation, the Au NPs
were produced in the sol-gel matrix at temperature in the range of 350 ◦C and 425 ◦C.

Masanori et al. [28] have mentioned in their review the synthesis of gold nanoparticles
by the photochemical synthesis methods, i.e., direct photoreduction and photosensitization.
They have shown and described there that such methods are more efficient relative to oth-
ers for the nanoparticles and especially for gold nanoparticles. The direct photoreduction
has taken advantage as it is without reducing agent and got applications in numerous
mediums comprising polymer films, glasses, cells, etc. In addition the photosensitization
has benefits over the photoreduction due to the fast and proficient production of metal
NPs and flexibility of the excitation wave length depends on the sensitizer and not on the
metal source. The various mechanisms regarding the synthesis of Au-nanoparticles via
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direct photoreduction and photosensitization have also been discussed and cited there. Lee
et al. [29] synthesized the Au NP microstructures using two photons lithography from Au
precursor containing poly(vinylpyrrolidone) (PVP) and ethylene glycol (EG), where EG in-
dorses greater reduction rate of Au3+ via polyol reduction through two photon laser direct
metal writing with characteristics for example NP size, particle density, surface roughness
and consequently, plasmonic characteristics via modulating the PVP concentration in the
precursor solution. They have also studied the gold nanoparticles within the microfluidic
channel for SERS sensing of gaseous analytes. Izquierdo-Lorenzo et al. [30] prepared the
gold nanoparticles by the radical mediated photoreduction and the fabrication in three
dimensional microstructures comprising gold was done by two photon lithography. The
synthesized structure showed plasmonic activity and outstanding properties as substrate
for surface enhanced Raman scattering. These substrates can be used again for multiple
measurements and capable it for practical uses such as integration into a microfluidics
system for online analysis. Synthesis of Au nanoparticles while using multiphoton pho-
toreduction approach was also carried by Ritacco and coworkers et al. [31]. They have
also studied the physical phenomenon involved in the multi-photon direct laser writing
(MP-DLW) of the gold nanoclusters through multi photon absorption in aqueous solution
of metallic precursor, emphasizing the role in the main switch factors and the boundaries of
this method simultaneously. They have also studied the effects of the ions and water diffu-
sion on the structures of the gold nanoparticles, i.e., size, dispersion and density and their
basic use in plasmonic phenomenon. It was found that the control on the Au NPs growth
and clustering can be improved when the energy dose is delivered in multiple exposures.

The chemical method can generate Au NPs at low cost and provide repeatable results
using the various chemical and biological methods described above (in terms of size and
shape). However, the major disadvantage of the chemical synthesis method is that, toxic
byproducts are produced which have environmental effects during large scale manufactur-
ing. These toxic solvents and the hazardous chemical derivatives production in the above
method are proven to be problematic for downstream biological uses of Au NPs [32–34].
In order to solve the problem of chemical method, biological based preparation method
(using carbohydrates, lipids, nucleic acids or proteins, plants extracts, microorganism, etc.)
was put forwarded which has developed a significant direction of present nano technology
based research. The essence of colloidal Au NPs, including herbal components and deriva-
tives, bacterias, fungi, algae, yeasts and viruses are effectively improved in the manufacture
of colloidal Au NPs [35].

3. Functionalization of Au NPs
3.1. Functionalization via Inorganic Moieties from p-Block

Because of the covalent nature of the p-block component bonds in the periodic table,
organic molecules, but also with elements from columns V to VII are prepared almost
entirely from such components. Inorganic p-block moieties are seldom used to work Au
NP. Three common molecular clusters, namely fullerenes (C60), carboranes and polye-
dral oligomeric silsesquioxanes have been widely studied in the literature (POSS). Their
association with au NPs, mainly based on fullerene clusters, is defined in the article.

3.1.1. Clusters of Fullerene (C60)

Fullerene was found in 1985 and is widely regarded as a new allotropic type of carbon
element (C60) [36]. C60 is one of the prevalent fullerenes commonly utilized for the design
of composite materials because of its mechanical, spectral, structural and manageable
functional properties [37]. Mathias Brust had the first comment on the C60′s connection
to Au NPNPs, to the best of our knowledge, in 1998 [38]. In order to promote, C60 was
used to help accrue free Au NPs in toluene. In the past, the functionality of C60 has
been improved and only one covalent feature for C60 with fullerene for Au NP has been
presented. In 2001, the initial thiolated fullerene functional Au NPs were described by
Fujihara et al. [39,40]. In this, fullerene thiol and octanethiol resulted in stabilization
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of Au NPs (see Figure 2). K.G Thomas et al. [41] developed an analogous approach by
using an alkyl chain between C60 and Au NPs in 2002 in comparison with Shon et al.,
who used an aromatic amino mercaptophenol (Figure 2) [42]. However, for Fujiwara,
fullerene thiols surrounded particles with other alkane thiols are used as co-stabilizing
means (C8H17SH or C12H25SH). The addition of the fullerene-thiol moiety was carried
out by the ligand exchange method except for to Shon, who tried a direct process using a
mixture of C60-Ph-SH and C8H17SH. For electrochemical or photoelectrical purposes, all
these nanocomposites were prepared (Au-S-R-C60).

Figure 2. Scheme of a fullerene thiol-functional Au NP example. Reproduced with permission from
ACS, 2002 [41].

Other advances concerning C60 and Au NPs related their blends withγ-cyclodextrines [43]
to practice network collections or with porphyrins to scheme photovoltaic solar cells are
depicted in Figure 3 [44]. Newly stabilized Au NPs with fullerene present numerous
required styles [45] or with fulleropyrrolidine functionalized [46] were described.

3.1.2. Carborane Clusters

Because of their use in medicine, catalysis and materials science, polyhedral carborane
clusters have been broadly considered [47,48]. Huge struggles have also been dedicated
to reach an organised functionalization [49,50]. The cluster may in particular be directly
controlled with one or two functional sulfhydryl groups through the -B-SH links [51,52].
Baše et al. [53,54] demonstrated that only two courses define the straight Au NPs function-
alization through carborane-thiol (see Figure 4). The collaboration between carborane-thiol
collections and Au NPs was also studied. Electrochemical characteristics of these nanocom-
posites were also examined.

The potential uses of Au NPs based on carboran are very broad, and ion transport in-
spections via biological membranes [55] or uses for cancer [56] were remarkably advanced.
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Figure 3. Nanocomposites based on porphyrin interaction and C60 on Au NP surface. ACS, 2003, reproduced with reference
permission [44].

Figure 4. TEM images (A,B) of the Au NPs functioned on the capture of the same carboranethiol design on the Au(111)
region, functional with the carboanethiol 1,12-(HS)2-1,12-C2 B10 H10. ACS, 2008, reproduced with reference permission [54].

3.1.3. Clusters of POSS

POSS clusters are commonly used in materials science particularly as mineral raw
matter. Polyhedral oligomeric silsesquioxanes are clusters. They are called nanostructured
by diameter (1.5 nm) and are easily controlled by one or many organic groups [57]. Actually,
POSS was used for the first time by G. Schmid et al. [58] as a functional agent and alkylthiol
groups were integrated successfully into the groups. The properties of the Au55Cl6 cluster
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NPs are another characteristic of this analysis. Rotello et al. [59] have made electrostatic or
H2 connections necessary to bind POSS to Au NPs so that self-associations can be achieved.
The method included Au NPs functioning with thymine functions (Thy-Au) for the H2
bonding communication and POSS functioning by di-amino-pyridine groups (POSS-DAP)
(see Figure 5). The glory method for POSS relating to Thy-Au resulted in the selection
of nanocomposites with a circular mixture produced by the non-polar POSS-crystalline
DAP’s filling. Another analysis included the inventory of POSS with 8 ammo-clusters and
development of autonoassemblies by carboxylate coated au-NPs (octa-ammonium-POSS,
OA-POSS) [60]. Over recent years, the use of POSS-based Au NPs has extended from
colorimetric to reduction processes [61,62].

Figure 5. The interaction of Au NPs functionalized via thymine via three-point H2 bonding (a) and the POSS clusters (b).
Reproduced with reference authorization [59], RSC, 2002.

3.1.4. Silica

Two aspects are simple to work and the fundamental colloidal stability of the resultant
solution by its design in the modern nano composite framework. The probability of ligands
desorbing from Au NPs is another interesting concept. Silica tends to be an excellent
candidate in this pitch to prevent this difficult melting of particles. Due to chemically
inertness, optically obvious and easily functionalize characteristics, the coating of Au
NPs with SiO2 and also to limit the depth of coating [63,64]. Mulvaney and Liz-Marzán
reported the synthesis of Au core/SiO2 shell nanocomposites of manageable breadth. First,
aminopropyl trimethoxysilane was used as the citrate-capped Au NPs. The Au surface
has had strong amine contact, with alkoxysilane groups covering the surface entirely
and siloxane groups reducing. The width of the silica coating was determined by the
sodium silicate addition [65]. In many studies since this initial study, alternative methods
for this synthetic method have been found [66,67] to monitor the nanocomposite’s optic
properties [68,69] or to work silica shell by polymers [70] or by chromophores to increase
fluorescence (see Figure 6) [71].
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Figure 6. Schematic of coating Au NPs by means of SiO2 by a mercaptosilane group, using the Au/SiO2 core/shell picture
and UV-vis spectra. Reproduced by reference authorisation, ACS, 2007 [69].

Xia et al. [72] made a device through which first the Au core/SiO2 shell was formed
and then the functionalization of its surface was done by a second shell that is a polymer
such as (poly(benzyl methacrylate). The SiO2 shell was dissolved by dispersing in aqueous
solution of HF and hollow beads with movable Au cores were formed (see Figure 7).

Figure 7. Cont.
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Figure 7. The hollow beads of PBzMA containing moving Au cores (C), the SEM image before HF andching (D) et the HF
etching (E) image after HF and PBzMA particles, synthesized routes for Au@SiO2@PBzMA NP (A,B). ACS, 2003, replicated
by reference permission [72].

3.1.5. Carbon Nanotubes

The fullerenes and carbon nanotubes were discovered in 1991 [73]. These materials
have then been thoroughly researched because of its peculiar structure, electrical and
mechanical properties [74]. In the exact case of their nanocomposites, it is obvious that
the nanotubes (NTs) will work through Au NPs because of their difference in size. Their
composites are extremely favourable for numerous uses, such as optics, electronics, biosen-
sors and catalysis [74,75]. For the functionalization of NTs by Au NPs, various methods
have been examined. Thermal decomposition is the procedure used to reduce Au-III salt
onto the carbon nanotubes surface [76]. Still, the key advances related the electrostatic and
covalent port of Au NPs on NTs. Prefunctions of the NT surfaces were also important in the
production of carboxylic acid groups, by oxidative action with HNO3 or H2SO4-HNO3 [77].
Predictable organic reactions to NTs surfaces could previously occur because these car-
boxylic or other functional groups were present. An alternative method is to establish a
boron nitride NTs surface amino groups (see Figure 8) [78]. The variance of the electrostatic
charges of the NTs is additional to the occurrence of carboxylic acid groups. The anionic
character of the NTs therefore allowed for adsorption of cationic polyelectrolyte cables and
therefore contact with the Au NPs with negative charges [79,80].

Additional method by which Silica is coated with thiol or amino functions on the
surface of NTs [81]. Silica coating functionality was described in a further step by Bottini
et al. (see Figure 9) [82,83].

A substitute and sophisticated method was used to π-π stack aromatic molecules
such as pyrene to work NTs. This approach was used by Huang et al. with a 1-pyrene-
methylamine as linker between NTs and Au NPs. Huang et al. [84] used this method as a
liaison between NTs and Au NPs using 1-pyrene-mehylamine.
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Figure 8. (a) Schematic representation of the synthesis, by Au NPs, of the NTs of Thiol pendant groups functioning
decorative boron nitrid, (b) the relevant TEM picture, reproduced with a reference authorization, ACS, 2004 [78].

Figure 9. Diagrams illustrating a non-covalent CNT functionality consisting of (a) polymers wrapping by poly(4-styrene
sodium sulfonate) (PSS), (b) poly(diallyldimethylammone chloride) (PDDA) self-assembly, (c) nanoparticle deposition and
(d) SEM (top) image of one Au@SiO2-nano-particles monolayer, assembled in the reference carbon nanoparticles, RSC,
2006 [81].
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3.1.6. Polyoxometalate Compounds (POM)

The POM species are in the colloidal, molecular and even smaller ranges than the Au
NP, as established a full class of nano construction blocks by Moor W [85]. The mixture of
numerous improved characteristics, and their capacity to act as completely oxidized photo-
reducible compound. Because of their anionic charge, chiefassociationsamong POMs and
the metallic NPs are accompanied by the electrostatic connections. In this way, the POMs
act as the protective ligand shell part by surrounding the metallic nanoparticles [86–89].
The improvements of POM products for organic inorganic blends made the covalent POMs
adjacent to metallic NP alternative categories. These organic inorganic hybrid POMs from a
lacune POM are intended to contain a surface of more nucleophilic oxides, with organosylla
groups (RSi (OR)3 type), which can confirm W-O-Si covalent interconnection [90]. By this
method Au NP are covalently encircling hybrid POM, Mayer et al. [91] used this hybrid
POM for pouring into Thiol groups. The link between nanoparticles and POMs was con-
firmed by the use of mercaptoorganosilyl group [86]. Shweta et al. [91,92] described other
analogous improvements later. Many methods were defined for the modification of POMs
including the functioning by organo-amino groups of the POM core laid down in 2019 by
the Leroy group [93]. POMs can be used as reduction and coating agents in the designation
of Au nanocomposites. Alternative methods involve the use of a reduced polyoxovanadate
with biphosphonate molecules acceptable to synthesize organic–inorganic composites
coated with Au nanoparticles in a single step. The novel nanocomposites were introduced
to strongly prevent P. aeruginosa and S growth. Biofilm Epidermid (see Figure 10) [94].

Figure 10. Schematic representation of CitNPs, CitNPs@POVred and NPs@POV synthesis, reprinted
with consent from reference [94], RSC, 2019.

3.2. Functionalization via Organometallic Complexes

The functional use of Au NPs through organometallic (ON) complexes, mainly due
to its electronic characteristics in redox-based sensors, is consistent through ferrocene
complexes. The other ruthenium-based OMs as metals were also implanted on Au NPs
as summarized by Wilton-Ely for catalysis [95]. Diverse OMs complexes reviewed and
extended it to metallodendritic complexes.
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3.2.1. Ferroncenyl Complexes

This process allowed the development of ferrocene-containing NPs with ferrocene
substituted thiols as funtional agents, by functioning Au NPs across multiple groups.
Various connectors, such as ferrocenyl hexanethiol, were confirmed for direct preparation
of Au NPs (see Figure 11) [96]. It showed a sufficient length linker to ensure that the size
monodispersal of NPs is controlled well [97]. Other linkers like aromatic groups, such as
the ferrocene thiophenol group, were also employed [98–100].

Figure 11. Typical thiophenol ferrocene scheme, replicated by reference authorisation, ACS, 2007 [97].

In ligand exchange reaction, the additional technique to operate Au NPs is used. The
heterofunctionalization of Au NPs using this approach is employed by Murray et al. [101]
in many functional groups. Firstly, ferrocenyloctanethiol was consequently substituted
with diverse alkanethiols. Secondly, by using ferrocenyl octanethiol, the same group
formed monospice ferrozen Au-Nps [102]. Another method is recently established by
Astruc et al. [103], functionalization containing Au NPs through cross-olefin metathe-
sis. Au NPs are pre-functionalized with olefin-finished groups (methyl acrylate). Then
nanocomposites are given through the Grubbs catalyst via the cross metathesis of ferro-
cenyl methyl acrylate and the olefin replacement Au NPs. Ferrocene-Au NPs are also
considered for electrochemical applications. Compared with the first research name, the fer-
rocene Au NPs were also synthesized using H2PO4

− and HSO4
− anions for redox sensors.

Astruc et al. [104] were the first to develop this method in 2000, while using amidoferro-
cenyl dodecanethiol groups. They measured amidoferrocenated groups remarkably in
order to track their appreciation characteristics [105]. The interaction between the amidofer-
rocene amide group and anion is based on the double hydrogen bond. Figure 12 provides
ferrocene NPs for this analysis [106]. Complexes were investigated and biferrocene was the
simplest. In order to operate the Au NPs and deposit them, Nishirada et al. [107,108] de-
veloped ferrocene-terminated alkanethiols. Alternative study blends ferrocene and bisfer-
rocene with terpyridine ligands to make redox-functionally functional ruthenium(II) [109].
Then Astruc et al. [110] prepared the dendrimers of three amidoferrocene groups or three
silylferrocene groups to achieve the appreciation of H2PO4

− anion. On the Au NP surface,
the ligand location exchange method was applied to the three ferrocene-based dendrimers.
In particular, they extended the procedure to include up to 9 ferrocene-based moieties of
larger metallodendron. In this method, they calculated that the ferrocene-dendritic-Au
NPs showed 360 ferrocene-based units at the edge of the nanocomposite (for the largest
dendrimer). Using these nanocomposites, different anions can be accepted, for example,
the well-known adenosine 5 triphosphate [111,112].
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Figure 12. Scheme of Amidoferrocenate Au NP and H2PO4 anions identification, reproduced under reference permis-
sion [106], ACS, 2002.

Different polyferrocene complexes have been predicted to advance the redox prop-
erties or the feeling in anion sensing. The reuse of organic compounds is an active area
of research and Au NPs based on ferrocenyl are used as catalysts for 4-nitrophenol recov-
ery [113]. Recently, advances have been made in the surface functioning with ferrocenyl-Au
NPs, for which organic coating distortion has been perceived. Therefore, it is possible to
achieve a stable cover or ferrocenyl Au NP adsorption on the metal surface [114].

3.2.2. Au NPs/Organometallics

Au NPs are relatively uncommon functionality by organometal complexes (OM).
The tetranuclear complex [Fe(n5-C5H5)3(n3-CO)4(n5-C5H4CONH(CH2)11SH] (H2PO4

−) is
relatively similar to the organometal complex in the ground state. The catalytic property of
the Palladium-(II) OM complexes was greater. The thiol complex of OM Pd-(II) was created
by Fratoddi et al. [115] and the thiol function has been connected directly to the center
of the Pd-(II). The composite material is synthesized through a direct functionalization
process (Brust’s process). The Ru (III or II) or Rh (I) OM preparation was carried out for
catalysis [116] to ensure good fixation of OM on the surface of the Au NP. The ruthenium
complexes with two or four alkyl thiol side groups were fabricated [117,118]. The OM
complex of rhodium is mononuclear and bound to an Au NP by amidododecanethiol (see
Figure 13) [118].

Figure 13. Scheme of Au NPs functioning through trinuclear ruthenium complexes, replicated with reference authoriza-
tion [118], ACS, 2006.
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3.3. Functionalization of d-block Element Coordinating Complexes
3.3.1. Prussian Blue Derivatives

The combination of several Nanocomposites successively linked to Prussian blue
products by Au NPs has been identified. Different methods were putforwarded for the
preparation of nanocomposites. In a single step process, Au NPs and Prussian blue (PB)
composite was produced electrochemically [119]. The practical electrode was positively
used to catalyze H2O2 reduction and nanomolar sensitivity in its amperometric recog-
nition. PB@Au nanoparticles were obtained with diameter in the range of 20 to 50 nm
(see Figure 14). Through possible cycling electrodeposition, formerly, the similar type of
functionalization with Au NPs stabilized with dendrimers (PAMAM: polyamidoamine)
was done [120]. Particles less than 3 nm were present. A chemical method can also be used
to synthesize PB@Au nanocomposites [121]. Consequently, in the presence of Fe(CN)6
PB-functionalized Au NPs of an average size of 50 nm are provided by reductions in ferric
ions in water The Langmuir–Blodgett method developed the PB@Au-multilayer thin films
into an H2O2. In both processes (chemical and electrochemical), the functionalization of
particles was performed by an electrostatic bonding between Au NPs and PB.

Figure 14. Prussian blue-modified complexes. Reproduced with permission from reference [122], ACS, 2007.

Like 2-pyrazin-2-ylethanethiole [123] or 2 and 4-mercaptopyridine [124], the function-
ality of the metal complexes on Au-NTs can be defined. In the last case, the binding of the
particles can be felt by using 2-mercaptopyridine, but stable particles can be obtained with
4-mercaptopyridine or 2 and 4-mercaptopyridine.

3.3.2. Metal Complexes of Polypyridyls

The bidirectional ligands assisted complexes are commonly used as inorganic molec-
ular entities (IMEs) for NPs of Au. Polypyridyls of the metal complexes can be used
by electrostatic interaction or through an adhesive group on Au NPs. The facial ap-
plication of Au NPs is an amazing research field. It is a complex option to combine
tris(bipyridine)ruthenium(II) of the various current metal complexes mixing light and elec-
trochemical possessions. The Au NPs can be functionalized by two separate methods via
bipyridine complexes. The first is that metal complexes are directly interacted through elec-
trostatic interactions with particles. The unmodified tris(bipyridine)ruthenium(II) complex
is directly implanted by several books. Its fundamental features establish an appropriate
analysis in which the appropriate transfer of energy, electron transmission or higher rate
of crossing between the Au NPs and the complex is to be evaluated. Murray et al. [125]
mainly described luminescent squandering of Ru(bipy)3

2+ in Au NPs, with metal surfaces
recognized to be able to squeeze excited molecular states in a way that (see Figure 15).
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Figure 15. Tris(Bipyridine) assisted the Ru (II) light-inducing process complex of Au NPs, replicated with reference
permission, ACS, 2006, within this Au-(S-C7-Ru) method [125].

Fluorescence quenching with tiopronin-protected Au NPs of different diameter was
examined. A pure rise in extinguishing proficiency with core diameter was demonstrated,
Profitable quantification would most likely involve a reversible electrostatic interaction
between fluorophores and particles. Through introduction of KCl electrolyte in the so-
lution leading to the modification of electrostatic bondings between complex and NPs,
The electrolytes are beating the tiopronin carboxylate bonding sites. Alternatively, two
opposite stabilized particles using one photon counting spectroscopy were analyzed on the
surface area of two adsorbed complexes [126]. In addition to the size and temperature for
understanding the luminescence-quenching of Au NPs, the kinetics study of complex ad-
sorption was also examined [127]. Further required factors in Au NPs or nanorods by Au–S
bonding have been explored for immobilized Ru(bipy)3

2+ complex. These factors comprise
chromophores, optical and surface reliance on density, size or temperature [128,129]. The
previous reports aimed to achieve energy or electronic communication among particles
and the complex for future applications such as catalysis, biology, optics or electronics.
The Ru(bpy)3

2+ complex has also been extensively investigated for its electrochemical
lighting (ECL). By means of this stuff, numerous modified electrodes were synthesized
for discoveringsolid-state ECL in capillary electrophoresis [130]. In order to improve ECL
identification of the indium tin oxide (ITO) electrode, Ru(bpy)3

2+ Au NP collections were
synthed and prevented in conductive support by Au–S bondage. The (ITO) electrode, the
Ru(bpy)3

2+ Au NP groups have been grouped and limited by Au–S binding on conductive
support. These schemes showed massive enhancement of ECL strength, increases the
detection and makes it 104 times more sensitive than the deprived imbedded Au NPs.
The selective finding of bio-chemical molecules like pentoxyverine were also employed
by electrodes modification [131]. More mixed composites were synthesized employing
polypyridinyl complexes formed of Ru(bpy)3

2+ complex. The ITO electrosse was made
from a complex with three thiol pendant groups, with self-assembled layers of the ruthe-
nium complexes [132]. A well-organized 3D stable structure was thus detected at the
electrode surface and obvious enhancement of the photocurrent feedback with the number
of covers was demonstrated. In dye-sensitized ruthenium(II) solar cells, creation of such
3D-self assemblies could be appreciated. An electroactive spacer like viologen group can
be used for the modification of electrodes (see Figure 16) [133]. A 15 times greater sensi-
tivity for the electrode was observed for the anodic photocurrent detection by doping of
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functionalized Au NPs onto Au electrode. A contribution of the viologen entity through
one-electron reduction approach showed extension of that early work comprised to know
the effect of the size of nanoparticles on the photocurrent reaction.

Figure 16. Viologen linked thiol-Ru complex imbeded onto Au NPs, Reprinted with permission from reference [133],
Elsevier, 2003.

The perfect photocurrent competences of nanostructured particles have diameters
of 50–100 nm [108]. On the basis of this, enhancement of the ionic strength is identified
to clumping of Au NPs. In a novel approach viologen-doped ruthenium complex was
used for the decoration for these nanostructures [134]. In the said work, the impact of the
electrolyte nature, anionic agent in particular was studied because it can cause alteration
in the morphology of these schemes and as a result change the photocurrent reactions. In
addition to these violin-connected systems connected to Au NPs by a thiol movement,
many electrostatic violin systems between Ru(bipy)3

2+ and nanoparticles capsized with
citrate were inspected [135,136].

No photo-electrochemical cells were obtained and therefore the Au NPs were trans-
ferred to the violin sensitizer with energy. The association of Au NPs can also be simply
acquired by employing the metalation with pyridine entities [137]. By employing this
scheme, the thin films were produced and they showed diode like reactions. For the func-
tionality and stability of Au NPs, some additional anchoring groups have been employed
around the redox centre with a polypyridinic environment. Recent work has clarified the
effect by the amine end group assisted by Ru(bipy)3

2+ complex on the rates of radiation and
the non-radiative rates of a phosphorescent compound [138]. A recognition teachniq has
been used for implanting phosphorescent molecules on the particles. In case of Streptavidin
with a surplus bovine serum albumin, nanoparticles were first synthesized. Phosphorescent
molecules were thus functionalized with biotin due to selective sensing of streptavidin
for biotin. Hence, anchoring of these NPs- molecules was recognised, and grounded on
the biotin-streptavidin sensing aprocah. Biotin-streptavidin appreciation, was another
examples which was innovative for the gathering of proteins and Au NPs on templates of
DNA [139]. Other characteristics, i.e., of a cobalt bistable complex supramolecular control
of valence-tautomeric symmetrywas also studied [140]. The anchoring effect was seen on
thermodynamic factors; the binding of the valence tautomer influenced the surface contain-
ment. Up to now, only nanocomposites have been identified which were obtained through
electrostatic interations or by using aliphatic chains with thiol end groups. No electronic
contacts via the non-conjugated spacer were possible in these arrangements. In recent times,
Mayer et al. [141,142] reported the preparation of numerous poly-pyridinic complexes
of rutheniumof bidentate ligands phenanthroline ligands with completely delocalized
insertions, allowing a straight message between the complex and particles (see Figure 17).
Ruthenium complexes’ redox potential has been changed to display an electronic message.
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Figure 17. Bipyridyruthenium(II) complexes found in an Au NP via an amino or isothiocyanates group. Duplicates with
reference agreement [143], ACS, 2005.

Bipyridyl compounds joint linkers for surface improved Raman dispersion mea-
surements have also been investigated [143]. In particular, the effect of the solvent was
examined and several behaviors of difficult adsorption were verified by the findings. The
ruthenium complex used in the current study was achieved by inserting a conjugated triph-
enylamine spacer in a ruthenium chelated core using three bipyridine ligands (temporarily
as a pendant) or by adding carboxyllates. Functional agents in all previous examples
offered only one anchoring point. However, two binding groups may also occur. This is
why two thioline mouths liked a complex synthesized with phenanthroline [144].

3.4. Functionalizated Coordinated Complexes on Au NPs for Numerous Applications

It was agreed to use ruthenium complexes to form nanocomposite junctions between
electrodes. The nanocomposite is synthesized by means of sulfur reaction and is inserted
in two micrometer-holes opposite Au electrodes. The measurements of conductivity were
checked and confirmed the effectiveness of this electrical self-assembly, which is due to
the presence of ruthenium cations, allowing for enhanced conductivity and poor energy
barriers. For other useful applications, bisoxazoline bidentate ligands are used to synthesize
complexes that are admirable in catalysis. Therefore, copper-dioxazine chiral complexes
with covalently bond to Au colloids have been used in the enantioselective ene reaction of
2-phenylpropene and ethyl glyoxylate [145]. The use of this primitive homogenous catalyst
leads to an exceptional profitability and high residue. The catalyst also benefits from the
simple detachment of the reaction from the mixture by filtering. Supporting Au NPs is
used for other applications for zinc phthalocyanine(II) (see Figure 18) [146].

Figure 18. Phthalocyanin Zinc (II) complex for photodynamic treatment coating Au NPs. Reproduced
by reference permission [146], ACS, 2002.
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By grafting photosensitizers onto Au NPs, compared to free photosensitizers, the
production of singlet oxygen has an increased quantum yield. Such a system can poten-
tially be used to transfer photodynamic photosensitizers in photodynamic treatment. An
example of anion sensor of porphyrin linked was lately described in the literature [147].
The grafting to NPs was identified by using four side groups generated from sulfuric
acid. Compared with free metalloporphyrins, nanocomposites verified by six different
anions show an important increase in anion binding attraction. Corrected the anion at-
traction caused by the pre-organization of porphyrin on the particle surface. A modified
electrode was also synthesized with porphyrin. The layer-by-layer deposition method
based on electron acceptors can organize Au NPs that are covalently connected to ITO
electrodes. The inspection of these electrodes in the photochemical experiment makes
the resulting photoelectrochemical cell less proficiency with this photosensitize. In 2007,
Ozawa et al. [148] described the synthesis of porphyrin filaments and the association of Au
NPs with porphyrin π-conjugated filaments. First, the porphyrin polymer was deposited
on the surface of the functionalized glass by Langmuir-Blodgett technology. Later, the
glass substrate was soaked by particles of terminated 4-pyridine-ethanethiol, and the
particles were grafted onto the glass substrate through the interaction of porphyrin with
the pyridine NPs (see Figure 19). This is interesting because the adhesive Au NPs can
only be felt when the polymer was already placed on the glass substrate. Biomolecules
are related to Au NPs as the final porphyrin-connected device. The porphyrin-causing
structure hemichloride (Hem) and cytochromec (Cytc) were administered to NPs and the
azide anion was detected [149]. Thermal stimulation must be performed to bind the azide
anion due to the reduced accessibility of biomolecule grafting.

Figure 19. 1D- Au NP chemically connected to porphyrine conjugated, reproduced by reference permission, ACS, 2007 [148].

3.5. Functionalization via Shiff Base Coordinated and Carboxylates Linked Complexes

Many charged ligands complexes have also been aplied to coat Au NPs in a single-
layer organo-metallic complex shell [150]. Therefore, the coordination of metal ions can be
understood by the carboxylate functional group. The focus on such complexes obscures co-
ordination, which may be destroyed “on demand” only through stronger chelating agents
that separate the complexes. An important application of this system is the discovery of
ions of heavy metal [151,152], due to the accumulation of the nanoparticles in the incidence
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of cations, the synthesis of self-assembled monolayer [153–156], or nanocomposites ad-
ditionally appreciated in catalytic schemes [157]. The first two uses, i.e., nanoparticles,
were appropriately functionalized by mercapto-alkyl acid, the carboxylate group acting as
the pendant group enabling to create interparticle forces below metal ion chelation (see
Figure 20).

Figure 20. Description of the ability of oxidizing agent of a dioxygen-activating from complex of non heme Iron(II)-Benzilate
immobilized on Au NPs, reproduced with permission from reference [150], ACS, 2019.

The Ru dodecenyl ligand complex develops a multi-stage synthetic method for the
final usage; the carboxy group reacts to the complex to synthesize the Ru carboxylate
carbonyl complex (see Figure 21). The dimer or oligomer was bound to the particles by this
method. Additionally, the metal complex may be integrated into the particulates with other
functions. Thus, bis-Hydroxamate ligands were used to create monolayers or multilayer
coordinated Zr4+ nanopartments [158]. A bifunction molecule (gallic acid) with one group
of carboxylates as capping agents and a ligand were used to prepare the naked eye detector
for a co-ordinated Pb(II) cation with a group of hydroxyl. Since, the Pb(II) cation has a
special coordinating behavior, its coordination number can be extended to twelve, thus
leading to an aggregated Pb(II) cation.

Figure 21. The example of combined complexes used in Au NP coat is carboxylate, amidate and
phenolate. Reproduced with permission from reference [158], ACS, 2005.
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The introduction of different metal cations leaves NPs remote, since they co-ordinate
to overcrowded electrostatic disintegrations between particles with less ligands and the
ability of cation Pb (II). For the coordination of iron (III) cations, the Schiff base ligands were
used. For the stabilization of Au-Nps, two opposite plans were used in that work. Firstly,
using the neutral complexes for the stabilization of the NPs through steric (alkyl chain)
repulsion and secondly the stabilization is gained through electrostatic repulsion [159].

3.6. Functionalization via Bio-Inorganic Complexes

The last kinds of ligands capable to bind with metal ions are wholly ligands supported
on biomolecules. Because of their uses in electronic, optical and biosensors, increasing
attention has been given to the nanocomposites modified with biomolecules [160,161].
The Co (II) complex was formed due to the covantly binding of proteins with Au NPs.
Genetic engineering protein enables a histidine chip that is able to connect to the Co(II)
ions via ligand exchange on a Co(II) complex imbedded (see Figure 22) [162]. Numerous
illustrations of glycol nanoparticles have been synthesized to study forces of carbohydrate
with cation of Ca(II) in water [163]. In the aggregation of particles of calcium cation-carbon-
carbohydrate contacts, Ca(II) ion complexation is caused. The introduction of strong
chelator like EDTA and reversible forces brings about the redispersion of the particles. The
effect of the spacer length on complexation was also investigated andthe shortest linker
gives bottom-finding level.

Figure 22. By immobilizing completely functioning proteins on the Au NP surface, biomolecules are grafted on Au NPs by
the use of thioctic acid. reproduced with reference permission [162], ACS, 2005.

For the finding of Hg(II) ion Au NPNPsm peptide functionalized nanoparticles have
also been synthesized [164]. Peptide functionalized Au NPs showed amino and a carboxylic
group at both ends first time. Through the amino group, attachement of the peptide was
performed. Beause of the strong attractions towords amino groups by Hg(II) cations,
peptide from the surface of the particle was separated due to cation’s introduction. A
colloidal particle 1D linear assembly was observed. An EDTA alkali solution has been
introduced to isolate peptide from the Hg(II) ion and to engross open peptide on the surface.
Au NPs, with DNA-functionalization, have also been usedfor the colorimetric recognition
of numerous cations like Hg (II) [165], Pb (II), Cu (II) [131,166–169]. The complex of
ruthenium behaving as both DNA hosting unit and the linker was used for the coating
of DNA to Au NPs [141]. The incorporation of the DNA template was performed by first
preparing the streptavidin-coated Au NPs and the complex of ruthenium was added in
suchaway that coordination of streptavidin and phenazine ligand to biotin-phenanthroline
ligand capable of being poured into a duplex of DNA was observed (see Figure 23).
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Figure 23. For cell-level imagery used for the surrounding Au NPs, catalysts or metallic complexes. Reproduced with
permission from reference [141], Nanomaterials, MDPI.

For the structural and catalytic studies, numerous covalently bonded metal complexes
were applied to Au NPs. For the enantio selective hydrogenation of acetamidocinnamate,
the chiral complexes of rhodium-diphosphine on Au colloids were employed [146]. Bi-
nolate Particle Ti-complexes were synthesised and added to the asymmetric alkylation
reaction catalysis of benzaldehyde [170]. The dimeric ruthenium complex was connected
to metathesis catalysis particles, such as a polymerisation reaction that opens the ring [113].
Huge nanoparticles supporting ruthenium complexes were applied for imaging of cell
luminescence, which discovered their way of biomolecular application linking with cancer
cells of chromatin in the nucleus [171]. Nowadays, complexes of ruthenium adjoining Au
NPs are employed for collagen photo crosslink [172].

3.7. Functionalization via Crown Ether Devices

For chelation of the etal cations of the d-block elements, crown ethers were em-
ployed. Here two illustrations are stated. Initially 2-(12-mercaptododecyloxy) methyl-15-
crown-5 was assisted by the Au NPs and monolayer synthesis was applied to hold Pb(II)
cations [173]. The 2.8 to 10–10 mol per cm2 of Pb(II) capacity of trapping was attained.
Second, the synthesis for Pb(II) optical sensing was carried out in two dissimilar ligands
(2-(12-mercaptododecyl) methyl-15-crown-5 and thiotic acid) embedded in two-functional
Au NPs [174,175] (see Figure 24). The collection of nanoparticles due to interpartum hy-
drogen bonding was observed without introduction of Pb(II) cations. The introduction of
Pb(II), a sign of nanoparticular dispersion, by betrayal interpartmental hydrogen bonding,
was perceived as an important color shift. There was also a high cation sensitivity for Pb(II)
nano-composite.

The sensing of alkaline metal ions has been of major importance in biology. Amongst
the latest aproaches to the design and fabrication of alkali sensors, Au NPs suported sensors
have engrossed considerable interst as a capable functional tool. By the introduction of
alkali cations, alteration in the intensity of fluorescence or color of the solution is the
simplest way of signalling. Crown ethers are used to chelate alkaline cations as crown
ethers form stable, alkaline cation complexes. Of all the crown ethers, the 15-crown-5
produces exceptionally stable Na+ cation complex, while the 18-crown-6 prefer K+ (see
Figure 25) [176,177].
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Figure 24. Examples of crown ethers supported onto Au NPs. Reproduced with permission from
reference [141], Nanomaterials, MDPI.

Figure 25. Au NPs functionalized via alkali crown ether. Reproduced with permission from refer-
ences [178], ACS, 1999.

The 15-crown-5-functional Au NPs was first used for colorimetrical sensing, in which a
dodecyl chain links the crown ether with the particles [179]. Particles of water stability were
obtained due to steric repulsions between particles. The clear change in colour was seen
after introduction of K+ due to the aggregation of the particles. Two-crown ethers confirmed
the stabilization of K+ cation. Two different complexations were noticed of the chelation of
K+ cations with crown ethers. One more group of research has benefitted by synthesizing
assembled nanoparticle films due to the addition of cations [180]. The first time, the update
was spread by the inclusion of the second nanocomposite feature [181]. When thiotic
acid was introduced into the nanoparticles, a supporting effect was observed. Thioctic
amine changed its characteristics by the substitution of the thiotic acid. Nanoparticles with
bifunctionality were synthesized via a two-step process: firstly, the exchange of ligand in
citrate with thiotic acid and, secondly, the unfinished exchange of thiotic ligands through
thiolated crown ether [182,183]. The spacer effect on the complexation kinetics was also
investigated. A similar investigation was seen with Na+ as a cation 12-crown-4.

3.8. Functionalization via f-block Elements Coordination Complexes

Nowadays, numerous works of literature show the functionalization of lanthanide
complexes on Au NPs [184,185]. Due to their brightness, several complexes have been
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covalently grafted onto Au NPs to synthesize the ion sensors. In the first case, diethy-
lene triaminepenta acetic acid (H5DTPA) was replaced by two thiope phenol groups to
confirm the complex’s strong binding to the nanoparticle’s surface [186]. Eu (III) nanocom-
posite and luminescent nanobeads were thus achieved with strong water solubility (see
Figure 26) [186].

Figure 26. TEM micrographs of Au NPs of Eu (III) complexes as defined in ref. [166]. Reproduced by reference permis-
sion [186], RSC, 2006.

An alternative complex of europium of Au NPs rooted through a long alkyl chain
has shown effective phosphate-anion sensing ability in water solution [187]. In this event,
phosphate anions sensing was performed in successive steps by first attaching the Eu(III)
complex of a non eluminescent nature; then, β-diketone was introduced to complex of high
luminescence nature due to the interchange of the molecules of water with the β-diketone
of the complex. Finally, the phosphate anion incorporation of luminescence took place.
Eu(III) and Tb(III) complexes were also used for metal cation sensors [188]. Bipyridine-
capped nanoparticles of mixed oxides were demonstrated to be extremely phosphorescent.
Particularly, the incorporation of earth abundant metal ions and transition metal ions for
Eu(III)-based nanocomposites cause the reduction of the luminescence ability, because
of the replacing of isomorphou of Eu(III) with these cations. The Gd(III) composites
supported by particles were used in vivo, with magnetic resonance computed tomography
and imagery (MRI) (see Figure 27) [189,190]. Robust improvement in the stems of MRI was
observed due to the appropriate particle’s nature for double imaging. In addition, Gd3+

complexes are being used for IRM applications [191–193].

Figure 27. Au NPs of Gd3+ complexes for MRI uses as designated in [191]. Reproduced by reference permission [191],
ACS, 2006.
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4. Modification of Au NPs via Small Molecules for Biochemical Analysis

Depending on their size, form and morphology, Au NPs demonstrate unique optical
properties. The Au NPs solution shows different colours, depending on the scale [194].
Au NPs with targeted aggregation (typically 10−50 nm) can cause changes in color in
the solution from red to blue in the visible electromagnetic spectrum region. Due to
the interpartum plasma relation, the color change in solution for Au NPs depends on
the target stage, which is a unique phase in the preparations of visible sensors for a
variety of biochemical analysis analysts. In comparison to other NPs, Au NPs have
numerousbenefits, such as controlled synthesis [195], facile modification of the surface [196]
and extraordinary molar absorption coefficient, which makes Au NPs the ideal nanoprobes
for sensers application [197]. Moreover, because of their excellent biocompatibility and its
low toxicity, Au NPs are capable candidate for in vivo imagery and antibacterial substances.
The bioanalysis approach using the Au NP color change for the naked eye re-reading is the
most common among all Au NP biosensors. The transition of Au NP states (dispersed to
an aggregated one or vice versa) will disrupt the color of Au NPs, which makes for simple
readings and no use of tools [198,199]. The change of its practical uses has been advanced
by Au NPs-mediated biochemical analysis [198,200]. Many articles have been reviewed
based on Au NPs mediated assays tonucleic acids, proteins and metal ions [201,202]. The
surface modification of Au NPs with polymers or biomacromolecules such as proteins
and nuclear acids has been discussed by some articles [203,204], while other reviews
motivated the approaches for Au NPs functionalization of surface for biosensing uses by
small molecules [205]. Because of the low steric hindrance and less complex assembly,
bioconjugation of small molecules such as amino acids and sulfhydryl compounds are
easily controlled on the surface of Au NPNPs, as compared to the bio-macromolecules such
as as antibody, enzyme or polysaccharide. Furthermore, the small molecules’ alignment and
accessibility can be accurately organised without the loss of their biological activity; thefore,
the functionalization of small-molecule supported Au NPs might favor repeatability and
stability in the sensing of biochemical assays.

Since Au NP surface chemistry has great importance in biologic studies, the newest
methods used for the Au NP surface changes with small molecules need to be checked
and the difficulties and expectations relating to this process addressed. This analysis
therefore focuses on the current production and functioning of surface chemical Au NPs
in biochemical assays such as click chemistry, ligand exchange and the coordinating basis
of small molecules (see Figure 28), and hence, the modification of the surface of Au NPs
and their vital roles in Au NPNP mediated biosensors. In addition, the latest synthetic
approaches for Au NPNP surface modicafication will also be discussed.

4.1. Surface Conjugation of Au NPs by Click-Based Chemistry

The preparation [206], bio-conjugation [207,208] and imaging [209] of polymers are
some of the most exciting applications in materials science and biology. This is an outstand-
ing approach for the modification of surfaces as it does not disturb the arrangement of
NPs [210]. The 1.3-dipolar azide and alkyne (CuAAC) Cu(I)-catalyzed reactions are studied
primarily in click chemistry reactions [211]. This reaction takes place between azides and
alkynes at the lowest temperature, or with a high temperature in the absence of Cu(I) [212].
It occurs at a high rate in water solutions in the presence of Cu(I), at room temperature.
The constituents of CuAAC were used for the investigation of biochemical reactions and
to bring about the modification of Au NPs to improve the chains of CuAAC-facilitated
assays that employ Au NPs for naked-eye display by employing thiol terminated azide and
alkyne. The key focus is the improvement of CuACC-modified Au NPs for bio-chemical
investigation; due to high selectivity of CuAAC and color alteration of Au NPs (from red to
blue), the NPs of Au were improved by employing CuAAC for identifying Cu(II) [213]. The
modification of Au NPs via Au–S bond using thiol-azide and thiol-alkyne and then reacted
with CuAAC to alkyne and cross link azide resulted the accumulation of Au NPNPs,
and this accumulation is accountable for the varying colour alteration from red to blue
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of Au NPs. Additionally, the aggregation depends on the sample Cu(I) material. In the
reduction of Cu(II) into Cu(I) for the detection of Cu(II) (see Figure 29A), it is a quantitative
conversion employing sodium ascorbate as a reducing agent and this reaction occurred
within seconds. The good optical properties of click chemicals and Au NPs recognize the
naked-eye recognition without any instrument of Cu(II), with a high selectivity and high
sensitivity rate (sensitivity maximum LOD = 50 µM).

Figure 28. Surface chemistry strategy for the working and application in the biochemical study of Au
NPs with small molecules. Reproduce with permission from reference [205], Copyright 2017, ACS.

Figure 29. Cu(II) and protein visual identification of CuAAC arbitrated surface chemical Au NPs. In the presence of Cu(II),
Au NPs are changed by (A) ligand- and alkyne-terminated, which can be taken into combination with CuAAC. Azide-
and alkyne-terminated ligands. Ataken with authorisation from ref [213], Copyright 2008, Wiley. (B) Surface alteration of
CuAAC-mediated au-NPs for the quantification of proteins.



Energies 2021, 14, 1278 27 of 83

Due to this procedure, a lot of research has been conducted for highly sensitive
and selective Cu(II) naked-eye detection and reduction of Au NPs and CuAAC. CuAAC-
mediated NPs of Au assays can be used for the identification of reductants. The peptide
bond, as a reductant in nature, led Cu(II) to Cu(I) in proteins. In order to detect complete
samples of proteins (g/mL), this CuAAC-arbitrated au-NPs test can be used [214] (see
Figure 29B). Many detergents and illegitimate chemicals, such as melamines, are used
to encourage the total amount of protein, such as whole milk, in difficult samples. The
CuAAC-mediated immuno-assays, employing functional Au NPs for the identification of
various kinds of disease biomarkers, as widely used. Since huge collections are currently in
existence, an enzyme-supporting immuno sorbent test (ELISA) has been commonly used
to recognize disease biomarkers, food quality control and atmospheric observation as a
biomarker. While typical ELISA is somewhat effective, its disadvantages are also apparent,
including instrument-dependency, high price and long time duration. In order to avoid
these problems and facilitate good immune testing, mainly for naked-eye recognition,
a typical enzyme-labeled antibody is substituted by copper oxide nanoparticles (CuO
NP) [215]. The volume of Cu(II) issued from labeled antibodies-CuO-NP depicted the
target level in the samples by immune response. Therefore, the accumulation level of Au
NPs affected by CuACC indicates the target quantity, which can be reputed by antigen-
antibody communication (see Figure 30A). The mentioned process has been used in actual
serum samples for the 100% detection of human immuno-deficiency virus antibody. The
named NP-CuO antibody instead of the enzyme is cheaper and more powerful for mass
processing than the biological enzyme. The fundamental drawback, however, is that the
antibody combination in CuO-NPs changes the antibody efficiency. The exact binding point
of the antibody is not definite; it cannot be ignored the possibility of CuO being bound
to the antibody binding surface (Fab), which impedes the antibody efficiency marking.
We have advanced an immunoassay that is market-accessible with built into labeled
alkaline phosphatase (ALP) and CuAac-supported scheme for the deeper and naked-eye
recognition, to account for the problem of reducing antibody activity by changing CuO-
NP [216] (see Figure 30B). ALP is the most common labeling enzyme in immunoassays
for substitution of the CuO NP-labeled secondary antibody with ALP-labeling secondary
antibody. ALP-bound secondary antikoids are commonly supplied by labeling antibody
dealers so that this conjugation does not distract the antibody Fab area that the main site-
of-the antibody is changed. Furthermore, dephosphorylation catalyzed by ALP reduces
Cu(II) to Cu(I) to ascorbic acid by not reducing ascorbic acid phosphate. The reaction
of CuAAC leads to accumulation Au NPs and change in the color of Au NPs shows the
quantity of goal in the sample. This CuAAC-based Au NPs fulfilled immuno-assay has
a high sensitivity ratio for naked-eye detction relative to typical ELISA due to the “click”
and “enzyme” amplification. It can be used to find the infection in the patient’s serum
by myco plasma pneumoniae (MP) as accurate as 100%, while 50% forpredictable ELISA.
The remaining immunoassays are more adaptable to the immuno support based on an
anti-body modified CuO-NP, since nanomaterials do not require straight adjustment to
either the antigen or the antibody. The wide accessibility of antibodies with ALP-labeling
permits and examined for beneficial naked-eye readout of all immuno-assays.
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Figure 30. Surface changes in Cu-AAC immunosurveys for Au NP. (A) Anti-CuO and azide and
alkyne-modifited au-NPs based immuno-assays. (A) CuO NPs have been dissolved to release copper
ions, which have caused Au-via NP’s CuAAC to be aggregated. (B) Immuno assay between azide
and alkyne-functionalized Au NPs based on ALP-triggered CuAAC. Copyright 2011, Wiley, adapted
with reference permission [215].

4.2. Modification of Au NPs via Co-Ordination Based Recognition
4.2.1. Modification via Amino Acids

The surface of Au NPs can be modified with large number of amino acids via the
Au−S bond, by having resilient connections with ions of metal, such as Hg2+ or Pb2+. Hg2+

is coordinated at the C-terminal of lysine and arginine with the aid of -NH2 and −COOH
and Arg-Au NPs (Arg-Au NPs) can be modified by the Au NPs with arginine, so that
Arg-Au-nPs are accumulated at a speedy rate. Numerous variables can be accessed to yield
the diverse outputs of logic gate scheme. The intended useful colorimetric gates rely on
the unique binding effects between amino acids such as arginine, lysine and cysteine and
metal sucha ions (Hg2+ and Cr3+) [217] (see Figure 31A). Molecular gates logic [217] can
practise biochemical “inputs” to produce “outputs” built on connections with molecules
like recognition based on coordination, that is theoretically beneficial for biochemical
analyses. Arginine and Hg2+ are the two inputs sets and color of solution of Au NPs is the
output set. The “0” input signifies the lack and “1” denotes the existence of arginine or
Hg2+. The output “0” denotes red (dispersion), whereas “1” signifies blue (accumulation)
of the Au NPs. A calorimetric and gate can be produced in the presence of both arginine
and Hg2+, the Au NPs will aggregate and display a blue color (the output is “1”). However,
predictable molecular gates of logic implemented in bulk frequently need knowledge and
ingest chemicals sufficiently. To overcome this difficulty, microfluidic technology was
presented [218] to exhibit the gates of molecular logic and it has demonstrated advantages
of automatic operation and notable information on the logic gates (see Figure 31B).
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Figure 31. Modification of Au NPs for biochemical analysis by amino acid mediated surface. (A) A colorimetric (AND+OR)
logic scheme that uses Au NPs with arginine/lysine. (B) Microfluidic systems for metal ion detection combined with
molecular logic gates. Schematic diagram and microfluidic chip photographs are presented in panels (1) and (2). TEM
photos and the required observation window color of the Au NPs are in panels (3) and (4). Copyright 2014, Wiley, adapted
by reference permission [217], Copyright 2014, Wiley.

Recognition based on the coordination, the arginine-modified Au NPs can be also
applied for glutathione (GSH) finding. A dispersion controlled chromogenic approach
which is another method), was established for the emphasis on the target-led dispersion of
GSH-based Au NPs based on Hg2+ facilitated the Arg-Au-accumulation of NPs. Due to the
metal ions molecular interactions with amino acids, the Hg2+ canresult the accumulation
of Arg-Au NPs. Addition of GSH avoid the accumulation of Arg-Au NPs due to particular
interaction of GSH with Hg2+; therefore, for GSH finding in biological samples, a biosensor
can be built [219] (see Figure 32).

Figure 32. Arginine-modified Au NPs for GSH sensing in cell cancer are distributed regulated by chromogenic approach.
Adapted by reference permission [219], Copyright 2015, Wiley.
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Due to the detecting LOD of GSH 10.9 × 10−9 M, this process can be utilized for
estimatation and measurement of GSH levels in cell lysates are more notable than normal
cells in cellular cancer cells. In spite of the fact that, restricted thinks about account,
the in vivo finding utilize Au NPs for naked-eye readout, taking into consideration that
the cell level infinitesimal pictures grounded on Au NPs might not be existing since of
their nanometric molecule estimate and it needs plenty of Au NPs to driven within the
obvious color alter. Another method colorimetric measure based on cysteine interceded
accumulation of Au NPs has been presented [215] (see Figure 33A). The amino acid cysteine
encompasses a strange structure, having thiol Moity (-SH) at one side and COO− and NH2+

functional groups on other side. By means of the Au–S bond, cysteine can be attached
to the Au NPs and the Au NPs can be bridged by the electrostatic contact between the
positive and negative charged groups that aggregates the Au NPs. The cysteine oxidation
by iodide to produce disulfide cysteine prevents Au NP aggregation. An HRP-mediated
iodide catalyzed cascade method was introduced to control the dispersion and aggregation
of Au NPs, which endorsed the naked-eye identification of details, in conjunction with this
catalytic method with HRP catalyzed reactions. This immuno assay was utilized to examine
the hepatitis-C virus antibodies in real blood sample via a naked-eye finding precision of
100%, while predictable ELISA is 20%, suggesting that this Au NP-based immuno assay
enables high sensitivity and naked-eye knowledge for biomedical diagnostics. The Cd2+

and GSH-Au NPs organization authorizes the recognition of cadmium ions (Cd2+) [220]
(see Figure 33B). In concentrated NaCl solution, the unmodified Au NPs easily aggregate,
but the presence of GSH prevents the aggregation of salt induced Au NPs. Once the Cd2+

is applied to a firm blend of Au NPs, GSH and the NaCl, one of the Cd2+ will bind with
4× GSH, reducing the amount of free GSH on the Au NPs in order to weaken the integrity
and aggregation of the Au NPs. In water and assimilated rice samples, this colorimetric
method can effectively perceive Cd2+ with high precision and suitable procedures.

4.2.2. Modification via Sulfhydryl Compounds

The chelation contact among spiropyran (SP) and the Cu2+ could be changed via
UV-light and the SP could be isomerized to planar and open shape of merocyanine after
UV-light irradiations (MC). Rather than retaining in the nonplanar and sealed SP type, it is
possible to prepare and use spiropyran-modified Au NPs (spiropyran-Au NPs) to render a
re-settable and multi-reading logic device proficient in numerous kinds of logic procedures
built on the accumulation of Au NPs in water as solvent [221] (see Figure 34A). To appear
red in color, Spiropyran-Au NPs were monodispersed in solutions. Spiropyran transforms
into open merocyanine through exposure to UV, in such a manner that the distributed
merocyanine-modified Au NPs (MC-Au NPs) are aggregated by change in color from red
to purple due to merocyanine and Cu2+ chelation. Significantly, by visible light, the MC-Au
NPs could simply return to the SP, indicating that the Au NPs-based logic system can
be reset for different periods of discovery (see Figure 34B). In environment monitoring,
identification of Cr3+ and Cr2O7

2− is very significant. For the identification of both Cr3+

and Cr2O7
2− [222] meso-2,3-dimercaptosuccinic acid (DMSA) was used to adjust Au NPs

(see Figure 35A). In order to prepare the Au NPs, DMSA with two -SH functional groups
and two -COOH groups was used for stabilization and reduction. To detect Cr3+ in the
DMSA, the -COOH groups can be used. In the meantime, one Cr2O7

2− intermingles with
the two DMSA-Au NPs via the ending carboxyl-groups of DMSA molecules through close
OH····· O hydrogen bonds. The density-functional-theory may measure the change in
Gibbs free-energy (∆G) of the contacts between DMSA-Au NPs and the various metal ions.
Among all of the metal ions, the lowest G for Cr3+ and Cr2O7

2− shows that DMSA-Au NPs
have optimum affinity for both of the hydrated Cr3+ and Cr2O7

2−. The naked-eye LOD
is 10 nM, slightly smaller than the requirements of the Environmental Protection Agency
(EPA) (EPA-3060A). This approach has been effectively utilized for finding Cr3+ from the
chromium slag dumpsite in chromium-polluted soil.
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Figure 33. For naked-eye study, amino acids mediated surface-modification of the Au NPs. (A) HRP mediated immuno-
assay modulation of Au NPs. Iodide catalyzed cysteine oxidation will alter Au NPs’ surface chemistry and influence Au
NPs’ aggregation and dispersion. (B) The complex of Cd2+ and GSH can alter surface morphology of Au NPs and increase
stability of the citrate-Au NPs at change in concentration of NaCl. Adapted with permission from reference [220]. Copyright
2014, ACS.

Rapid and straight forward detection of the tri-valent metal ions (M3+) is vital and
interesting, additionally to detecting individual ions. The researchers designed Au NPs-
modified zwitterionic molecule (Zw-Au NPs). The aggregation of Zw-Au NPs with color
shift could be caused by the M3+, like Al3+, Fe3+ and Cr3+ [223] (see Figure 35B). In addition,
due to various forms of the trivalent ions at diverse pH values, the Zw-Au NPs can be
retrieved. The M3+ could coordinate with the Zw-Au NPs and cause their aggregation in
acidic or neutral environments. The free M3+ turns into M(OH)3 in the simple solution and
avoids the contact among Zw-Au NPs and the M3+, following the re-dispersion of Zw-Au
NPs. The instrumental-free and low-cost features made this examination suitable for use in
resource-limited components, compared to earlier accounts on M3+ findings.



Energies 2021, 14, 1278 32 of 83

Figure 34. Based on photoresponsive power, spiropyran-functionalized Au NPs realize resettable, multi-readout logic gates.
(A) The suggested photoresponsive control mechanism for spiropyran-Au NPs. (B) Resettable spiropyran-Au NPs-based
logic gates. (1) Color of spiropyran-Au NPs solutions (1/1) switched from red to purple. (2) Pictures of Au NP solutions
and (3) their corresponding absorption of UV/vis. (4) The AND Logic Gate’s Truth Table. Adapted from reference with
permission [221], Copyright 2011, Wiley.

Figure 35. Sulfhydryl compound-modified Au NPs visual biosensors for heavy metal ion detection. (A) DMSA-
functionalized Au NPs for both the Cr(III) and Cr(VI) fast detection. (B) To adjust the Au NPs to produce inter-molecular
zwitterionic (Zw) surfaces, mixed charge thiols are employed. The M3+ can efficiently cause aggregation of the Zw-Au
NPs by interfere with their surface-potential, like Fe3+, Al3+ and Cr3+ and the aggregated Au NPs could be re-generated and
re-cycled via removing M3+ +. Adapted with permission from reference [223], Copyright 2016, ACS.
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4.3. Modification via Ligand Exchange for Biochemical Analysis

The Ligand’s exchange for modification of Au NPs surfaces is the best option for
the construction of biosensors. Hg2+ and essential biochemical markers were identified
using the various ligand exchange reactions. To change the Au NPs, first presumed a
quaternary NH4+ group ended thiol (QA-SH) and synthesized the QA-Au NPs via the
Au–S bond [224] (see Figure 36A). The QA-Au NPs exhibit high stability in acidic solution
because of the repulsive forces among the charged quaternary NH4+ groups of Au NPs. The
greater interaction of mercury (II) (Hg2+) with the -SH group when compared to QA-Au
NPs could replace the Au NPs with the QA group, leading to the Au NPs aggregation
because of the thiol terminated QA deprotection. The aggregation degree is related to the
Hg2+ concentration. The QA-Au NPs can therefore allow naked-eye detection of Hg2+ in
aqueous systems with a low LOD of 30 nM, substantially less than the standard value
for drinking water, as fixed by the World Health Organization (WHO). In addition, by
adjusting rhodamine B dye isothiocyanate (RBITC) and the poly(ethylene glycol) (PEG) on
Au NPs for the recognition of Hg2+ with exceptional strength, specificity and sensitivity, we
planned a recyclable review [225] (see Figure 36B). Only Hg2+ can dislocate RBITC from the
Au NPs, referring to RBITC, which is initially quenched via Au NPs, to boost fluorescence.
To help Au NPs stay stable and monodisperse in actual samples, the thiol terminated
PEG connects to the remaining active sites of Au NPs. The LOD of this attempt for Hg2+

(2.3 nM) was less than both the extreme limits shown by EPA and legalized by the WHO.
The efficacy of this investigation was confirmed when Hg2+ was tested in the complicated
samples, such as river water and the living cells. This method may also discover thiols
and other targets. In order to find acetyl-cholinesterase (AChE), a bio-marker for the
Alzheimer’s disease, the rhodamine B modified Au NPs (RB-Au NPs) was synthesized
(AD). The Au NPs will physically adsorb Rhodamine B and the Au NPs have quenched the
fluorescence of RB. The addition of AChE brings its substrate (acetyl-thiocholine (ATC))
hydrolysis into thio-choline, that displaces the RB from Au NPs via stronger Au–S bonds
in comparison to the physical adsorption between RB and Au NPs [226] (see Figure 36C).
The RB fluorescence that can be utilized for quantitative recognition of AChE, increases
after these ligand-exchange reactions. The accumulation of the distributed Au NPs results
from the interaction between the thiocholine that is positively chargeable and the au-NP
that is negatively charged. This vary in status of Au NPs (from scattered to aggregate)
contributes to the color transform of Au NPs (red to blue) that could also be utilized to find
AChE as visual indicator. A responsive and select test for at least 0.1 mU/mL of AChE in
brain/spinal fluid of the transgenic AD mouse distress was provided by colorimetric and
fluorometric details. This RBAu NPs-based assay might be hopeful for checking AChE
in the human CSF for initial identification and prediction of AD. Organophosphorus and
carbamate pesticides can be detected by RB-Au NPs in the food samples because both of
these common organophosphate pesticides can efficiently prevent AChE movement [227]
(see Figure 36D). If these organophosphorus pesticides contaminate the food samples, ATC
hydrolysis into thiocholine will not occur with AChE, thiocholine will result in electrostatic
interactions to aggregate au-NPs. This test knowledge is thus the opposite of the AChE
test, since the negative sample is shown by the higher fluorescence and blue colour. The
LOD was sufficient both with the naked eye and fluorescence signals to reach the highest
residual limit (MRL), as obligatory by the EPO. Relative to the conventional procedures,
the key advantage of this system is that the double information system that could perceive
various needs, where fluorescence signals could be employed as a quantitative indicator in
huge testing laboratories and the color of the Au NPs could be employed as the qualitative
indication to recognize on-site testing.
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Figure 36. Ligand’s biodetection surface change exchange approach for Au NPs. (A) Au NPs for the Hg2+ detection
of ammonium quaternary group-capped. (B) Poly (ethylene glycol) (PEG)-comodified Au NPs for detection of Hg2+

Rhodamine B isothiocyanate (RBITC). (C) Modification of the rhodamine B Au NP test in cerebrospinal fluid of transgenic
mouse with Alzheimer’s disease in dual read-off acetylcholinesterase. (D) Dual readings for organophosphorus and
carbamate pesticide detection in Rhodamin B-Au NPs. Adapted by reference permission [226]. Copyright 2012, Wiley.

5. Interaction of Biomolecules with Au NPs for Catalysis
5.1. Interaction of DNA

The researchers were able to use simple rules to design and control DNA montage
structures by discovering the DNA double-helical structure and existence of the base
coupling that hold it jointly [228]. DNA synthesis technology has also made it possible
to generate DNA strands of up to 100 base lengths cheaply and easily. Various variations
in the DNA backbone and terminal can be used to bind moyeties of specifically other
molecules of concern such as phosphorothioates, amines, thiol groups and biotine. All these
developments allowed the design of new DNA structures that can be placed with precision
sub-nanometer, modified from those found in the wild and enhanced with particles, such
as Au NP [229–232]. There are many ways to bind Au NPs to DNA templates with a double
stranding (ds). A modified DNA phosphorothioate was used to bind Au NPs in a (ds)-DNA
backbone to particular points using the bifunctional molecule “molecular fixer,” induced
by NN’bis(alle-iodoacetyl)-2-2′-dithiobis(ethylamine) (BIDBE) (see Figure 37) [233,234].
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Figure 37. BIDBE binds to BIDBE-PS-DNA (phosphorothioate) to form the bi-functional linker (BF),
associated with PS-DNA (bifunctional linker). BF supplies an au-NP sulfhydryl group. Reprinted
with reference authorisation [233], Copyright 2007, WILEY-VCH.

Maybe the most basic template (ds)- DNA can be used to generate support for the
development of electronic and photonic rods [235], sensor devices [236] or as a catalyst [237].
Definitely, while canonic Au NPs are classically roughly spherical, Au nanorods’ catalytic
strength has previously been taken [238] and several reports of the making of au nanowires
with DNA template [239–244]. Due to its great uniformity and density over broad areas
of Au NP, the catalytic significance of the arrays, synthesized by procedures not using
bio-templates, was shown [245]. DNA can provide such a prototype as it could be planned
to produce self-assembled styles that could regularly shape a wide surface. In addition,
tiling by double cross over DNA styles is used for previous examples of the synthesis of
the intended DNA nanostructures (see Figure 38) [246].

Figure 38. A DX DNA schematic. The color is different for each individual strand of DNA. The location of any phosphate is
represented by small circles and the upright grey lines are the base-pairs. The red, green and pink strands overlap between
the two double helices. Reprinted with reference authorisation [247], Copyright 2004, ACS.
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The DX-motives consist of two double DNA strands linked to the nearby double
beach by crossing single beams from one double beam. DX DNA provides the essential
hardness of DNA tiles if a wide surface area of reduced distortion is periodically dissolved.
DX DNA was considered for a thin, rigid andtri-angular configuration with “sticky ends”
and can frequently can cover large 2D surfaces, as shown in the example presented in
Figure 39 [247].

Figure 39. (a) The Au NPs can be shaped in a standard array of Au-nPs in a dx DNA template as shown by DX DNA
triangles with sticky extremities, to allow the tiling of triangles; (b) Non-all ends of DNA are needed for tile purpose and
the free ends could be attached to Au NP’s (yellow) 5 or 10 nm diameter; (c) The AFM imagery on a dx-array without the
adding Au demonstrate its ordinary structure. This picture only displays au-NPs. (a–d) with reference authorization, ACS,
Copyright 2006 [231].

At the 5” end of one of the DNA strands, Thiol groups can be inserted into each
triangle and provide for a decorated au-nP array with a 5 nm Au NP connection [231]
Subsequently, the DNA strands modified were used in 2D DNA collections to make the
Au NP “wire” lines. [248]. Four DNA strands [249] can be used to create DNA pyramid.
Nanotechnology may also speak of this: the form of small, three-dimensional structures
consisting of cubes [250], a bipyramid [251] and octahedrals from different strands of
DNA [252] have been created. The vertices of pyramidal DNA nanostructures have been
connected to Au NP (5 nm in diameter) (see Figure 40) [250].

The discovery of DNA origami was also revolutionary [253], which enabled reasonably
simple fabrication of custom 2D and 3D structures, such as boxes [254,255]. The preparation
of a DNA origami-rod and thiol-groups at specific positions on surface in order to achieve
an Au NP at the points on the spinal cord of a helix on rods surface is one of the most
interesting consequences of the ability of DNA to organize Au NPs into structures of
demanding physical and chemical characteristics. The chiral plasmonic structures were
described previously (see Figure 41) [256].
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Figure 40. (a) The Free-DNA ends at every point of reference could be altered to include GNP with a linker sequence; (b)
a single DNA pyramid Au NP microgram with four Au NPs visible in black circles: Reprinted with reference authorisa-
tion [249], Copyright 2009, ACS.

Figure 41. (a) A rigid DNA origami bundle composed of 24 parallel double helices. Gold nanoparti-
cles are arranged in a secondary left-handed helix on the DNA origami structure. Zoom in: 10 nm
gold nanoparticle functionalized with thiolated ssDNA hybridized to the DNA origami 24HB. The
origami structure is functionalized with biotin groups (green) on one end for the attachment to a
BSA–biotin–neutravidin-coated surface (red, green and grey). (b) Transmission electron microscopy
image of a nanohelix adsorbed non-specifically to a carbon-coated grid. Scale bar, 50 nm. Reprinted
with reference authorisation [256], Copyright 2013, Macmillan Publishers Ltd.
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5.2. Interaction of Proteins

The Au NPs have been added to proteins, such as prion proteins, virus capsides and
chaperonins, for example, palladium [257] and iridium [258], for catalysts of di-chromate,
decrease, and water oxidation was confirmed for catalyzes other metals than Au deposited
on viral models. For prions, the saccharomyces cerevisiae Sup35p protein area of the
N-terminal middle (NM) region was utilized [259]. This protein produces self-assembled
amyloid fibers (about 10 nm in diameter) [260]. By working on the assembly conditions,
the length of the fibers can be roughly regulated. If amino acids 184 of NM are mutated
into cysteine, a thioaurate bond built between the 1.4 nm Au NP diameter and the cysteine
side chain sulfur is the template for Au nanowire growth. In the expected development
of a solid Au nano-wire [259], the resulting “enhancement” of the deposited Au NPs is
achieved. The capsid virus is another protein template. The capsids could offer beneficial
hollow nano-shells with a broad range of uses [261]. For instance, cow pea mosaic virus
(CPMV), a 60 identical protein icosahedral virus [262]. CPMV was shown to be a useful
breeding grout for catalysts: it was decorated accordingly with the addition of surface
carboxylated or amine-groups in redox active methyl (aminopropyl) violonics [263] or
ferrocene moieties [264] through the addition of surface carboxylated or amine-groups,
correspondingly. The resultant particles demonstrate the capacity of electrocatalytics to be
applied [262].

The addition of the Au NPs to the outside of the CPMV capsid was reported by
Blum and colleagues [265]. The remains of the cysteine can be fed on the outer sur-
face and cysteines may be inserted anywhere they are appropriate and substituted at
60 symmetrie-equivalent places with the protein structure. This virus lacks the natural
surface cysteine [265]. The selected sites were devoted to three separate sites of cysteines
in order to have a varied number of particles and a changing interparticle gap between the
attached Au NPs and 5 to 10 nm Au NPs (see Figure 42).

Figure 42. The Au NPs can be changed to the Cowpea Mosaic Virus (CPMV). (a,c,e) show untouched Au NP TEMs bound
to various cysteine CPMV mutants with black circle au-NPs. The size of bars is 5 nm, with the Au NP models bound to
modified sites (b,d,f) the CPMV models. Reprinted with reference authorisation [265], Copyright 2004, ACS.
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Some researchers report that such virus capsids have a tremendously valuable appli-
cation as catalysts [265]. In this way, they have been decorated. CPMV shows additional
surface changes allowing the attachment of nanoparticles of different metals and Au
NPs, which lead to the development of finely regulated, highly appreciated bimetallic
or multi-component catalysts [266]. Tobacco mosaic (TMV) is commonly used in bio-
nanoscience [267] and coated on the Fe2O3, SiO2, PbS and CdS [268] and TiO2 [269] by a
large volume of metals. The use of genetically modified viruses [267,270] also uses Ag,
Pd and Pt nanoparticles [270–272]. Newly introduced is the attachment of Au NP (6 nm
diameter) to un-modified TMV in high density aqueous solution [273]. The application of
TMV decorated with nanoparticles as catalysts have been shown via the creation of NPs
from palladium on the TMV surface that revealed the reduction of di-chromate to catalyse
catalysis of these other materials has so far been covered by Au-coated virus particles.
Protein crystals, consisting of cross-linked [274] and non-circulated lysozyme, were used to
template the Au NPs. Finally, when lysozyme crystals are grown in ClAuS (CH2CH2OH)2,
they cause Au-to NP’s form in situ through a disproportionate reaction in protein crys-
tals [275]. In the absence of protein, growth is much slower than the development of Au
NPs and allows for fine controls of Au NPs up to a limit of 20 nm. In consequence, the
Au NPs made up of lysozyme crystals have shown the ability to catalyze p-nitro-penol
reduction to p-amino-phenol [276].

J.B. Philip et al. [277] confirmed that protein scaffolds are used for the standard array
of Au nps with chaperonin protein HSP60. The TF55 β subunits were used in this process
for sulfolobus shibatae. The two-ring proteins contain 18 subunits of proteins which can
be classified as 2D crystals [278,279]. This is the structure of the double ring. The solitary
native-cysteine found in protein was isolated and the structural data were used to allocate
the cysteine around the protein’s main cavity. To make the opening wider, residues were
loosened). Furthermore, 2D crystalline Au NP collections were achieved by initially making
2D protein groups and then adding Au NPs into a solution, or initially binding Au NPs
into proteins regulated by surface deposition (see Figure 43).

Figure 43. A negatively stained crystalline area of TF55 β-subunits reconstituted into oligomers.
Reprinted with permission from Elsevier, 1998 [277].
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6. Catalysis via Biomolecules Anchored Au NPs

In various reactions, Au NPs are being used as a catalyst every day. However, it is less
understood that Au NPs are used to catalyze bio-molecular reactions. Two groups shall be
considered in this section: first, Au NP catalysis, and second, Au NP ligand catalysis.

6.1. Catalysis via the Au NPs Itself

The standard Au NPs catalyzed processes is brought about by the Au NPs themselves
being frequently deposited on an oxide; surface characteristics are considered. The pro-
vided illustrations clarify how the Au NPs bring the catalysis of biomolecules. Haruta
first put forward Au NPs’ catalytic capacities, in which Au NPs induced carbon monox-
ide oxidation. In the following years, Au NPs catalyzed several non-biological reactions
(i.e., see Bond et al. [280], Hashmi et al. [281] and Pina et al. [282], for critical reviews).
Many of the major characteristics for Au NP catalysis, including: (1) low coordination,
are envisaged or understood; by theoretical modeling, Mills and colleagues [283] showed
that a small Au group or irregular Au surfaces are catalytic, since they confine lone Au
atoms with little organization, such as HOMOs, that project into space, rather than relocate;
they suggested that it would allow load transfer to the O2 π* orbital. (2) Size: size is
key, since Au NPs with lower catalytic size are going to have a high catalytic rate [284];
this pattern is not unexpected, since only surface atoms are catalyzed, and given (1), a
higher degree of low atoms of coordination across boundaries and deficit is more likely to
be present in smaller groups. Furthermore, certain geometries and groups tend to have
unique characteristics called “magical number” [285], and particles like Au55 appeared
to be closed shelled groups and extremely oxidation impermeable and thus are strong
catalysts for oxidation [286]. (3) Scaffold interface: the existence and effect of the interface
between the deux is usually examined by the Au NP on an oxide support. The supporting
point at which the Au NPs occur was proposed as the oxidation centre. The smaller Au
NPs are more involved due to the greater amount of their support system. The Au which
is in contact with the help in the event of CO oxidation is predicted to be Au3+ and the
active site for dioxygen activation is suggested by the cationic Au [287]. The scaffold is a
life molecule like the virus capsid or DNA that is considered in that discussion to have an
effect on Au catalytic action. In spite of this, enzyme-catalysts illustrate us that the exact
arrangement of atoms and remains is necessary to construct an active-site [288] and sensible
to think that the regulated, accurate posing of Au NPs in three dimensional associations
can be used for the next catalytic system. When measuring large numbers of Au NPs on
the capsid with a high density, supporting catalytic possessions would probably be taken.
Obviously, biological molecules usually exist in aqueous solution. In solution, Au NPs
often somehow can conduct catalytic tests free of charge [289]. These processes are less
well studied, but may be more suitable for biocompatibility issues. (4) Adsorption mode:
According to empirical research [290], the adsorption activation on the surface of the Au
NPs is carried out by three modes, i.e., end-on, top/bridge/top and bridge/bridge, the
strictly activating O2 is better separated with the bridge-bridge surface of the Au NPs (see
Della Pina et al. for an overview [282]). There are several examples where the effect of
proteins in relation to biological properties was imitated by inorganic nanoparticles [291].
This also involves enzyme catalysis imitation. The glucose oxidase act was copied with
Au NPs (GOx). The GOx is an enzyme that catalyze glucose oxidation into glucolactone,
creating H2O2 simultaneously (see Figure 44A) [292]. This result provides the foundation
for numerous blood glucose-meters used by the diabetes patients. In 2000, diabetes was
projected to hit 2.8% by 2030 [293], i.e., an increase from 171 million to 366 million people,
and the figure was expected to reach 4.4% in 2000. Diabetes is serious, progressively
difficult condition. The condition is characterized as high blood sugar either because of
inadequate development of insulin (type 1) or because the body is unable to properly use
insulin (Type 2). The disease can result in many serious and long-term problems for those
it affects [291].
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Figure 44. (A) Glucose togluconolactone oxidation catalyzed by glucose oxidase (GOx). (B) Application to the sensor to find
DNA hybridization of GOx-like catalytic activity of Au NPs. The Au NPs (red) will catalyze glucose oxidation and produce
peroxide under the present pattern. This can be used in the subsequent oxidation of ABTS in a horseradish peroxidose
(HRP) colour (path A). Peroxide production also catalyzes AuCl4 to Au0 reduction, which increases the size of Au NPs
(path b). (A) Replicated with authorisation from reference [293] Copyright The Biochemical Society. (B) Reproduced with
permission from reference [294], Copyright 2011, WILEY-VCH.

Instead of being able to display blood glucose levels precisely, insulin is a real action
for diabetes, primarily Type 1. A characteristic control technique uses GOx for the oxidation
of a limited amount of blood. The enzyme is renewed with the oxidation of a moderator to
assign the electrons to the cell electrode, thereby producing current. The emitted current
size is relative to the glucose sample amount. These machine-based sensors have been
extremely successful [295]. Au NPs are well-known to be useful in the equation of glucose,
gluconic acid and H2O2 to catalyze the same oxidation reaction as shown in (1) [296].

O2 + Glucose→ H2O2 + · · · gluconic acid (1)

In solution and solid, Au NPs were considered as active catalysts for glucose oxidation.
In a solution, an excess catalytic rate of glucose transfer to gluconate was found to be shown
in the Au NPs, because the particle’s diameter was reduced, up to the lowest (3.6 nm)
diameter measured. Even though catalytic activity was still below the marketable enzyme
system [297], it can still be assessed that if smaller particles are used, the rate will progress.
Luo et al. [298] further investigated the catalysis and showed that passivation of the
surface of Au NPs suppressed the catalyst and associated the role of a surface Au atom.
The catalytic activity showed a Km-length of 6.97 mM (comparing GOx’s 4.87 mM) with
Michaelis–Menten, whereas the Kcat was twice that much higher with the Au NPs. There
was no effect on glucose oxidation in the research of other metal nanoparticles. The authors
showed that catalysis of Au NPs was dependent on size, wider pH and temperature ranges
than that of GOx and that this was obviously possible as a powerful part of glucose control
devices. In DNA hybridization, the capability of Au NPs to catalyze the oxidation of
glucose was used (see Figure 44B) [294]. ABTS2− (2,2′-azino-bis(3-ethylbenzothiazoline
6-sulfonic acid) otoxides the peroxide produced by the catalytic effects of the Au NPs along
with horseback peroxidase (HRP). These consequences are of a blue color [294]. (ds)-DNA
is not closely linked to the Au NPs, so the processes do not have a major consequence.
However, the single strand DNA exhibits substantial binding, resultant in passivation
of the surface resulting in surface passivation. The machine will then use colorimétric
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exams or direct remarks on the size of Au-and/or NP’s the plasmonic effects for free DNA
or RNA strands (i.e., disease-connected miRNAs) that arose because of the fact that the
peroxide prooduced could be employed to lessen AuCl4 to Au0, Au NPs producing enhance
particle size, a procedure repressed by attached ssDNA. The last case is the catalytic
Au NPs of biological molecule structural variations. Au NPs tend to catalyze protein
reshaping in this situation. The fact that Au NPs can mix with proteins and bring structural
variations is well known. Such discrepancies are usually the result of structural and
functional loss due to protein denaturation or development of the corona protein acquired
around the Au NPs [299–301]. The development of higher-order structures induced by
Au NPs is reduced. In Bacillus species, TRAP is a toroidal protein [302]; the protein-
TRAP (trp-RNA binding shrinking protein) was employed. In Bacillus species, TRAP is a
toroidal protein. In vivo, TRAP participates in the reaction regulation of the preparation of
tryptophan. The crystal structures of both the B TRAPs, stearothermophilus [303], and the
B. subtilis [304] were recognized and showed that TRAP has a diameter of about 8 nms
and consist of eleven equal monomers each with approximately 8.4 kDa. The protein has
other features beneficial to bionanosciences because of the exciting and well-defined form.
These include high thermostability [305] and the ability to withstand multiple mutations of
the surface without affecting overall structure. Up to now, TRAP has been used as part of
the floating nanodot gate transistor to generate symmetry-changed structures and to create
an automatically assembled nanotube protein [306] as a constituent of a floating nano-dot
gate-transistor [307]. The mutation of the lysins at position 35 (37 in B. stearothermophoilus
TRAP) to cystein results in the interaction of TRAPs with Au NPs (see Figure 45). It has
an ability to tie strongly to Au, because of the cysteine sulfhydryl group. However, the
wild protein does not contain cysteines. The TRAP’s residue lysine 35 is accessible to the
surface and lies in the outer rim of the ring unprotected and a motivating conformative
transformation is perceived when mutated into a cysteine and blended to 1.4 nm Au NPs.

Owing to the unavailability of Au NP, the transmission-electron-microscopy (TEM)
perceived TRAP protein appear to be negligible from the non-modified protein, i.e., it
looked about 8 nm in diameter as a small donut-shaped ring (see Figure 45). No important
consequence was observed in 1.4 nm Au NPs applied to the wild type protein. However,
the incorporation in the mutant protein of the same Au NPs affected a drastic shift. The
mutant-protein sample had no proof of the unique ring-shaped protein after several hours
of production at 4 ◦C and was replaced with large circular proteins of almost 20 nm
in diameter. Study with cryo-electron tomography of these particles revealed that the
produced structures were essentially spherical hollow proteins. The spheres looked like
two distinct dimensions (diameter about 17 nm and 21 nm), both depending on the Au
concentration (with the superior proteins prevailing at low Au NPs concentration). The
similarity between these hollow-formed particles and the governing viral capsids is known
as “sphere like capsid” [308]. In addition, although there is sometimes a small cluster
of one or more Au NPs inside a protein shell in one location, in other situations, no Au
particles can be presumed to be linked with the shells (though it should be well-known
that its difficult to observe 1.4 nm Au NPs under the TEM). All of a sudden, this implied
Au could behave catalytically. It is definitely important to see how the Au can function
through simple templating or gagging effects because it is the divergence between the
size of the Au NPs and the following protein shell. The theory of catalysis is maintained
by the fact that the same protein remodeling is possible even at low concentrations of
Au NPs. Although the catalytic hypothesis is intriguing, now it is unconfirmed that it
is difficult to fully align the small size of Au NPs in the shaped CLSs. Moreover, even
though significant numbers of Au NPs tend to lack the CLSs, Au atoms have not finally
been lined up. There were intriguing clues from the reaction path [308]. If the reaction is
discontinued and seen under TEM, a minute after the Au NPs initiation, numerous stable
TRAP rings were extinct before but few CLS are produced and several thread structures
appear to be unfolding or disassembling protein in place a large number of thread-like
structures. The Au NPs can constitute an infringement of the stable TRAP ring separately
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and (partly) unfoldment in the capsid method of monomer proteins, as previously reported.
The processes by which this can happen are still unclear. The exact role of Au NPs in the
processing of CLS waste is clearly illuminated. It is strongly suggested that interaction with
Au surface is necessary if the reactions only occur in the TRAP cysteine mutant; it is not
pure if it is direct, or mediated by oxygen as defined in other catalytic oxidative reactions
of Au NPs [309]. Au adatoms on the surface of the Au NPs might be the site of Au–S bond
improvement. The Au–S bond improvement site may be gold adatoms on the surface of
the Au NPs. The structure of the au-thiol binding has recently been studied and the nature
of au-thiol effects has been analyzed remarkably and has been purified and much remains
to be agreed upon [310]. The re-modification of TRAP into the CLS is important because,
to date, protein transmission with Au-is NP’s generally non catalytic and non specific, i.e.,
it is common to denaturate protein [311–313] or to form a “corona” in Au NPs [314]. Even
though ability to reshake proteins is interesting in certain cases, it must be understood that
a great deal of work residues to approve is required if the functional outcome is actually
catalytic and specifics the mechanism. If this result of protein re-modeling is adequate,
then this type of reaction to Au NPs may become a beneficial tool in bio-nanotechnology.

Figure 45. (a) The TRAP crystal structure (pdb 1qaw) revealed in two equally orthogonal views. Reprinted with permission
from reference [303] Copyright 1999, Elsevier. The protein with residue at site 35 highlighted in yellow space filling as
represented by the cartoon format; (b) TEM micrograph of the purified wild-type TRAP; (c) TEM micrograph of the purified
cysteine-mutant TRAP; (d) TEM micrograph of the wild-type TRAP in the Au NPs presence; (e) TEM micrograph of the
cysteine-mutant TRAP in the Au NPs presence. Note the form of bulky structures. Scale bars = 40 nm. (b–e) Reprinted with
permission from reference [307], Copyright 2012, ACS.
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6.2. Catalysis via Anchoring Ligands

The ligands are the functional groups that have been bound to the au-NPs for catal-
ysis. In these reactions, the ligands bound to the Au NPs surface are the active groups
responsible for catalysis. The advantage of using Au is that it is simple to keep and just has
the advantage of being able to provide a monolayer of a catalytic ligand with high density.
A wide variety of ligand monolayer skills have been investigated in Au NPs [315,316].
Biological mechanisms naturally occur in aqueous solutions and thus Au NPs will touch
those using Au-colloids in solution without assistance. Fortunately, in a number of pro-
cesses such Au NPs demonstrate catalytic activity [317]. The breakup of the phosphate
link [318] was the catalytic reaction in one case. An in vivo reaction that may be caused
by enzymes like restriction enzymes, a reaction which, in vivo, can be brought about by
enzymes such as restriction enzymes [319] and topoisomerases [320]. The Au NPs were
shaped and coated with a functionally azacrown thiol with a diameter of almost 2.5 nm.
This is confined triazacyclonans that can bind Zn-component metals (II). Initially, a hy-
drolysis reaction was observed, rather than RNA, by using 2-hydroxypropylp-nitrophenyl
phosphate (HPNP). The second order HPNP rupture constant was found to be more than
600 times larger than the Au NP rupture. This was understood in part by the influence of
indigenous concentrations and the stability of the transitional state. It was also found that
the shaped supramolecule would catalyze the same break-up of actual RNA dinucleotides.
In addition, extreme kcats and KM values of 6.7 × 10−3 s−1 and 3.1 × 10−4 M were found
to be more detailed [321] using triazacyclonane·Zn (II) as a catalytic unit along with un-
reacting ligands, respectively. When the mole portion of the catalytic unit was 0.4 of all
ligands, the extreme Kcat value was obtained. Theoretical intentions indicate that lonely
catalytic units were not slower, and all catalytic units worked in unison. Another example
was the formation of ornamented esterase Au NPs [316]. The Au NP scaffold here allows
the dipeptide functionality to be attached. In the case of an imidazole or carboxylate group
acting as a typical foundation and ordinary acid in the reaction, several copies of histidine
and phenylalanine, consisting from dipeptide moiety (HS-(CH2)11CO-HIsPhe-OH), were
involved on the surface of Au NP, to activate the active site of esterase that is designated
to produce the two amino acids [322]. Besides 2, 4-dinitrophenyl butanoate (DNPB) and
Z-leucin-p-nitrophenyl ester activated esters, improved particles have been confirmed
(Z-Leu-PNP). The results suggested that the covered Au NP was more successful than the
no Au NP controls, primarily at a low pH, because of the imprisonment on the Au NP
surface [316]. The impact was recognized as cooperative. The DNA pinching catalysis
was identified by Hsu et al. Hsu et al. [323] Au NPs were again split in the ability to
limit ligands to nearby high concentrations. Arylhydrazones were, in this case, bound
approximately 13 nm in diameter on the Au NP surface. These ligands can chip DNA
after UV light (312 nm) has been disclosed and pinnacles have improved compared to the
lack of Au NP [324] due to the concentrations of these ligands at local level as a result of
prison on the surface of the au-NPs. In other cases, a DNA phosphodiester hydrolysis was
obtained by adding BAPA (bis-(2-aminopyridinyl-6-methyl)amine) Zne(II) complexes to a
surface approximately 1.8 nm of diameter Au NP [325]. In this case, a bimetallic site was
given with a ligand clustering in combination with a hydrogen bond framework to break
through the activated zinc lewis acid (see Figure 46). This has resulted in being 100 times
largerthat of the ligand in the absence of Au NPs by breaking down the DNA-model sub-
stratum (bis-p-nitrophenyl phosphate, BNP). The splitting of the DNA substratum of the
plasmid was also perceived, which, remarkably, resulted in the development of linear DNA
products due to numerous break-up reactions [326]. Catalysis has also been confirmed
of peptide-based reactions used. Fillon et al. [326] used trimethylammonium-functioning
Au NPs that produced a positively loaded surface. Peptides with negative residues were
intended to be in appropriate places connected to the cationic monolayer ligand. Two
peptides, the five-heptad alpha helix, were used for two halves. These were intended
to consist of one C-terminal thioester and one N-terminal cysteine in order for the two
peptide half ligation to occur by indigenous chemical ligation [327]. The ligation rate was
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substantially increased in the event of Au NPs. The catalytic effect is possibly due to the
reactive reactants in close proximity to the Au ligand. The peptides have been planned to
be helical at acidic pH only, so that they can only temper and be self-replicated at acidic
pH. However, added Au NPs at neutral ph mean that both halves have helicity and have
been able to generate ligation product at a neutral pH [326]. This finding may be of interest
to researchers in abiogenesis where it is likely that an auto-replicating peptide has become
the first “Darwinian Ancestor” [328].

Figure 46. Bimetallic site bunching can build Zn(II) complexes attached to 2 nm diameter Au NPs. This site is demonstrated
by the scission of a Bis-p-nitrophenyl phosphate DNA model substratum (BNP). Copyright 2008 ACS, reproduced with
reference permission [326], Copyright 2008, ACS.

The ligand modified Au NPs have been used in sensors with catalytic characteristics.
Bonomi et al. [321,325] developed a transphophorylation method for 2-hydroXypropyl-
4-nitrophenylphosphate (HPNPP), covering Au NPs with triazacyclonane·Zn (II). This
generates p-nitrophenol with absorption of 400 nm to verify its concentration. This function
was broken to provide a sensor that accounts for protease activity, subtilisin A. Because
of the positive ligand on the AU-NP surface, the entire oligoanionic peptide substratum
was able to bind to the surface of the AU-NPs. The surface peptide stopped the HPNPP
reaction. On the contrary, this binding was removed when the enzyme broke down and
the reaction with HPNPP resulted in a shift in the signal of absorption. This mechanism
was shown to identify the behavior of other enzymes that altered their negative charges.
Attachment of the nucleic acids to Au NPs is negligible, as well as extensively recognized
all DNA RNA molecules with enzyme activities (DNA zymes and Ribozymes) [329,330].
Detectors/sensors are widely used in conjunction with Au NPs. The paired series of
DNA strands are a twin helix, which aggregates AU-NPs which are protected by certain
arrangements and changes in color because of plasmon. The addition of DNAzymes,
which split the DNA when a particular cofactor occurs, disintegrates the cofactor and
creates a colorimetric detector. In this case the DNA strands were incomplete, and Au
NPs linked into aggregates with a color of blue and a DNAzyme. DNAzyme cuts the
joint strands in the presence of UO22+ leading to disaggregation of the Au NPs and a
color shift to the red in a single uranyl sensor [325]. DNAzyme has been used in different
circumstances in conjunction with the Au NP surface (see Liu and Lu review [331]). In
comparison to this technique, Zhao et al. [332] the Au NPs were coated with DNAzyme,
which created an Au NP aggregation when a cofactor occurred. In these experiments, Au
NPs have been updated by inserting a surface ligand consisting of a single DNA (with a
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single RNA) strand and a DNA strand that is incompletely complementary to the “8–17”
DNAzyme [333]. In the presence of Pb2+ [166,334], this DNAzyme can cut DNA that
contains a single RNA connection. In addition to aggregation, the DNA ligand on the
Au NP is stabilized even at relatively large salt levels, due to the DNA’s duration and
negative load. The DNAzyme splits the ligand when the Pb2+ cofactor is present, thereby
eliminating its stabilisation. The Au NPs then add up to 10 min at room temperature to
change the red to purple color. Enzymes may be bound to the Au NPs as well. Brennan
et al. [335] lipase from the lanuginosal thermoplasms could be fixed to an Au NPs diameter
of ~14 nm. In that case, a thiolate composed of azide-terminated ligand functioned to the
surface of the A-NPs. In order to supply the acetylene group for click-chemical attachment
processes for Au NPs, a single available lysine residue was improved to the 30-kDa enzyme.
Even if the reaction is actually catalyzed by Au, the ligand may still play an important
role because it can restrict the entry of the reactants to the Au surface, as has been shown
for example in tests of the capability of Au NPs coated with altered ligands to catalyze
glycerol aerobe oxidation [336,337] in large parts of the body (tetrakis hydroxypropyl
phosphonium (THPC)).

6.3. Catalysis via Functionalization of Asymmetric Oligonucleotides

A magnetic sphere was used as a geometric restriction template for Au NPs functional-
isation with two distinct forms of oligonucleotides on the spot (see Figure 47). Functions for
asymmetric oligonucleotides in Au NPs were carried out through: (1) magnetic micropar-
ticles with 3′thiol-finished thirty-mer oligonucleotides (MMPs), (1) 3′hydroxyl-modified
“extension” oligonucleotides, (2) opposite half of the oligonocleotides in MMPs and (3) A
(3) (2) A) Functionalized with iron-oxide cores) magnetic microparticles. The Au NPs and
the MMPs with oligonucleotides were functionalized using standard procedures. The
complex, (4), was made by connecting three entredent to the 5′-phasphate group of the
Au NPs oligonucleotides by using a beffer ligation, which was changed to oligonucleotide
by the MMP. The corresponding T4 DNA ligase was introduced in order to catalyze phos-
phodiestral bondage between three′-hydroxyl and five′-phosphate, applied to the Au-Np
oligonucleotides. There was, therefore, a new 30mi oligonucleotide bond that could only
be hydridized in the Au NP segment using the MMP template [338]. The complex ob-
tained, (5), was separated through magnetic separation from the reaction mixture. The new
anisotropically updated Au NPNPs, (6), were isolated from the MMP templates by means
of a ligation buffer and heating.

The DNA melting tests include the full return of the enzyme ligation. The Au NPs
can be isolated from the MMPs in a reversible manner, raising the temperature above the
DNA connector’s melting point. The melting point, Tm of the duplex DNA machining unit
after ligation is estimated to be 20 ◦C over the Tm duplex before the temperature binding
and has been determined to be 74.5 ◦C (see Figure 48A), contrasting the blue and red lines
by observing extinction at 520 nm (plasmone resonance for Au NPs). With changes of the
three strand 30 bp nick structure into a constant two strand 30 bp duplex this big increase
in Tm is reliable, until melting SEM particle analysis shows that thousands of particles
are committed to each MMP (see Figure 48B). The melting process is mainly characterized
after the ligation phase by a sharp molting process that shows the Au NPs that have all
hybridized on the MMP surfaces have been connected to the oligonucleotide extension.
Dehybridisation in nanopure water, controlled for removal of the mmp with a magnetic
separator, has led to the separation of the ligated Au NPs from the mmpp. The extended
strands add asymmetry to the surface structure of the DNA-functional Au NPs, enabling a
highly directional programming of the particle set through hybridisation. The 13 and 30 nm
Au NPs (molar ratio 10:1) were mixed as a waterproof definition and were asymmetric
with opposite delay oligonucleotides. Since the Au NPs could only hybridise with delay
oligonucleotides, a “cat paw” structure has been developed.
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Figure 47. Functionalization of Au NPs with asymmetric oligonucleotides. Reproduced with permission from reference [339],
Copyright 2005, ACS.

Figure 48. (A) 13 nm Au NP DNA melting curves hybridized by delay DNA with MMPs. The ligation stage increased
dramatically, from 54 ◦C to 74.5 ◦C, before (red), after the melting temperature (blue). The ligation stage showed limited
impact in addition to the extension DNA (black curve). (B) The 30 nm Au NP SEM picture on an MMP’s surface. Reproduced
with permission from reference [338], Copyright 2005, ACS.

The structures of cat paws propose that 1/3 to 1/2 of the surface of each Au NP of
30 nm should be asymmetrically controlled with oligonucleotide delay (see Figure 49A,B).
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We react asymmetrically to 13 nm Au NPs with 30 nm Au nPs, which are functionalised with
the oligonucleotides opposite only to the prolonged 13 nm Au NPs to further demonstrate
the capabilities of this association scheme. The asymmetrical functions of the Au NPNPs,
(6), resulted in a settled satellite structure of one 30 nm Au NPs with an area of 13 nm Au
NPs not being agregated, but shaped instead. TEM sample analysis reveals that Au NPs is
hybridized with six to 10 13 nm Au NPs at almost every 30 nm. Aeration of the sample
and the electron beam will significantly distract the DNA duplex state; however, TEM data
show that the asymmetry of (6) in the satellite-structure system prevents the sequential
oligomerization process. In particular, the complexes in satellite-like nanoparticles are
6 nm red-shifted, in contrast to what is normally seen for the scattered 30 nm Au NPs,
with their surface plasm absorption. This red shift is consistent with Mie’s theory and the
development of an isotropically functionalized aggregate in comparison to larger polymer
structures [339,340].

Figure 49. Directional assembly of the dendrimer-like structures of asymmetrically functional Au NPs (A,B) cat paw (C–F).
Installation: bar scale) 20 nm. Copyright 2017 RSC, re-printed with reference permission [340].

Satellite structures with an average diameter of 152 (10 nm), which is about the
diameter of the satellite structure from two different sizes of Au NPs blocks and DNA
interconnections are also allowed by dynamic calculation. The asymmetrically functional
particles are likely to trigger a denderimer. They have, for example, ynthesized 30 and
60 nm Au NP satellite structures identical to those in Figure 49C,D. The dendrimer-like
structures are hybridized by more oligonucleotides that have not been expanded. A third
kind of nanostructure that looks like 30 nm particles in an asymmetrical 13 Nm Au NP
with opposite oligonucleotides (see Figure 49E,F). This three-component structure shows
that it can be used with this method and asymmetrical particles to manage the assembly by
at least three separate Au NPs in systematically in-expected heterostructures. Asymmetric
Au NPs functionality was demonstrated with oligonucleotides and it was known that DNA
operations allow MMPs both to alter DNA modified Au NPs locally and to help detach
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and distill anisotropically functionalized Au NPs. The Au-functionalized NP’s in this way
display highly directed discrimination with additional nanoparticles for hybridization,
enabling the preparation and montage of distinguishing nanoparticles such as satellite, cat
paw and dendrimer-like structures. This is a significant aspect towards the construction of
valence into nanoparticles, which allow refined nanostructured materials to be carefully
planed and preparationed.

7. Surface Chemistry of Au NPs for Various Applications
7.1. Au NP for Health Applications
7.1.1. Surface Chemistry of Au NPs Enabled Prophylaxis

Au NPs do not induce undesirable immune responses [341–343]; they act as concepts
in the packaging of vaccines, to increase the thermal stability of vaccines from hours to
months at room temperature (see Figure 50) [344].

Figure 50. Schematic examples of implementations of prophylaxis-based health-related healthcare
applications. Copyright 2016, Nat, reprinted with reference permission [345].

7.1.2. Au NPs Modified Proteins/Peptides as Vaccines

Through physicochemically, the Au NPs conjugate with the protein-based antigens,
which are widely employed for vaccines, this makes the vaccines fruitless by delaying
the antigen place. The Au NPs surface distracts their conjugation with proteins. Several
polymers are added in order to enhance Au NPs to preserve and protect the effectiveness
of vaccines for the bioactive immobilisation of protein antigen. Poly(4)styreneesulfonic
acid (PSS)/PSSco- maleic acid (PSS-MA) is employed in the alteration of Au NPs [346,347].
The Au NPs with PSS-MA can, therefore, simply conjugate virus-envelope proteins which
display the epitope to produce exact antibodies [348]. Mainly, PSS-MA can alter Au NP
chemical surface properties and greatly decrease cytotoxicity of cetyltrimethyl ammonium
bromide (CTAB). A 40 nm spherical complex of Au NPs proteins produced the maximum
degree of antibodies defined in comparison to the other particles. Improved cytokine re-
sponses can be increased by factors such as Au-size NPs shape. The orientation of proteins
on Au NPs that characterize their bioactivity in the electro-static binding interference conju-
gation. Important experiments were carried out with the application of different processes:
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calorimetry of the isothermic titration, quenching of fuorescence, dynamic light dispersion,
liquid chromatography mass spectrometry and spectroscopy of the circular dichroism,
X-ray photoelectron spectroscopy and enzymatic activity tests [349–351]. Electrostatic
binding also greatly decreases the bioactivity of proteine denaturation. Additional scheme
used for antigen Au NPs vaccines has been applied to the tetraethylene glycol spacer be-
tween Au NPs and proteins to secure proteins and forbidden denaturation [352] of protein
antigens. The examiner has described the method of immobilizing malaria surface proteins
with aldolization using glutaraldehyde [353] on Au NPs. The close chemical relation
strengthens the complex’s stability and can escape the removal of protein antigens in vivo.
The result of glutaraldehyde will lead to a high crosslinking of proteins, amidation medi-
ated by chemistry and clicking chemistry of EDC/NHS (coppercatalyzed azide–alkyne
cycloaddition). The use of unique peptides as an antigen subunit for Au NPNPs, instead of
a whole protein, is another energetic technique for emerging vaccines [346,354–356]. The
high attraction between sulfydryl and Au will approve a maximum relation through the
morally added use of amore cysteine to a peptide, [357]. In order to adjust Au NPs as a
virus vaccine, scientists have used the synthetic foot and mouth virus of cysteine [358,359].
In order to adjust Au NPs as a virus vaccine, scientists have used the synthetic foot and
mouth virus of cysteine [342]. The antibody response compared with conservative protein
vector Peptide-Au NPs has pressed for three-fold increase. Similarly, the Au NPs modified
by cysteine-terminated Matrix-2 protein are amended as the vaccine against an influenza
virus [360]. Intra-nasal vaccination experiments demonstrated that the vaccine M2e-Au NP
(cytosine-guanine-rich adjuvant CpG oligonucleotide) would fully accommodate mouse
neartest with the infant A virus. Meanwhile, their surface and antigenic act may strongly
be changed by the distance between a certain peptide and Au surface. The efficacy of the
vaccine can be improved by a long chain thiol or short SH-PEG spacer to increase the dense
collection and surface elasticity of peptides on Au NPs [361].

7.1.3. Au NPs Modified Carbohydrates as Vaccines

Glycoproteins wrapped in specific glycan chains are piles of protein antigens. These
glycans are capable of inducing immunogenic reactions and contribute to the detection
of glycanic antibodies [362]. In envelope protein gp120, strongly mannosed glucose was
detected by the only 2G12, monoclonal carbohydic antibody, mainly neutralizing Type1 hu-
man immuno sufficiency virus (HIV-1). The target antigen for improving the HIV vaccine
may be high mannose glycans rather than the entire gp120, with 2G12-like antibodies [363]
made. These carbohydrates, however, display poor appeal and are not able to allow Au NPs
to achieve their proper output. Researchers improved oligomannosides with a long am-
phiphilic linker containing thiol [364]. The linker helps the Au NPs forming an Au–S bond
bind carbohydrates. The aliphatic fragment of the linker makes self-assembled monolayers
with a dense package, but elasticity, availability of unspecific protein adsorption is given by
external multifaceted entities and carbohydrate antigenes are approved for immunogenous
efficacy. The glycan Au NP products are highly successful in binding neutralization of 2G12
and block 2G12. In contradiction with HIV, Glycan Au NPs will possibly be a beneficial,
flexible and multifunctional vaccine. Curred dedication for cancer immunotherapy has
now been exhausted in the synthetic cancer vaccines. Breast cancer cells above carbohy-
drates connected with direct mucin, for example GalNAc (Tn-antigen glycan). Tn-antigen
glycan, combined with Au NPs, may produce significant anti-cell titers. In accordance with
an in situ reduction method for producing Au NPs, the Tn-antigen-plotted polymer has
been applied by researchers to polymers [365] (see Figure 51). Complete titers applaud the
strong possession by Au NPs with carbohydrate density for the incidental communications
between B-cell stimulation immune reaction and antibody development.
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Figure 51. Schematic representation as synthetic vaccines of the different antigen conjugated Au NPs. (A) an antigen-based
West Nile virus protein (WNVE) attached to PSS-MA coated Au NP (different sizes and forms) through electrostatic
activity directed to virus vaccinations. Copyright 2013 ACS, reproduced with reference permission [348], (B) Tn antigen
glycopolymer antigen, covalently modified in Au NPs for cancer vaccines, associated mucinal cells. With reference
authorization [366], 2013 ACS Copyright. (C) HIV-1 Env plasmid DNA as an antigen attached to surface rods such as Au
NPs for virus vaccines (coated with different polymers). Copyright 2012, ACS, reproduced with reference permission [367],
Copyright 2012, ACS.

7.1.4. Au NPs Modified DNA as Vaccines

In addition to humoral immune reactions to other vaccines, DNA vaccines can give
a longer-term cell immunity [366]. Their development and storage are harmless and low
and therefore simultaneous immunization may be done in opposition to many antigens
or pathogens. DNA-modified Au NPs like nanocytes can significantly increase antigen
cell approval (APCs) and prevent nuclease DNA degradation [367]. A single stranded
DNA (SSDNA) is able to bind to Au NPs by means of nucleobase chemisorption. However,
double-stranded DNA (dsDNA) is not binding due to the base pairing and mounding of
for example a plasmid [294]. The chemical surface changes of the Au NPs are necessary if
plasmid DNA is combined with the vaccine. For Au NPNPs’ surface coverage, researchers
have synthesized low molar mass chitosans (6 kDa, Chito6) [368]. The Chito6–Au NPs
was shown to increase HBV-plasmid DNA conjugation. Compared with the bare intensity
of the DNA vaccine, intramuscular addition results of the mice showed stronger humor
(10 times) and cellular ansughts. In order to detect the effect of Au NP surface chemistry
on vaccination, studants have formed rods such as Au NPs (pSS coated, polyethylene/PEI
coated, CTAB coated and poly(-diallydimethyl ammonium chloride)/PDDAC) [367]. These
formed Au NPs can combine HIV-1 plasmid DNA through physical and static adsorption.
Increasing cell approval (APC) and stimulating dendritic-cell maduration (DC) in order to
retract and improve immunological reactions, may benefit the immune-genicity of DNA
Au NPs. The vaccine power of DNA-Au NPs has changed significantly due to different
surface chemistries. There still is much space to explore the best conjugation of dsDNA
and tough immunogenic action in surface chemistry of Au NPs.

7.1.5. The Au NPs Surface Enables Diagnosis

Au NPs functionality for metal ions, proteins, nucleic acid, bacteria and cells have
been identified diagnosed [196,216,369–372].

Metal Ions Diagnosis

Metal ions combine chemically and physically into many categories, including thiol,
hydroxy, amine and carboxyle. These can bind or remove the surface-functioning lig-
ands after the injection of a sample and influence the assembly of Au NP [294] through
modification of DNA oligonucleotides onto Au NPs. The exact reaction between analyte
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ions and chelating ligands is used to collect and do non-accumulate au-NPs for improved
colorimetric examinations [165]. The other surface varying steps of the Au NPs can also
be used to enhance metal ions such as Na+, K+, Pb2+ and Cd2+ [174,373]. Au NPs formed
with ammonium-group quaternary thiols can perceive mercury (II) sensitively and selec-
tively [224]. In Hg2+, the altered ligands may be withdrawn, thereby affecting the Au NP
aggregation. Thiolates on Au NPs can be photooxidated in sulfonates that speed up the
aggregation process under solar light irradiation. In some studies, Hg2+ can displace rho-
damine B isothiocyanate from Au NPs, ensuring a fluorescence re-clamation, when using
modified Au NPs with poly(ethylene glycol) and rhodamine B [225], Hg2+ can displace
rhodamine B isothiocyanate from Au NPs, thus ensuring fluorescence reclamation. The
highly sensitive metal ion can be classified as a catalyst by the metal ion that catalyzes
various processes. Colorimetric Cu2+ detection is the other application for the alkynes and
the azides are catalytized with the ion of copper [Cu(I)] to create a solid chemical bond
following a covalent aggregation of Au NPs (see Figure 52A) [213]. These Cu(I)-catalyzed
1,3-dipolar cycloading (CuAAC) techniques have the following advantages:a highly stable
and selective chemical covalent mixture of azides and alkynes [374]. These Cu(I)-catalyzed
1,3-dipolar cycloading (CuAAC) techniques have the following advantages: a highly stable
and selective chemical covalent mixture of azides and alkynes. The Cu(I) catalyst promotes
these processes that affirm his high degree of sympathy. In order to distress the catalytic
activities of the Au NPs, metal ions may be reduced and deposited on Au NPs forming
bimetalic nanoalloys. Such a device can recognize several metal ions, including Hg2, Pb2

and Cr3+ ions [375,376] in a selective and sensitive way. The catalytic activities interme-
diated by metal ion is routinely inspected and multiplex processes imaginable have been
completed [372,377].

The improved surfaces of the Au NPs are important for the colorimetrical find of
metal ions in certain functional groups. The persuaded aggregation/disaggregation of
Au NPs with metal ions depends on the interface of the improved molecules between
metals and the surface. These can be accomplished by changing the surface improved
molecules and removing and linking them, thereby altering their status. In the meantime,
catalytic processes dependent on metal ions can also be used to boost these sensors. These
sensor forms can be highly discriminatory. Other forms of catalytic processes dependent
on metal ions are considered overly possible during these investigations. The progress of
Au NP-based sensors for the identification of metal ions can be catalyzed by innovative
types of chemistry linking metal ions.

The Surface Functionalized Proteins-Au NPs with Probes

Proteins, DNA and RNA can selectively be detected by surface functionalized proteins-
Au NPs with probes such as antibodies and nucleic acid aptamers. This subject relates
primarily to the identification of proteins through the surface of Au NPs. The maximum
number of these processes depends on the growth or aggregation of Au NPs mediated by
the antibody functionalized Au NPs and the application enzym: protein–protein interac-
tion [378], protein–aptamer interaction [379] and protein–carbohydrate interaction [380]
are commonly used to modify and detect proteins easily and sensibly. Such approaches
are simple and successful but lack universality. Au NPs with alkynes and azides were
functionalized to integrate Au NPs into the old but potent enzyme-linked immuno-sorbent
examination (ELISA). CuAAC exists on the surface of Au NPs, resulting in Au NPs being
aggregated (see Figure 52B) [215]. They are commonly used to modify and detect proteins
easily and sensibly. Such approaches are simple and successful but lack universality. Au
NPs with alkynes and azides were functionalized to integrate Au NPs into the old but
potent enzyme-linked immuno-sorbent examination (ELISA). CuAAC exists on the surface
of Au NPs, resulting in Au NPs being aggregated (see Figure 52B) [381]. Compared to the
predictable enzyme related immuno-sorbent assay, these colorimetric immuno-assays show
greater sympathy and power (ELISA). Numerous enzyme mimic activities are exhibited by
Au NPs that can substitute natural enzymes for bio-marker recognition. Surface chemistry
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may prevent or increase the enzyme-mimicking behaviour of Au NPs. No peroxidase
action is performed by CTAB modified Au NPs prepared via the seed growth process.
Silver ions (Ag+) have a strong surface attraction of Au NPs, thereby disrupting the CTAB
membrane and enhancing the activity of peroxidase (Ag+ gate peroxidase activity of Au
NPs (Figure 52C)) [382]. Acetylcholine sterase (AChE) can hydrolyze acetyl-thiocholine
to thiocholine as a critical neurological disease biomarker. The thiocholine generated can
organise Ag+ and prevent the action of Ag+ gate peroxidase by Au NPs. For fluorescence
detection of acetyl-choline in blood models, there was a related research study using
bimetallic Au@Ag0 core-shell nanoparticle-referred peroxidase activity [383].

Figure 52. Au NPs allow sensing and diagnostic surface chemistry. (A) The 1,3-diogravic azide and alkyne (CuAAC)
catalyzed Cu(I) occurs at the Au NP surface, which is the product of Au NPs being aggregated. Copyright 2008 Wiley-VCH,
reproduced with reference permission [213] (B) CuAAC-based colorimetric immunoassay occurs on an Au NP surface.
Copyright 2011 Wiley-VCH, reproduced with reference permission [215] (C) Silver ions (Ag+) interrupt the CTAB membrane
and regenerate Au NP peroxidase activity (Ag+ gate peroxidase). Reproduced by reference authorisation [382] Wiley-VCH
copyright 2018. (D) Set sheets of paper for multiplexed immuno-assays shall be shirked in paper barcode chips (PBCs).
Copyright 2017 American Association for the Advancement of Sciences, reproduced with reference permission [384] (E) Au
NPs are electrostatically associated with b-gal ammonium quaternary ligands. Bacteria analyte transfer b-gal and repairs
activity of the enzymes. If a naked-eye reading is used, the evacuated b-Gal can turn a pale-yellow chromogenous substrate
into a red product. Copyright 2011, ACS, reproduced with reference permission [371], Copyright 2011, ACS.



Energies 2021, 14, 1278 54 of 83

Based on its distinctive visual characteristics, the most fruitful applications of Au NPs
are sensing uses. The high elimination coefficients of Au NPs are used by these types of
colorimetric sensors and can give naked-eye readouts with a low detection limit. The act
of recognition is interrupted by surface features of Au NPs for most of these applications.
LFAs can transform from qualitative inspection to quantitative recognition with improved
sensitivity by functionalizing Au NPs with signal assessments such as enzymes and flu-
orescent molecules [385]. For appropriate processes, components can be lyophilized on
the LFA strip [386]. A paper-based barcode assay system based on barcode scanning will
provide a more objective and reliable reading separately from the illustrative, fluorescent
and chemi-luminescent reading of LFAs [384]. For multiplexed immuno-assays, the fixed
sheets of paper are shirked into paper based barcode chips (PBCs) (see Figure 52D) [387].
This explores the platform that enables various biomarkers to be discovered and provides
multiplexed implications within several minutes. For point-of-care finding of proteins in
resource restricted sets, colorimetric sensors are suitable. The optical and surface char-
acteristics of Au NPs provide a perfect stage for these sensors to advance. Although Au
NP-based assays include a moral recognition act, the following fragments will advance
these types of examinations: full automation, improved presentation of results and pro-
longed stability. Surface chemistry gives Au NPs the opportunity to identify targets while
also increasing old sensor analytical recitals (such as sensitivity and selectivity). When
combined with other innovations, such as microfluidics, Au NPs-based inspections may
have provided an automated operation recital. In this area, we believe there is still much
progress to be made, particularly in the surface chemistry of Au NPs.

Recognition of Bacteria, Viruses and Cells via Au NPs

Au NPs have been widely used for recognizing bacteria and cells [388]. The chemistry
of the Au surface gives the opportunity to locate bacteria or cells. Extreme processes
depend on antibodies and on Au NP evaluations built to detain bacteria and cells. For
these applications, Au NPs enhanced with modified small molecules may also be used. The
interaction between the viral hemagglutinin (HA) protein and the host glycan receptors can
be tested by glycan functionalized Au NPs (Au NPs). To identifyavian infuenza visually,
this technique is used [389]. Au NPs may be reserved for trimeric HAs or viruses, resulting
in gAu NP aggregation. This naked-eye readout takes care of the quick and in-depth
detection of harmful viruses. Quaternary ammonium ligands are functionalized with
Au NPs, which can electrostatically stabilise b-galactosidase (b-Gal, see Figure 52E) [371].
Quaternary ammonium ligands can simultaneously stabilise Au NPs and increase their
solubility and biocompatibility. The functionalized Au NPs of the quaternary ammonium
ligand will resist the action of b-Gal. When the anionic-surface analyte bacteria were
applied to the Au NPs, b-Gal transferred to the Au NPs surface and mended the enzyme
effort. For the naked-eye readouts, the moved b-Gal will alter a pale yellow chromogenic
substrate into a red substance. Compared to the Au–S bond, physical adsorption between
amino groups and Au is weak; however, the likelihood of colorimetric bacterial finding is
given by this method. In a one-pot reaction, modified Au NPs are prepared from D-Alanyl-
Dalanine (DADA) [390]. In extremely acid or alkaline conditions, the resulting Au NPs
remain stable. DADA will recognise peptidoglycan on the bacterial surface in the bacteria
society, influencing the aggregation of Au NPs due to the lack of DADA shield. This
colorimetric assay will distinguish between Staphylococcus aureus and Staphylococcus
aureus immune to methicillin from ascite models in patients. In fact, colorimetric sensors
based on physical adsorption and chemical crosslinking are largely detected based on
Au NPs. For colorimetric sensors, molecular forces and chemical processes between
target analytes and Au NPs are vital. We can precisely control and scheme the surface
characteristics of Au NPs through surface chemistry and increase their utility. Other
biochemical processes can also be used for surface modification of Au NPs, separately
from antibodies and molecules we have designed beyond. The integration of finding and
behaviour into one combined platform; meanwhile, this demonstrates disproportionate
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value in the provision of bacterial sicknesses. The possibility of these uses is discussed by
the surface chemistry of Au NPs.

7.1.6. The Surface Chemistry of Au NPs Enables Treatment
Functionalized Au NPs as Antibiotics

Although bare Au NPs have no antibacterial properties, surface functionalized Au
NPs are used as antibiotics with enhanced antibacterial movement compared to current
antibiotics or medicines with medications, vaccines and antibiotics [391,392]. Nanoparticles
can deliver antibiotics or drugs to bacteria competently and increase the concentration
of drugs in targeted bacteria, thus refining the antibacterial properties of old antibiotics.
Maximal experiments on antibiotic-dependent nanoparticles are based on antibiotic or
drug functionalization. Recent research shows that Au’s surface chemistry offers strong
antibacterial features for Au NPs. Surface modification by the Au–S bond of certain non-
antibacterial molecules on Au NPs will convey antibacterial features to these Au NPs. In
2010, amino-replaced pyrimidine, such as 4,6-diamino-2-pyrimidinethiol (DAPT), func-
tionalized Au NPs (Au-DAPT) have been investigated as antibacterial agents targeting
multi-drug resistant Gram-negative bacteria, but none of the components have antibacterial
potential on their own. The positively charged DAPT groups will increase the permeability
of Au NPs to the bacteria’s outer membrane, thereby refining the beneficial efficacy. By
modifying the membrane strength and avoiding the subunit of ribosomes, the Au-DAPT
exerts its antibacterial activity [393]. Numerous other accounts also record strong antibacte-
rial activity of cationic and hydrophobic functionalized Au NPs [394–396]. The synergistic
properties of non-antibiotic drugs and DAPT on Au NPs in conflict with superbugs are
additional stimulating findings [397]. The Au-improved NPs’ antibacterial activity is asso-
ciated with both GP-positive and Gram-negative bacteria, consisting of superbug-driven
medication. This is after co-functionality with non-antibiotic drugs and DAPT.

Co-functioning of Au NPs with antimicrobials and other functional components
is a common procedure that offers more dominant biomedical antibiotics based on Au
NPs [398]. Further reading reveals that N-heterocyclic molecules also have the same effect
on [399]. The Au NPs show broad spectrum antibacterial actions in contradiction to even
superbugs that repel most antibiotics by surface functionalization with an N-heterocyclic
molecule. Physical adsorption is also used as a surface modification technique for Au NPs
separately from using the Au–S bond. Via physical adsorption between amino groups and
Au NPs, pharmaceutical intermediates such as 7-amino-cephalosporanic acid (7-ACA),
6-amino-penicillanic acid (6-APA) and 7-amino-desacetoxycephalosporanic acid (7-ADCA)
will adsorb Au NPs on the surface [400]. Via cell membrane interruption and lysis of
bacterial cells, these pharmaceutical intermediate functionalized Au NPs will defend
against Gram-negative bacteria consisting of both laboratory antibiotic-sensitive strains
and clinical multidrug-resistant separates. Numerous amino-saccharides have similar
structures to the bacterial peptide-glycan. The functionalized Au NPs (Au-GluN) of D-
glucosamine(GluN) will disrupt bacterial peptidoglycan, leading to the loss of bacteria [401].
Further research shows that we can find a small range of antibiotics by functionalizing
Au NPs with amino-saccharides [402]. The Au-GluN will move through the cell wall and
change the cell membrane’s structure to convince the cell to lose bacteria.

Some Au NP antibacterial coverings and coatings are advanced to thoroughly dis-
cover the use of Au NPs-based antibiotics. Helical healing issues arise in bacterial poisons.
Strong bacterial poisons can also contribute to sepsis approximately. Electrospinning al-
lows nano-sized polymer fibers to be synthesized according to human requirements. In
Poly(3-caprolactone)/gelatin solution under electrospinning, we doped intermediate phar-
maceutical Au NPs to [401]. Relative to physical adsorption techniques, the electrospun
nanofibrous scaffolds provide a homogeneous coating of nanomaterials on fibres. With the
humiliation of poly(3-caprolactone)/gelatin nanofibrous scaffolds, anti-bacterial Au NPs
can be consistently free to provide constant antimicrobial capacity. This mechanism can
also be recognised by co-electrospinning Au NPs and poly-poly-capped indole derivative
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co-electrospinning (-lactic-co-glycolicacid) [403]. Indole does not show any antibacterial
activity as a major derivative in the food and drug industries. The resulting AI-IDs demon-
strate strong antibacterial activity in contradiction to multidrug resistant superbugsafter
physical adsorption of indole derivatives onto Au NPs (AI-IDs). Bacterial cellulose (BC), a
popular biomaterial treatment for tissue engineering, shows advantages of high biocom-
patibility: the capacity to absorb water and mechanical strength. When a BC membrane is
saturated in an Au-DAPT solution, through physical adsorption, Au-DAPT will adsorb on
the BC membrane, which has implications for wound healing in an antibacterial dressing
(BC-Au-DAPT nanocomposites) [404]. The BC-Au-DAPT freeze-dried nanocomposites are
highly stable and, after one year of storage, maintain their antibacterial action. Another
use of antibiotics based on Au NPs is their use as antibacterial coatings for medical strate-
gies. The surface of the medical devices is negatively emotional later in the plasma action.
Positively charged surface Au-DAPT will adsorb stably on the surface of medical devices
by electrostatic self-assembly [405]. Thus, the immobilised Au-DAPT will destroy antimi-
crobial constituents if nosocomial medical device contamination is a secure but proficient
antibacterial method. Au NPs smaller than 2 nm, often referred to as Au nanoclusters
(Au-NCs), have confirmed antibacterial activity when quaternary ammonium (QA) salts
are functionalized [406]. For bonding Au-NCs, one end of the QA has a sulfydryl group
and the other end has positively charged ligands that can increase membrane permeability
and decrease bacteria drug efflux. In comparison to multidrug-resistant Gram-positive
bacteria, these types of antibiotics can battle in vivo and have no detectable cells. The time
of circulation is equivalent to that of vancomycin (a widely used antibiotic), which confirms
its efficacy as an antibacterial agent. Additional work using antimicrobial peptide self-
assembly on Au nanodots demonstrates superior antimicrobial activity by decomposing
the bacterial membrane [407]. Meanwhile, on the basis of Au–S bond-based conjugation
of Au NPs and the unique thiol molecules, the outstanding antibacterial capacity is built.
Millimola quantities of glutathione can competitively bind to Au NP surfaces via the
Au–S bond in the blood stream and cells. The disinterest caused by the movement of the
particular thiol molecules will significantly reduce the Au NPs complex’s antibacterial
capability. The stronger chemical bond to conjugate Au NPs and particular molecules is
likely to avoid invalidation caused by glutathione movement. By developing an Au–Se
bond instead of an Au–S bond, researchers used selenol modified peptides with dye to
synthesise fuorescent Au NPs [408]. The more stable Au–Se bonds are able to speechless
thiol compound intervention. The carbene–Au bond can also be employed for bridging
functional N-heterocyclic carbene molecules and Au NPs [409]. In comparison to thermal
injury, the N-heterocyclic carbene-improved Au NPs/Au-NCs display high fluorescence
quantum output and high stability [410–412]. Based on the same value, both the Au–Se
bond and the stunned thiol interference should be capable of the more stable carbene-Au
bond. Au’s surface chemistry confers strong antibacterial properties on Au NPs. These
forms of antibiotics can kill superbugs and reduce the resistance of bacteria to drugs. We
believe that surface functionalization of Au NPs with other types of molecules, apart from
pyrimidine, such as N-heterocyclic molecules, aminosaccharides, indoles, pharmaceutical
intermediates and QA salts, will allow the improvement of new antimicrobial tools. In the
meantime, more studies on the properties of dissimilar sizes, shapes and surface goods of
Au NPs on antimicrobial properties are still needed.

Functionalized Au NPs for Cancer Therapy

One of the greatest deadly human illnesses is cancer. Because of the range of such
a chronic illness, distinction of personal appearance and lack of effective miracle drugs,
cancer therapy is still a persistent scientific test. The most real mode of cancer action is
currently surgery in combination with radiotherapy and chemotherapy. However, it is
vital to advance new treatment plans and extremely specific medicines for the simply
invasive and metastatic products of cancer cells and the increasing drug confrontation.
Nanomedicine tackles unique mechanisms and has emerged as an encouraging plan to
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improve old therapeutic efficacy. It may advance the differential improvement for image-
guided therapy and cancer-specific delivery of chemotherapeutic agents for joint therapy
by promoting the target selection of cancer. Among various nanomaterials studied for
cancer therapeutic uses, Au NPs were mostly studied taking advantage of their distinctive
chemical, electrical and optical characteristics and outstanding biocompatible characteris-
tics, as well as the ease of synthetic activity and precise rheostat over their physicochemical
characteristics [7,413,414]. The high attractiveness of Au NPs to bind thiols, amines and
polymers offers an effective way of presenting reactive functional groups that can be used
for targeting and conjugating therapeutic agents (e.g., antibodies, peptides, aptamers and
carbohydrates, drugs, radionuclides, photosensitizers, siRNA and genes). The high X-ray
and near-infrared (NIR) light absorption coefficient will openly award Au NPs for cancer
therapy with the effect of radio-sensitization and photothermal control. Multifunctional
nanomedicine can achieve distinctive characteristics that can not be accomplished with
Au NPs alone by combining Au NPs into other nanoplatforms, such as liposomes. In the
development of useful nanomedicines that are specialised in multi-modal therapeutic uses
in cancer care, Au NPs are talented. In vivo, Au NPs demonstrate the effect of radiation
dose improvement and have created great interest in the field of radio-sensitization based
on Au NPs for oncology. The survival of mice with subcutaneous EMT-6 mammary carci-
noma can be substantially improved by X-ray irradiation and activity with Au NPs [415].
In addition, researchers have discovered novel methods of radio-sensitization for chem-
ical improvement (DNA damage and radical production) and biological improvement
in physical improvement (ROS-induced oxidative stress, inhibition of DNA healing and
cell cycle disruption) [416]. The effectiveness of cellular approval can greatly enhance the
therapeutic effect. For Au NP dependent nanomedicines, the size and surface charges are
significantly affected to monitor the efficacy of their cellular uptake [417]. The selective
accumulation at tumour sites was aided by circulating Au NPs with enhanced porous
design and retention (EPR) effect assistance. The cellular absorption of highly negatively
charged surface Au NPs is very difficult. To increase cellular uptake, neutral or positively
charged surfaces are helpful [418,419]. Researchers have researched the size-dependent
radio-sensitization of Au NPs using an U14 tumour bearing mouse model by surface
functionalization with PEG-SH coatings [420]. Compared to smaller or larger PEG-Au
NPs, PEG-Au NPs (10–30 nm) demonstrated higher radio-sensitivity for radiotherapy. By
modifying the surface chemistry of Au NPs with coating molecules, with improved Au
NP build-up in tumours, researchers may produce separate mutual radio-sensitization.
Metabolizable ultra-small Au NPs with a biocompatible covering ligand (glutathione, GSH)
(core size 1.5 nm) strongly enhance cancer radio-therapy [421]. Through the enhanced
EPR effect, the GSH-Au NPs can be collected in growths differently. GSH-Au NPs can be
professionally cleared by the kidneys following treatment, which eliminates any potential
side effects. Photo-thermal therapy uses NIR light/laser as the energy source to produce
high temperatures to destroy cancer cells instead of using harmful high-energy rays and
pollutants (radiotherapy). Plasmonic Au nanoshells have been identified in previous stud-
ies to demonstrate photo-thermal properties and are thus used for near-infrared thermal
treatment of tumours [422,423]. Rod-like Au NPs with a tunable LSPR band associated
with the nanoshells compared to the nanoshells, rod-like Au NPs with a tunable LSPR
band between 650 and 950 nm (falling in the NIR region) are considered to have great po-
tential for beneficial nanomedicine [424–426]. In addition, multi-functional nanomedicines
can achieve a combined scheme to advance specific cancer treatment by combining the
photo-thermal effect with pre-loading anti-cancer drugs or photosensitizers. The surface
chemistry of Au NPs at this stage reveals a crucial role in regulating the loading efficacy
of these therapeutic molecules [427]. Investigators have used mPEG-SH and a positively
charged peptide (RRLAC) to alter rod-like Au NPs to modify the surface chemistry of Au
NPs. When conjugated with RRLAC, the PEG on Au NP surfaces can help to stabilise and
elude aggregation. Supplementary conjugate photosensitizers (aluminium phthalocyanine
tetrasulfonate, AlPcS4) can be applied to the positively charged RRLAC by charge-charge
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forces. The disclosure of 810 nm laser irradiation will quickly produce a photothermal
effect, as well as an indication of the reactive AlPcS4 discharge. The second 670 nm laser
irradiation exposure generates the output for photodynamic therapy of a singlet oxygen
generator (SOG). Joining the photo-thermal therapy and photo-dynamics therapy can
expressively increase anti-cancer therapeutic properties. To improve the loading profi-
ciency of therapeutic molecules, mesoporous silica (SiO2) was used to increase the surface
chemistry of Au NPs [428] to boost the loading skills of therapeutic molecules. As a new
cancer theranosis agent [429] investigators have developed SiO2-coated rod-like Au NPs
(Au@SiO2). The SiO2 large surface area and large cavity will greatly advance the loading
of chemotherapy medications.

7.2. Other Applications
7.2.1. Gold Nanoparticles as a Catalyst

The gold nanoparticles are a good catalyst and have brings about the catalysis of
many dyes degradation wether the gold nanoparticles synthesized by the chemical method
or physical method. The gold nanoparticle is a precious metal for coinage, jewelry and
other arts since antiquity. Chemically, gold is a transition metal gorgeous in coordination
numbers. However, relative to other metals Bulk Au is a renowned chemically inert
material and has been reflected as an unwell active catalyst in numerous reactions. Though
Au NPs exhibit high catalytic characteristics for several reactions [430,431]. The finding of
the outstanding catalytic properties of Au NPs was described for the first time by Haruta
et al. in 1989, who showed that Au NPs can be very active in the elevation of the oxidation
of carbon monoxide (CO) at little temperature [432]. Succeeding this discovery, a sample of
aerobic oxidation reactions catalyzed by Au NPs have been described. For example, the
oxidation of alcohols to aldehydes [433], carboxylic acids [430] or esters [434], the oxidation
of aldehydes to esters [30] or acids [435], epoxidations of olefins and the oxidation of
amines to amides [436] have been examined. Newly, the catalytic use of Au NPs in careful
hydrogenation has been extensively testified as well [437]. Specifically, it was revealed
that with the incidence of a Au NP catalyst, replaced anilines and connected products
can be formed proficiently at low temperature from their nitrogenated compounds, which
are normally toxic organic by-products formed unenviably throughout the industrial
developed method of chemicals, such as agrochemicals, dyes and pharmaceuticals [438].
For instance, 4-nitrophenol (4-NP), a toxic nitro acromatic chemical, has a postponed
interaction with blood and then forms methaemoglobin tempting methemoglobinemia,
potentially producing cyanosis, confusion and unconsciousness to human body. When
swallowed, it causes abdominal pain and vomiting. Instead, 4-aminophenol (4-AP), a
hydrogenation yield of 4-NP, is a very beneficial material which can be employed as
an significant intermediate in pharmaceutical preparation of analgesic and antipyretic
drugs [439] as antioxidant in plastics fabrication [438]. More significantly, this reaction is
highly helpful for the moving environmental pollutants into beneficial chemicals. With Au
NPs, unsaturated chemicals can also be selectively hydrogenated. For example, acetylene
and 1, 3-butadiene can be moderately hydrogenated into ethylene [440] and butenes
correspondingly. The chief benefit of Au NP catalysts is their capability to selectively
catalyze the hydrogenation of the C=O group of α,β-unsaturated aldehydes manufacturing
allyl-type unsaturated alcohols [441]. The reduction of 4-NP to 4-AP on Au NPs with
sodium borohydride (BH4

-) in aqueous solution has also been thoroughly employed as a
style reaction to inspect the catalytic presentation of noble metal NPs, specially Au NPs
synthesized from the reduction of auric acid via wet chemical methods [442]. For instance,
Pal and coworkers found that a reduction in Au NP size primes to the increase of decrease
rate [443]. The alteration of Au NP surfaces with diverse functional groups testified that
the surface structure also mainly effects the catalytic characteristics of Au NPs [444].

The catalytic mechanism for reduction of 4-NP by Au NPs@vesicles catalyst to form
4-AP in the presence of NaBH4 is shown in Figure 53. Here in the mechanism, when
Au NPs@vesicles was used for catalytic reduction, BH4

- and 4-NP are first spread from
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aqueous solution to the Au surface and then the Au NPs on vesicle function as catalysts for
the transfer of electrons from BH4

- to nitrophenols.Too much borohydride BH4
- ion from

NaBH4 adsorbed and then shifted a hydride to the surface of Au NPs@vesicles, subsequent
in the improvement of Au-hydride bonds. At the same time, adsorption of 4-NP ion onto
the Au NPs@vesicles takes place. The nitro group of 4-NP molecules slopes to attract
hydrogen and electrons from the Au-hydride complex [445]. Finally, 4-aminophenol as the
final product is formed via various steps of hydrodeoxygenation reactions.

Figure 53. The catalytic mechanism for reduction of 4-NP by Au NPs@vesicles catalyst. Reproduced
with permission from Elsevier [446], Copyright 2019, Materials Science & Engineering C.

A brief overview of the catalytic activities of the gold nanoparticles, studied so far, is
summarized here. Sujoy et al. [447] synthesized gold nanoaprticles, sizes ranging from 5 to
65 nm, by green synthesis method of protein extract of Rhizopus oryzae and produced the
gold nano-bioconjugates (AuNBC). The synthesized gold nano-bioconjugates (AuNBC)
showed excellent stability of the different parameters like ionic strength, pH and tempera-
ture arose from the electrostatic repulsion of the negative charge of the conjugate proteins.
Catalytic reduction of p-NP by NaBH4 in presence of AuNBCs and time-dependent UV-
Vis absorption are shown in Figure 54. These gold nano-bioconjugates (AuNBC) have
showed excellent catalytic activity compared to that observed through the reduction of
p-nitrophenol by borohydride and Au NPs synthesized through the conventional meth-
ods. It was also found that, without AuNBC addition, the absorbance at 400 nm did not
change with time, showing that the p-NP reduction did not proceed in lack of catalyst. The
good catalytic performance of Au NPs could be assigned to the additional stability and
functionalization provided by the protein extract used as biological reducing agent.
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Figure 54. Catalytic activity of AuNBC (A) for p-NP reduction. Time dependent UV-vis absorption spectra (B) for
catalytic reduction of p-NP by NaBH4 in presence of AuNBCs. Condition used throughout: [p-NP] = 1.0 × 10−4 M;
[NaBH4] = 1.0 × 10−2 M; [AuNBCs] = 0.0101 mM, T = 20 ◦C. Reproduced with permission from Green Chem. [447],
Copyright 2012, RSC.

Mamatha et al. [448] studied the application of Au NPs toward the catalytic degra-
dation of organic dyes. An overall observation of their results indicated that the gold
nanoaprticles (Au NP B. sensitivum), prepared via green synthesis process using the leaves
of the plant Biophytumsensitivumas with 1 mM solution of HAuCl4.3H2O in 1:9 ratio,
showed good catalytic activities toward the degradation of organic azo dye, congo red
in water under ordinary experimental setup. This better catalytic imfact can not only be
due to their smaller size (size < 100 nm) but also to their better morphology. Likewise,
Indramani et al. [449] synthesised the gold nanoparticles while using extracts of Sansevieria
roxburghiana leaf and the chloroauric acid as reducing and stabilizing agents. The particles
so obtained were checked for their catalytic efficiency by confrirming fom the degradation
of degradation of organic pollutants such as 4-nitrophenol, acridine orange, congo red,
bromothymol blue, phenol red and methylene blue. It was found that the gold NPs showed
good efficiency toward various pollutants in water. Further, an overall investigation of the
previous work shows that Au NPs prepared through the green/biological approach have
better performance as compared those prepared while conventional chemical procedures.

7.2.2. Gold Nanoparticles as A Photocatalyst

Typically, the photocatalytic activity can be estimated employing the external quantum
yield (φex) which can be calculated as:

φex = [n × (number of product molecules)/number of incident photons]

where n = 2 for the HER (product = H2) and the 2 electron ORR (product = H2O2) and n = 4
for the WOR (O2). In the light of the previous literature, it can be studied that Au NPs in
their non-composities/supported are rarely used as photocatalyst; however, an appreciable
amount of work shows that Au NPs in their composities/supported version with other
materials are studied for their photocatalytic purposes as well.

Au NPs for Water Splitting

Moskovits and his coworkers were the first to display plasmonic overall water split-
ting while employing TiO2 capped Au nanorods with Pt as the hydrogen evolution catalyst
on TiO2 and a Co-based oxygen evolution catalyst on Au (φex = 0.1%) [450]. The Au/TiO2–
NiOx plasmonic photocatalyst has also been described to be proficient of splitting water
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with φex = 0.013% at hν = 2.1 eV [451]. As revealed in the scheme 2 (Figure 55), the low
CB minimum of TiO2 (ECBM = −4.1 eV for rutile TiO2 and 3.9 eV for anatase TiO2 at
pH 7 vs. vacuum level) which is inadequate for the HER (ECBM = −4.02 eV at pH 7)
is mostly accountable for the partial proficiencies. Instead, CdS takes a plentiful greater
CB minimum (ECBM = −3.28 eV) [452]. Peculiar asymmetrical nanohybrids mentioned
to as half-cut Au (core) and CdS (shell) nano eggs without and with a hetero epitaxial
junction (HC-Au@CdS and HC-Au@#CdS) were prepared employing a modified photode-
position technique [453]. Water splitting experiments were carried out under irradiation
of red-light [454]. Figure 56a,b displays the contrast of the photocatalytic activity of the
nanohybrids and the single components. In this circumstance, the Au particle size was
secured at 5.5 nm. Au and CdS are nearly quiet; however, the physical mixture displays
little action, non-heteroepitaxial junction HC-Au@CdS had a much greater action. The
photocatalytic activity enhances by about one-order of magnitude with an increase in the
size of Au particle from 5.5 nm to 12.1 nm and φex = 0.24% at hν = 1.9 eV has been attained;
this behavior can be seen from Figure 56b. Additionally, even after three recurrences of
the 3 day reaction, no decay in the action was detected with the constant stoichiometric
production of H2 and O2.

Figure 55. Schematic representation of the energy diagram of the Au/TiO2 plasmonic electrode with the density of states of
TiO2 and energy distribution of the hot carriers in Au NPs with the intraband transition through the surface plasmon decay.
Reproduced with permission from Nano scale Adv. [455], Copyright 2019, RSC.

Figure 57 demonstrates the basic reaction scheme of water splitting by the HC-
Au@#CdS plasmonic photocatalyst. HCAu@#CdS capably absorbs sunlight. The hot-
electrons produced through the LSPR excitation can be efficiently inserted into the CB of
CdS over the large area and high-quality junction. The high-energy electrons in the CB of
CdS allow a smooth HER, while the hot holes absent in Au NPs oxidize water with the help
of the electrocatalytic activity for the WOR [456]. Significantly, selective excitation of the Au
NP-LSPR overwhelms the photodissolution of CdS [457] so far hindering its employ as a
water splitting photocatalyst. Tan and co-workers have newly synthesized a Pt NP-loaded
TiO2 hierarchical nano-design (Pt/TiO2-HA), presenting a great level of visible-light action
for overall water splitting (φex = 0.23% at hν = 2.25 eV). These authors also suggested the
HET mechanism for the Pt/TiO2- HA-photocatalyzed water splitting phenomenon.
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Figure 56. (a) The comparison of the H2 evolution rate for HC-Au(dAu = 5.5 nm)@#CdS(/CdS = 1.9 nm), Au colloid, CdS
and a mixture of Au and CdS under red-light illumination (λex = 640 nm) or dark conditions. (b) Repeated water splitting
by HC-Au(dAu = 12.1 nm) @#CdS(/CdS = 2.1 nm) under red-light illumination. Figures are taken from ref. Reproduced
with permission from Nano scale Adv. [454], Copyright 2019, RSC.

Figure 57. Schematic representation of water splitting by the HCAu@#CdS/TiO2 plasmonic photo-
catalyst. Reproduced with permission from Nano scale Adv. [455], Copyright 2019, RSC.

Role of Au NPs in Redox/Chemical synthesis

Au/TiO2 plasmonic photocatalysts have been used to numerous significant oxida-
tions [458]. This is possibly since the electrocatalytic activity of Au NPs for the reduction
reaction cannot be used in the usual HET-type Au/TiO2 plasmonic photocatalyst, where
Au and TiO2 acted as oxidation and reduction positions, respectively. It was revealed that
visible-light irradiation of small-(dAu ≈ 2 nm) and large-(dAu ≈ 10 nm) Au NP-loaded
TiO2 stated to as bimodal (BM)-Au/TiO2 prompts the interfacial electron transfer from
small Au NPs to large Au NPs via the CB of TiO2 [459]. This phenomenon was efficient in
relations of the entropic energetic force for the interfacial electron transfer [436]. A com-
parison showed that BM-Au/TiO2 shows much greater activity than small-Au/TiO2 and
large-Au/TiO2. It is well known that H2O2 strongly adsorbs on TiO2 to form a surface com-
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plex (Tis–OH + H2O2/Tis–OOH + H2O). The surface complex experiences reductive decay
by the CB-electrons in TiO2 in a manner: Tis–OOH + 2H+ + 2eCB/Tis–OH + H2O [460].
Formerly, it is also significant to overwhelm this breakdown way to enhance the income
of H2O2. An operative method is the surface-fluorination of TiO2 [461,462] permitting
the generation of H2O2 at a millimolar level under UV-light irradiation. [463]. Then,
the consequence of the surface modification of BM-Au/TiO2 with carbonate ions (BM-
Au/TiO2–CO3

2−) on the photocatalytic activity was inspected. It was also found that the
surface modification radically enhances the photocatalytic activity and the φex reached
5.4% at hν = 2.3 eV. In the H2O2 preparation from water and O2 employing semiconductor
photocatalysts, a φex value of 5.4% at hν = 2.95 eV was testified for Au/BiVO4 [464]. Sig-
nificantly, Shiraishi and coworkers have found that g-C3N4 owns an tremendously high
discrimination of 90% for electrochemical H2O2 creation [465], and the proficiency of photo-
catalytic H2O2 preparation was significantly enhanced by employing it as the photocatalyst
(φex = 2.6 % at hν = 2.95 eV) [466]. In a porous defective g-C3N4 photocatalytic system,
a tremendously high φex value of 16% was attained in the company of 2-propanol as an
electron donor at h̄u = 3.26 eV.13 The great photocatalytic activity of BM-Au/TiO2 for H2O2
preparation from water and O2 can be reorganised as given in Figure 58. This type of mech-
anism can be applied to other redox synthesis. Visible-light irradiation of BM-Au/TiO2
contributes rise to the net electron transport from small Au NPs to large Au NPs, gathering
electrons and holes in large and small Au NPs, correspondingly. Consequently, water is
oxidized on small Au NPs, while the two-electron ORR happens on large Au NPs. Finally,
the greater photocatalytic activity of BM-Au/TiO2 for H2O2 preparation can stem from the
effective charge departure via the interfacial electron transfer from small Au NPs to large
Au NPs, the previous one shows outstanding electrocatalytic activity for the WOR and the
little catalytic activity of the small and large Au NPs for H2O2 breakdown [467]. Further,
the surface modification with CO3

2- ions of BM-Au/TiO2 is effective in suppressing the
reductive decomposition of H2O2 to increase its yield. From a viewpoint of organic syn-
thesis, BM-Au/TiO2 has also paved a way for the application of plasmonic photocatalysts
in reductive chemical transformations. For instance, BM-Au/TiO2 showed a great level
of visible-light activity for the one-step preparation of azobenzenes from nitrobenzenes
at 25 ◦C with a high yield of >95% and selectivity >99%, whereas unimodal Au/TiO2 is
photocatalytically less active [459].

Figure 58. A schematic representation of H2O2 from water and O2 by the BM-Au/TiO2 plasmonic photocatalyst. Repro-
duced with permission from Nano scale Adv. [455], Copyright 2019, RSC.
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7.2.3. Use of Au NPs in Sensing

The communication of light at the surface of the noble metal film stimulates surface
electromagnetic waves and sets them to resonate with incident light wave, subsequent in
the absorption of the light. This phenomenon is recognized as surface plasmon resonance
(SPR) [468] and rest on the refractive index of the interfacial region. Metal nanoparticles,
such as gold [469] and silver, display localized surface plasmon resonance (LSPR) at specific
instance wavelengths, producing strong light scattering and the arrival of intense surface
plasmon absorption bands. The intensity and frequency of the absorption band is typical
of the specific metal nanoparticles and extremely reliant on their size and shape, as well as
the surrounding environment [470] Using this phenomenon, many LSPR-based chemical
and biological sensors have been advanced [471]. However, many biosensors have been
advanced by means of silver nanoparticles [472]. Here, we summarize some of sensing
properties of the Au NPs reported elsewhere [473].

Sensors Based on Change in LSPR Absorption of Au NPs

The overall value behind LSPR-based sensors is the wavelength shift in the LSPR
spectrum rising from local dielectric variations produced by analyte adsorption. Some
studies based on LSPR have been conducted both in solution phase [474,475] and on
surfaces coated with nanoparticle monolayers [476,477]. Solutions phase study shows that
absorption maxima of LSPR was red shifted when Au NPs functionalized with monoclonal
antibodies interrelated with analytes. Furthermore, the wavelength shift was made to be
proportional to the quantity of ligands [478]. Likewise, most of Au NP-based SPR sensors
were reported by arresting nanoparticles onto surfaceof solids [479]. The addition of Au
NPs onto the sensing surface delivers an actual method to enhance the sensitivity of SPR
sensors is because of the high dielectric constants of Au NPs and the electromagnetic
coupling between Au NPs and the metal film on the surface. For instant, a gold film-coated
chip was employed to identify dopamine in nano molar concentration by immobilizing an
MIP gel with embedded Au NPs [480]. Numerous substrates, such as quartz, optical fibers,
ITO glass and sol-gel matrix, have been employed for supports for Au NPs, permitting the
finding of many analytes, such as human serum albumin, BSA, human IgG, streptavidin,
interleukin-1β and propanethiol [481]. Currently, Au NPs encapsulated by hydroxyl/thiol-
functionalized fourth production PAMAM dendrimer were immobilized onto maleimide
terminated SAMs to notice insulin. The subsequent Au NP-modified dendrimer surface
has high stability and increased sensitivity with a recognition limit of 0.5 pM. These
sensors showed good activity by analyzing human serum samples from normal and
diabetic patients with decent association to standard approaches [482]. The aggregation
of Au NPs brings an alteration to surface absorption band that give rise to a visible
color change. Exploiting this value, Mirkin et al. advanced a colorimetric sensor for
DNA hybridization examination employing oligonucletide functionalized Au NPs both in
dispersions and on surface. Other SPR grounded sensors employing aggregation of Au
NPs have been described drawing attention to proteins (via antigen-antibody or biotin-
streptavidin interaction) and lectin. Au NPs of mediated SPR signal amplifcation have been
employed to enhance the spreading SPR spectroscopic signals and hence improved sensor
sensitivity [483,484]. The signal amplification was described by the electronic coupling
contact of the spreading surface plasmons with localized surface plasmons of Au NPs
and be dependent on many factors such as size, shape and the distance from the metal
fabricating [485].

Sensing of Proteins

Protein sensing via antigen-antibody interaction can be noticed using Au NP-amplified
SPR phenomena. For example, Natan et al. have described a Au NP-enhanced SPR immune
sensing system by means of either antigen or secondary antibody functionalized Au NPs
as signal enhancers [486]. In an instance of this sandwich approach, a gold film coated
with Fc specific monoclonal goat antihuman IgG (α-h-IgG(Fc)) produces a small plasmon
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shift upon addition of human IgG and the second free antibody. The plasmon shift, though,
enhances 28-fold relative to an unamplified examine when the secondary free antibody
is substituted by an electrostatic conjugate between Au NPs and α-h-IgG(Fc). Using this
technique, picomolar recognition of human IgG is attained. Likewise, numerous competi-
tive and sandwich immune assays have been advanced employing Au NP-increased SPR
signals to notice human tissue inhibitor of metalloproteinases-2, [487] antiglutamic acid
decarboxylase antibody, allergen, TNT, human IgE and testosterone [488]. The sensitivity
of these assays can be increased employing fluorescence-labeled antibodies decorated with
Au NPs, gives rise to the method called localized surface plasmon resonance coupled
fluorescence fiber optic sensor [489,490].

Sensing of Oligonucleotides for Inhirtence Tracing

The sensitivity of oligonucleotide detection can be amended by employing Au NP
amplified SPR [491]. Keating et al. advanced a sandwich method where 12-mer oligonu-
cleotides were first related covalently onto a gold substrate shadowed by hybridization
of one-half of the target DNA molecules. Then, an arrangement opposite to the other half
of the target was added with or without tagging of Au NPs. The Au NP-tagged surface
confirmed a 10-fold enhance in an angle shift, concomitant with a 1000-fold development in
sensitivity and a ~10 pM recognition limit for the target 24-mer oligonucleotide [492]. For
example, Zhou et al. revealed that an intermediate carboxylated dextran layer between gold
film and the immobilized DNA molecules efficiently removes the nonspecific adsorption of
oligonucleotide functionalized Au NPs (see Figure 59); this method can result in the detec-
tion of 39-mer DNA at femto molar level [493]. The SPR measurements were carried out by
injecting the oligonucleotide functionalized Au NPs into the flow cell housing sensors cov-
ered with various duplexes or capture probes. The intermediate dextran layer reduces the
nonspecific adsorption of Au NPs, improving detection sensitivity. In an illustrative study,
real time multicolor DNA detection has attained developing Au NP-amplified diffraction,
where ssDNA modified Au NPs and micropatterned chemoresponsive diffraction gratings
were employed to interrogate simultaneously at multiple laser wave lengths [494].

Figure 59. Schematic representation of sandwich DNA detection assay via Au NP mediated SPR
signal amplification. Reproduced with permission from Anal. Biochem. [493] Copyright 2006,
Elevier B.V.
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Biosensors Bassed on Au NP SPR Scattering Approach

The plasmon resonance scattering phenomenon of Au NPs can offer a beneficial in-
strument for sensor design by inspecting the variations in LSPR absorption of Au NPs [495].
The plasmon scattering of 36 nm diameter Au NPs is 10–100 times stronger than dyes
or quantum dots. Using this nano-scale phenomena, numerous groups have advanced
immune assays to detect human IgG [496], kanamycin and lysozyme in human urine [497].
For instant, Ren and colleagues have advanced an extremely careful and sensitive similar
immune assay and DNA hybridization assay using plasmon scattering of single Au NP
evaluation. The sandwich immuneo assay was employed to notice cancer biomarkers for
example CEA, AFP in femtomolar range and aptamer recognition for thrombin as low as
2.72 pM [498]. Recently, Ling et al. described an LSPR light scattering sensor for Ag+ with
unmodified Au NPs using the specific respect characteristic of Ag+ with a cytosine-cytosine
gap base pair. The addition of Ag+ eliminates the oligonucleotide from the Au NP surface
producing aggregation concomitant with dramatic increase of LSPR scattering strength.
The LSPR light scattering intensity was proportional to concentration of Ag+ with a limit
of detection of 62 nM [499]. El Sayed et al. confirmed a biosensor method employing
SPR scattering images and SPR absorption spectra from anti-EGFR functionalized Au NPs
(Figure 60) for the diagnosis of oral epithelial cancer cells in vitro [500]. They oserved that
anti-EGFR functionalized Au NPs bind 600% stronger to oral malignant cells HOC 313
clone 8 and HSC 3 than normal cell HaCaT; this results in a sharper SPR absorption band
with a clear red shift.

Figure 60. SPR light scattering images to distinguish between normal cells (left panel, HaCaT) and cancerous cells (middle
and right panel, HOC and HSC) after incubation with anti-EGFR conjugated Au NPs. The anti-EGFR conjugated Au NPs
bind specifically to the surface of cancer cells resulting in a sharper SPR band with a red-shifted maxima. Reproduced with
permission from Nano Letter [500]. Copyright 2005, American Chemical Society.

8. Conclusions and Outlook

Due to the diverse nature and better stability against photo-corrosion and high redox
ability of Au-based material, it has many potential applications in catalysis, oil hydro
refining, drug carrier and electrode materials, solar cells, organic synthesis, water and air
purification, cancer therapy, cathodic corrosion protection and self-cleaning antibacterial
materials. It is concluded that such potential applications can further be enhanced by apply-
ing various new stratigies for the modification and hybridization of Au nanostructes with
various organic, biochemical and inorganic materials, ranging from conventional molecules
to polymeric macromolecules. A detailed understanding of the correlations between its
modified structures/natures and its catalytic activity in a particular reaction still needs
to be addressed. A combination of theoretical modelling and experimental modification
procedures can open new windows in the advancement of Au-based nanostructures. This
may be helpful both from academic and applied point of views.



Energies 2021, 14, 1278 67 of 83

Author Contributions: Conceptualization, M.Y., M.H., A.K. and H.U. (Habib Ullah 5); validation,
M.H., A.K., A.A.T., H.U. (Habib Ullah 5), M.U. and H.U. (Habib Ullah 4); writing—original draft
preparation, M.Y.; writing—review and editing, M.H., A.K. and H.U. (Habib Ullah 5); visualization,
M.H., A.K., A.A.T., H.U. (Habib Ullah 4), M.U. and H.U. (Habib Ullah 5); supervision, M.H., A.K. and
H.U. (Habib Ullah 5); All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We are thankful to the Engineering and Physical Science Research Council,
UK (EPSRC under research grant no. EP/V049046/1 and EP/T025875/, and Saudi Aramco Chair
Programme (ORCP2390) for financial support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wiesner, M.; Bottero, J.-Y. Environmental Nanotechnology; McGraw-Hill Professional Publishing New York: New York, NY, USA, 2007.
2. Di Guglielmo, C.; López, D.R.; De Lapuente, J.; Mallafre, J.M.L.; Suàrez, M.B. Embryotoxicity of cobalt ferrite and gold

nanoparticles: A first in vitro approach. Reprod. Toxicol. 2010, 30, 271–276.
3. Eck, D.; Helm, C.A.; Wagner, N.J.; Vaynberg, K.A. Plasmon resonance measurements of the adsorption and adsorption kinetics of

a biopolymer onto gold nanocolloids. Langmuir 2001, 17, 957–960.
4. Edwards, P.P.; Thomas, J.M. Gold in a metallic divided state—from faraday to present-day nanoscience. Angew. Chem. Int. Ed.

2007, 46, 5480–5486.
5. Kang, B.; Mackey, M.A.; El-Sayed, M.A. Nuclear targeting of gold nanoparticles in cancer cells induces DNA damage, causing

cytokinesis arrest and apoptosis. J. Am. Chem. Soc. 2010, 132, 1517–1519.
6. Shang, C.; Liu, Z.-P. Origin and activity of gold nanoparticles as aerobic oxidation catalysts in aqueous solution. J. Am. Chem. Soc.

2011, 133, 9938–9947.
7. Abadeer, N.S.; Murphy, C.J. Recent progress in cancer thermal therapy using gold nanoparticles. J. Phys. Chem. C 2016, 120,

4691–4716.
8. Saleh, T.A. Spectroscopy: Between Modeling, Simulation and Practical Investigation. Spectr. Anal. Rev. 2014, 2, 1–2.
9. Saleh, T.A. Sensing of chlorpheniramine in pharmaceutical applications by sequential injector coupled with potentiometer.

J. Pharm. Anal. 2011, 1, 246–250.
10. Kelly, K.L.; Coronado, E.; Zhao, L.L.; Schatz, G.C. The optical properties of metal nanoparticles: The influence of size, shape, and

dielectric environment. J. Phys. Chem. B 2003, 107, 668–677.
11. Takami, A.; Kurita, H.; Koda, S. Laser-induced size reduction of noble metal particles. J. Phys. Chem. B 1999, 103, 1226–1232.
12. Chen, D. Design, synthesis and properties of highly functional nanostructured photocatalysts. Recent Pat. Nanotechnol. 2008, 2,

183–189.
13. Balamurugan, B.; Maruyama, T. Evidence of an enhanced interband absorption in Au nanoparticles: Size-dependent electronic

structure and optical properties. Appl. Phys. Lett. 2005, 87, 143105.
14. Chen, X.; Zheng, Z.; Ke, X.; Jaatinen, E.; Xie, T.; Wang, D.; Guo, C.; Zhao, J.; Zhu, H. Supported silver nanoparticles as

photocatalysts under ultraviolet and visible light irradiation. Green Chem. 2010, 12, 414–419.
15. Litter, M.I. Heterogeneous photocatalysis: Transition metal ions in photocatalytic systems. Appl. Catal. B Environ. 1999, 23, 89–114.
16. Link, S.; El-Sayed, M. Steady state and time resolved optical properties of metallic nanoparticles the surface plasmon absorption

as an analytical tool to inverstigate particle properties. Int. Rev. Phys. Chem. 2000, 19, 409.
17. Furube, A.; Du, L.; Hara, K.; Katoh, R.; Tachiya, M. Ultrafast plasmon-induced electron transfer from gold nanodots into TiO2

nanoparticles. J. Am. Chem. Soc. 2007, 129, 14852–14853.
18. Grirrane, A.; Corma, A.; García, H. Gold-catalyzed synthesis of aromatic azo compounds from anilines and nitroaromatics.

Science 2008, 322, 1661–1664.
19. Khumaeni, A.; Budi, W.S.; Sutanto, H. Synthesis and characterization of high-purity gold nanoparticles by laser ablation method

using low-energy Nd: YAG laser 1064 nm. J. Phys. Conf. Ser. 2017, 909, 012037.
20. Eskandari-Nojedehi, M.; Jafarizadeh-Malmiri, H.; Rahbar-Shahrouzi, J. Hydrothermal green synthesis of gold nanoparticles using

mushroom (Agaricus bisporus) extract: Physico-chemical characteristics and antifungal activity studies. Green Process. Synth.
2018, 7, 38–47.

21. Gutierrez-Wing, C.; Esparza, R.; Vargas-Hernandez, C.; Garcia, M.F.; Jose-Yacaman, M. Microwave-assisted synthesis of gold
nanoparticles self-assembled into self-supported superstructures. Nanoscale 2012, 4, 2281–2287.

22. Sakai, T.; Enomoto, H.; Sakai, H.; Abe, M. Hydrogen-assisted fabrication of spherical gold nanoparticles through sonochemical
reduction of tetrachloride gold (III) ions in water. Ultrason. Sonochem. 2014, 21, 946–950.

23. Hussain, R.K.; Abdulghani, A.J. Synthesis of gold nanoparticles via chemical reduction of Au (III) ions by isatin in aqueous
solutions: Ligand concentrations and pH effects. Baghdad Sci. J. 2014, 11, 1201–1216.

24. Sadeghi, B.; Mohammadzadeh, M.; Babakhani, B. Green synthesis of gold nanoparticles using Stevia rebaudiana leaf extracts:
Characterization and their stability. J. Photochem. Photobiol. B Biol. 2015, 148, 101–106.



Energies 2021, 14, 1278 68 of 83

25. Zhu, L.; Zhang, C.; Guo, C.; Wang, X.; Sun, P.; Zhou, D.; Chen, W.; Xue, G. New insight into intermediate precursors of
Brust–Schiffrin gold nanoparticles synthesis. J. Phys. Chem. C 2013, 117, 11399–11404.

26. Hoo, X.-F.; Razak, K.A.; Ridhuan, N.S.; Nor, N.M.; Zakaria, N.D. Synthesis of tunable size gold nanoparticles using seeding
growth method and its application in glucose sensor. AIP Conf. Proc. 2017, 1877, 030001.

27. Ruivo, A.; Ventura, M.; da Silva, M.G.; Laia, C. Synthesis of gold nanoparticles in sol–gel glass porogens containing [bmim][BF 4]
ionic liquid. J. Sol-Gel Sci. Technol. 2013, 68, 234–244.

28. Masanori Sakamoto, M.F.; Majima, T. Light as a construction tool of metal nanoparticles: Synthesis and mechanism. J. Photochem.
Photobiol. C 2009, 10, 33–56.

29. Mian Rong Lee, H.K.L.; Yijie Yang, C.S.L.; Koh, C.L.L.; Lee, Y.H.; Phang, I.Y.; Ling, X.Y. Direct Metal Writing and Precise
Positioning of Gold Nanoparticles within Microfluidic Channels for SERS Sensing of Gaseous Analytes. Acs Appl. Mater. Interfaces
2017, 9, 45.

30. Izquierdo-Lorenzo, I.; Jradi, S.; Adam, P.-M. Direct laser writing of random Au nanoparticle three-dimensional structures for
highly reproducible micro-SERS measurements. R. Soc. Chem. 2014, 4, 4128–4133.

31. Ritacco, T.; Pagliusi, P.; Giocondo, M. Insight into diffusive and convective processes affecting gold nanoparticles microclustering
by multiphoton photoreduction. Colloids Surf. A Phys. Eng. Asp. 2021, 610, 125927.

32. Chen, Y.-S.; Hung, Y.-C.; Liau, I.; Huang, G.S. Assessment of the in vivo toxicity of gold nanoparticles. Nanoscale Res. Lett. 2009, 4, 858.
33. Colvin, V.L. The potential environmental impact of engineered nanomaterials. Nat. Biotechnol. 2003, 21, 1166–1170.
34. Shedbalkar, U.; Singh, R.; Wadhwani, S.; Gaidhani, S.; Chopade, B. Microbial synthesis of gold nanoparticles: Current status and

future prospects. Adv. Colloid Interface Sci. 2014, 209, 40–48.
35. Thakkar, K.N.; Mhatre, S.S.; Parikh, R.Y. Biological synthesis of metallic nanoparticles. Nanomed. Nanotechnol. Biol. Med. 2010, 6,

257–262.
36. Dass, A.; Guo, R.; Tracy, J.B.; Balasubramanian, R.; Douglas, A.D.; Murray, R.W. Gold nanoparticles with perfluorothiolate ligands.

Langmuir 2008, 24, 310–315.
37. Kroto, H.; Heath, J.O.; Brien, S.C.; Curl, R.F.; Smalley, R.E. C60 Buckminsterfullerene. Nature 1985, 318, 162–163.
38. Nakamura, E.; Isobe, H. Functionalized fullerenes in water. The first 10 years of their chemistry, biology, and nanoscience. Acc.

Chem. Res. 2003, 36, 807–815.
39. Brust, M.; Kiely, C.J.; Bethell, D.; Schiffrin, D.J. C60 mediated aggregation of gold nanoparticles. J. Am. Chem. Soc. 1998, 120,

12367–12368.
40. Fujihara, H.; Nakai, H. Fullerenethiolate-functionalized gold nanoparticles: A new class of surface-confined metal-c60 nanocom-

posites. Langmuir 2001, 17, 6393–6395.
41. Sudeep, P.; Ipe, B.I.; Thomas, K.G.; George, M.; Barazzouk, S.; Hotchandani, S.; Kamat, P.V. Fullerene-functionalized gold

nanoparticles. A self-assembled photoactive antenna-metal nanocore assembly. Nano Lett. 2002, 2, 29–35.
42. Shon, Y.-S.; Choo, H. [60]Fullerene-linked gold nanoparticles: Synthesis and layer-by-layer growth on a solid surface. Chem.

Commun. 2002, 2560–2561. [CrossRef]
43. Liu, J.; Alvarez, J.; Ong, W.; Kaifer, A.E. Network aggregates formed by C60 and gold nanoparticles capped with γ-cyclodextrin

hosts. Nano Lett. 2001, 1, 57–60.
44. Hasobe, T.; Imahori, H.; Kamat, P.V.; Fukuzumi, S. Quaternary self-organization of porphyrin and fullerene units by clusterization

with gold nanoparticles on SnO2 electrodes for organic solar cells. J. Am. Chem. Soc. 2003, 125, 14962–14963.
45. Islam, M.T.; Molugu, S.K.; Cooke, P.H.; Noveron, J.C. Fullerene stabilized gold nanoparticles. New J. Chem. 2015, 39, 5923–5926.
46. Frare, M.; Pilot, R.; De Filippo, C.; Weber, V.; Signorini, R.; Maggini, M.; Bozio, R. Fullerene functionalized gold nanoparticles for

optical limiting of continuous wave lasers. Appl. Phys. B 2019, 125, 1–12.
47. Plesek, J. Potential applications of the boron cluster compounds. Chem. Rev. 1992, 92, 269–278.
48. Hawthorne, M.F.; Maderna, A. Applications of Radiolabeled Boron Clusters to the Diagnosis and Treatment of Cancer. Chem. Rev.

1999, 99, 3421–3434.
49. Barbera, G.; Vaca, A.; Teixidor, F.; Sillanpää, R.; Kivekäs, R.; Vinas, C. Designed synthesis of new ortho-carborane derivatives:

From mono-to polysubstituted frameworks. Inorg. Chem. 2008, 47, 7309–7316.
50. Dash, B.P.; Satapathy, R.; Maguire, J.A.; Hosmane, N.S. Synthesis of a new class of carborane-containing star-shaped molecules

via silicon tetrachloride promoted cyclotrimerization reactions. Org. Lett. 2008, 10, 2247–2250.
51. Smith, H., Jr.; Obenland, C.; Papetti, S. A New Series of Organoboranes. IX. The Preparation and Some Reactions of Sulfur-

Carborane Derivatives. Inorg. Chem. 1966, 5, 1013–1015.
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