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Organic emissive dyes, which were first synthesized in the mid-19th century, have played a major role in
the field of sensing and biological imaging for several decades. The extensive use of m conjugation in
organic dyes has shown their red-shifted emission from the ultraviolet (UV) to near infrared (NIR) region.
The emission property modulation is not only restricted to m conjugation, but also affects the rotation of
their bonds, functional group modification and intermolecular interactions. The photobleaching property
of organic dyes makes it necessary to develop alternative emissive molecules and materials. Among the
alternative emissive sources, gold-based nanomaterials showed 10~* to 107> quantum efficiency for the
first time in 1998. The quantum yields of these systems are mostly low except for a few exceptional
cases in comparison to organic dyes. However, the high extinction coefficient values of these gold-

Received 22nd May 2022, based nanomaterials overcome the issue of overall brightness. The high stability of gold-based

Accepted 15th June 2022 nanomaterials has gained attention in sensing and biological applications. The origin of the emission in

DOI: 10.1039/d2ma00572g these gold-based nanomaterials varies significantly among bimetallic nanoclusters (BMNCs) and metal
oxide nanoparticles (NPs). In this review article, we deliberate on the foundation of luminescence

rsc.li/materials-advances properties among gold-based nanomaterials and compare their synthetic methods in detail.

1. Introduction have been widely developed® for this purpose since their first

synthesis more than 150 years ago.® Currently, for the synthesis
The emission property of organic dyes is important for studies of novel organic fluorophores, a few important parameters
on biosensing and bioimaging." Small organic fluorophores should be considered in terms of their physical properties.*

Among the photophysical properties, the absorption wavelength
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the quenched fluorophore is also important for sensing and
imaging to avoid the background emission, which is a common
artifact in imaging studies.” This fluorogenicity in the organic
fluorophore is commonly achieved through chemical reactions
involving bioanalytes.® In a few cases, the chemical reactions are
controlled by external light irradiation to achieve a better fluores-
cence response.” A molecular-level correlation between the
chemical structure of an organic fluorophore and its photophysical
properties has been found to be useful for the molecular design of
novel fluorescent bioprobes.®

In the last two decades, the use of organic fluorophores with
high temporal and spatial resolution in bioimaging experiments
has been found to be useful in living systems.” However, to avoid
strong autofluorescence by biomolecules in the ultraviolet region,
a recent review article discussed the importance of the develop-
ment of NIR fluorophores for bioimaging experiments."®

The photoluminescent property of metal nanoclusters is
significantly different from that of organic fluorophores
(Fig. 1A) and dependent on metal-metal, metal-ligand and
ligand-ligand interactions. As shown in Fig. 1B, the metal core
and Au(1)-S surface contribute to the luminescent property in
nanoclusters. The surface-like excited states are affected by the
rotational and vibrational motion in surface ligands, where
restricted rotational and vibrational motion decreases the non-
radiative relaxation and enhances the fluorescence intensity."!
However, organic fluorophores with high quantum yields suffer
from photobleaching with time and brightness in aqueous
medium as two major drawbacks.'” The brightness of an
emissive molecule or material is often defined as ¢®p"°
To overcome these limitations, metal-based NPs are considered
an alternative probe." The poor @4 properties of metal-based
NPs are generally balanced with a very high value of ¢ to produce
brightness. The advantages and disadvantages of organic fluoro-
phores vs. metal-based nanoclusters are summarized in Table 1.
Hence, recently, review articles and perspectives on metal-based

Dr Kalyan K. Sadhu is currently
working as an Associate Professor
in Department of Chemistry at IIT
Roorkee. In his independent posi-
tion as an Assistant Professor
in the same department, he has
started working on nano-bio
interfacial chemistry with special
emphasis on gold nano- and
supra-architectures for biological
applications such as imaging,
recognition and drug delivery.
Prior to this, he was trained in
Chemical Biology during his
postdoctoral research stints at the University of Geneva,
Switzerland, University of Strasbhourg, France and Osaka
University, Japan. During his doctoral research at IIT Kanpur,
India, he gained research experience in supramolecular chemistry.

Kalyan K. Sadhu

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

(A) s,
T,
S —
R:sc\—» To
@ =] LS a
21 2 == . 0,
: Small AFM-'A" Photosensitization
302
S Y -
(B)
ISC Triplet states
Surface states Tmeees" 0 v

(CT states) Core states

Near UV Visible
Excitation

Near IR Visible
Emission

\ \

Fig. 1 Schematic Illustration of Jablonski diagram (A) representing photo-
physical properties and ROS generation mechanism using organic dyes;
adapted from ref. 18. (B) Proposed mechanism for the origin of luminescence
in metal nanoclusters; adapted from ref. 11.

nanomaterials have attracted significant attention for a wide
range of applications."”®* Among the applications of metal-
based NPs, hypoxic tumor radiotherapy is one of the most
important for clinical cancer treatment.'® An integrated “metal-
lomics” approach for metal-based NP activities in a review article
was published almost a decade ago to give insight into the in vivo
behavior and biological effects of nanomaterials, specifically
metal-based nanomaterials (MNMs).>> Robust non-Pt noble
metal-based nanomaterials are also well known for their electro-
catalytic activity in the hydrogen generation reaction.”> Noble
metal (Au, Ag and Pd) NPs and their composites together with
transition metal (Mn, Fe, Co, Ni, Cu, Zn, Cd, Mo and W)
nanomaterials and main group metallic (Bi) nanocomposites
act as catalysts in CO-selective CO, reduction.>”

Gold-based nanomaterials are highly fascinating for wide
research interest in several fields such as catalysis, photonics,
sensing of normal cells and bioanalytes due to their stimulating
optical properties.”*™* Gold-based nanomaterials can mainly
be grouped into gold-based nanomaterials and bimetallic
nanomaterials. The characteristic optical property of gold NPs
with a high extinction coefficient is known as surface plasmon
resonance (SPR).>*

Synthetic methods to introduce luminescent properties in
gold nanomaterials have been considerably developed within
the last one and half years. The photoluminescence (PL)
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Table 1 Advantages and disadvantages of organic fluorophores and metal nanoclusters in biological applications

Advantages

Disadvantages

Organic dyes

o AIE probes are highly luminescent, which is a useful property
for bioimaging

o Interaction with biomolecules used to trace analyzing the
changes in intensity in hydrophilic bioenvironment after
aggregation

e AIE-organic molecules have resolved the limitation observed
in case of conventional organic dyes

e AIE organic molecules have longer lifetimes, good quantum
efficiency, large stoke shift, enhanced brightness. Efficient
energy transfer causes increase in reactive oxygen species

o Conventional organic dyes showed limited retention time,
photobleaching, small Stokes shift, small lifetime (ns), poor
quantum yield in NIR region

e Pretreatment required to overcome limitation such as
photostability for biological application

e Lower internalization due to hydrophobic nature, low ROS for
PDT and PTT applications, less biocompatibility

o Sterically hindered bulky group results in low emissive twisted
intramolecular charge transfer (TICT) and low quantum yield.

generation (ROS)

Luminescent
nanoparticles

e Enhanced permeability and retention (EPR) effect as
compared to organic dyes
o Efficient excretion and high biocompatibility

e Surface engineering possible for improving cellular
interaction and organ distribution

e Emission can be quenched due to several factors such as pH,
buffers, biothiols, metal ions

e In order to overcome Luminescence quenching due
aggregation, surface functionalisation needed

e Rapid renal clearance and short circulation time decrease
tumor target efficiency

e Higher lifetime (ps) increase the probability of singlet oxygen

species for disease therapy
e Photobleaching resistant

e NIR based luminescent nanomaterials allows deeper tissue

penetration

properties of gold nanoclusters (AuNCs) have been altered signi-
ficantly via the traceless removal of two kernel atoms through
thermal treatment.>® Rod-shaped icosahedral AuNCs have been
reported with bright NIR-II PL from the suppression of non-
radiative transitions by the central gold atom in AuNCs to a state
with near-zero oscillator strength in the ground-state geometry.*®
In 2021, opposite to the classical concept of the heavy atom effect,
the NIR lifetime of photoluminescence from AuNCs has been
enhanced in the presence of iodine.*” Rare earth-doped lumines-
cent microparticles were transformed to an air-stable single
crystal with the help of plasmonic gold nanoislands.*®

T. Pradeep’s group reported bright-pink luminescence
under UV light by synthesizing AuNCs through the electricity
from a triboelectric generator.*® The same group also prepared
luminescent silver-gold nanocomposites by combining silver
nanoclusters (AgNCs) and gold nanorods (AuNRs).** Pavelka
et al. combined AuNCs and AuNRs in a compact core-shell
nanostructure with a tunable geometry and plasmon-enhanced
luminescence properties.*" Emission enhancement is also pos-
sible through a hybrid hydrogel as a cross-linker on AuNCs.*?
Biomolecules, such as enzymes, proteins and polysaccharides,
have been explored employing the luminescence from gold
nanomaterials.**™** In 2020, we explored an assembly of gold
nanoparticles (AuNPs) with cucurbit[8]uril to develop a supra-
pyramid for drug delivery.*® Recently, Huang et al. used an
assembly of AuNCs with cucurbit[n]uril for luminescence
switching.*’

Mechanistic models through experiments*® and theory*
have been considered to determine the origin of the visible
and NIR luminescence in AuNCs and BMNCs. Recent develop-
ments on the luminescent properties of gold nanomaterials
involve two-photon excited luminescence,’>*' light-emitting
diodes,”* prodrug activation,®® manipulation of surface charge
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effect,> nanothermometry,® molecular recognition,>® encap-
sulation®” and optical fibers.>®

The most common applications of luminescent gold nano-
materials have been observed in sensing applications by varying
their luminescence intensities in the presence of target analytes.
Metal ions®”*® such as Cu®*, Hg**, and Fe®", small molecules®
such as protons, CN™, H,0,, H,S, pyrophosphate, dicofol, and
ciprofloxacin, and biomolecules®®”® such as alkaline phospha-
tase, uric acid, glucose and glucose oxidase are important classes
of targets reported since 2021. Another notable detection is the
hepatitis B virus through the luminescence properties of AuNCs.”*

The most challenging application of any luminescence
system is the imaging of the probe or material in biological
cells and living systems. This challenge has been successfully
overcome in cancer cell lines”>”? such as HeLa and MCF-7 cells,
in the tumor imaging of mice” and in zebrafish models.”
Besides sensing and imaging applications of gold nanomater-
ials due to their SPR peak or luminescence properties, they have
several applications including real-time observation of the
temperature variation in targeted cancer cells,”® luminescence
resonance energy transfer,”” screening of synthetic canna-
binoids’® and antibacterial applications.”"*°

The atomic-level synthetic approach for the preparation of
noble metal NPs and the complexity in their synthetic process
have been discussed in recent reviews (Table 2).>*#'"?* Simulta-
neously, the correlation of the atomic-level modification of
the surface of nanomaterials with their corresponding catalytic
activity is important for understanding the role of metal doping
in these NPs. The sensing applications of these metal-incorporated
nanomaterials depend on their inherent luminescent property.
In the current review, we focus on the mechanistic aspects of the
origin of the luminescence in gold-based nanomaterials with a
greater emphasis on gold-based nanomaterials and also discuss

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Recent review articles on synthesis of luminescent gold nanocluster
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S.
No. Material Luminescence properties Synthesis discussed Ref.
1. Metal nanocluster-  Ligand-to-metal charge transfer mechanism, FRET, Hybridizing metal nanoclusters with organic 81
based hybrid increasing ligand rigidification, AIE, and molecules, 1D nanomaterials such as nanorods,
nanomaterials confinement, Electrochemiluminescence (ECL) nanowires, nanotubes and nanofibers, 2D nanos-
tructures such as graphene, metal hydroxides, metal
oxides, boron nitride and carbon nitride, 3D
nanostructure such as mesoporous silica zeolites,
metal-organic frameworks (MOFs), nanogels and
mesoporous metal oxides
2. Gold nanoclusters FRET, PET, disaggregation/aggregation, and change = Bottom up approach involving such as electro- 82
of ligand conformation, AuNCs based sensor chemical reduction, sono-reduction, photoreduction,
advantages such as photostability, large Stokes shift, chemical reduction using template synthesis and
biocompatibility ligand protected AuNCs; top down approach using
solvent and ligand induced etching
3. Metal nanoclusters ~ Enhancement in luminescent properties dependent  Synthetic approaches for highly luminescent metal 83
on composition, structure, oxidation state of metal nanoclusters using metal doping, surface motif
nanoclusters metal core, structure and steric engineering, ligand engineering, structure modula-
hindrance of metal nanocluster ligand shell tion of metal nanoclusters
4. Metal nanoclusters  Aggregation induced emission Brief discussion of synthetic strategies for aggregation 84
induced emission active nanoparticles
5.  Alkynyl protected Ligand effect on luminescence property, thermally Synthetic method such as comproportionation, anion- 85
metal nanoclusters  activated delayed fluorescence, NIR emission templated, solvothermal, post-synthetic ligand
exchange method and one pot synthesis; synthesizing
alkynyl protected AuNCs via nuclear transformation
and reassembly
6. Metal nanoclusters ~ Luminescence mechanism based on quantum Top down and bottom up synthesis 86
confinement, LMMCT/LMCT, aggregation induced
emission, factors affecting luminescence properties
such as size and composition of metal core, surface
ligand, temperature, pH, and solvent viscosity.
7. Metal nanoclusters ~ Absorption and fluorescence properties, two-photon  Top down and bottom up synthesis 87
absorption, electrochemiluminescence, solvato-
chromic effect, polarized emission and fluorescence
lifetimes
8. Chiral gold based CD and luminescence based biosensing application  Different biomolecule modulated chiral gold 88
nanoassemblies assemblies
9. DNA-template metal Fluorescence based ion detection, enzyme detection  Synthesis of ss-DNA, dsDNA, triplex DNA, quadruplex 89
nanoclusters and biomolecule detection, bioimaging DNA, higher-order DNA,
10. Metal-metal oxide — Vaccum sputtering method for luminescent gold 90
nanoparticles nanoclusters
11. Noble metal Luminescence dependent on the binding process — 91
nanostructure— and plasmonic NPs - serum albumin interactions
serum albumin
interaction
12. DNA templated Impact of DNA sequence and Ag nanoclustres Synthetic methodologies based on interaction of Ag+ 92
silver nanoclusters  structure on the optical properties with homobase DNA strand, helix duplexes via
interplanar H-bonds, homobase and heterobase
Ag'-mediated duplexes
13.  Protein protected Fluorescence enhancement strategies, structure One pot synthesis 93

metal nanoclusters

dependent optoelectronic properties

different parameters affecting their luminescence intensity.
Also, the role of heterometals on the luminescence intensity of
gold-based nanocomposites is illustrated. We attempt to discuss in
detail the different synthetic routes for gold-based nanomaterials
by classifying them based on their surface capping agents
(Scheme 1).

2. Origin of luminescence in gold
nanomaterials

The synthesis of luminescent nanomaterials and their applica-
tion in real life are possible by acquiring clear insight into the
origin of the luminescence from different nanomaterials at the

© 2022 The Author(s). Published by the Royal Society of Chemistry

molecular and electronic levels. This section of the review
discusses the mechanisms behind the origin of the lumines-
cence in gold-based nanomaterials and bimetallic nanoclusters
(BMNCs).

Noble metal NPs basically constitute two types of particles
based on their size and intrinsic properties. The larger particles
(~size > 2 nm) behave as plasmonic nanomaterials posses-
sing the fascinating surface plasmon absorption band, which
originates due to the collective oscillation of the surface free
electrons, while absorbing the incident light of wavelength,
similar to the frequency of oscillation properties.®**> Given that
these plasmonic NPs possess a larger particle size, their elec-
tronic states involve a greater number of gold atoms and result
in the disappearance of their molecular bandgap. Due to the

Mater. Adv,, 2022, 3, 5698-5724 | 5701
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Scheme 1 Schematic illustration of ligand-based synthesis and origin of
luminescence in gold-based nanomaterials.

absence of this band gap, the electron hole recombination
process is absent in these NPs, leading to the disappearance
of their emission properties.®®

Alternatively, when the size of the particle decreases (~ size
< 2 nm), the properties associated with the bulk metal readily
disappear. When the size of the particle finally approaches the
Fermi wavelength of electrons, the electronic motion gets
severely restricted due to the confinement of the electrons.
Consequently, the continuous electronic energy band structure
transforms into discrete energy states, which are the origin of
molecule-like behavior in these ultrasmall NPs. These changes
in electronic structure yield fascinating optoelectronic proper-
ties such as PL, molecular chirality, redox behavior and intrin-
sic magnetism.’*°”° Due to the quantum confinement effect,
the photo-induced excited electrons jump to a higher energy
level and get radiatively relaxed in discrete energy levels. This
radiative energy appears in the form of light, leading to ultrab-
right luminescence.

The proposed energy band structure for the origin of the
emission in gold NCs was first reported by A. Mooradian, who
demonstrated PL in gold NCs by exciting them with a high-
energy laser.'” The direct recombination of electrons and
holes via interband transitions between the valence band
(d band) and conduction band (sp band) is mainly responsible
for the origin of their emission properties. It has been fifty years
since the first proposed theory on AuNCs, but their legacy
continues to date given that several new observations appeared
in the emission properties by applying different influencing
parameters.

2.1 Key and influencing factors for the origin of luminescence
in AuNCs

The above-mentioned observations are solely based on the size
of AuNCs, which is considered as the key factor for the origin of

5702 | Mater. Adv., 2022, 3, 5698-5724
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their luminescence. The corresponding wavelength for excitation
and emission is highly dependent on the size (quantum size
effect) of the MNCs. A decrease in size leads to an increase in the
relaxation energy gap of electrons, which eventually causes a
hypochromic shift in the emission wavelength.'®® However,
the emphasis on the optical properties of AuNCs during the last
two decades revealed several exceptions in their luminescence
properties.

For example, an explanation for the dual emission in
Au,g(SG)16 NCs (corrected as Auys in later works) could be
presented after Link et al. proposed their energy band structure
by considering the solid-state model and molecular model for
the origin of the two luminescence bands in Au,g(SG);6 NCs.'*?
It was reported that both the radiative intraband transition
(sp-sp) and the radiative interband recombination (sp-d) in the
HOMO-LUMO gap contribute to the low and high energy
luminescence bands, respectively. Thiolated gold NCs are being
extensively studied given that they possess several fascinating
size-independent emission properties. For example, with the
same core size in Au,s NCs but different ligands, their emission
and excitation spectra are modified.'**"%*

Alternatively, the discovery of aggregation-induced emission
(AIE) led to the nanoscale community identifying the major
factors that can influence the luminescence properties of
nanomaterials.®® Besides particle size, this review summarizes
the major influencing factors that affect their luminescence
properties in detail.

(i) Influence of surface stabilizing ligand. In Au(1)-
thiolated MNCs, their luminescence properties can be highly
influenced by their surface-stabilizing ligands.'®® Nuzzo and
coworkers synthesized different monolayer-protected Au clus-
ters (MPCs). By employing polar or charged ligands in the
nonpolar MPC monolayers via the ligand exchange method,
the emission properties could be induced in the system.'’
Later, the same group correlated the increase in the NIR
emission intensity of Ausg and Auy,y NCs with the increase in
the proportion of polar thiolate ligands. The effect of electron-
withdrawing ligands and the positive charge on the cluster core
resulted in greater polarization in the Au-S bond, hence caus-
ing an enhancement in luminescence intensity.'® Perez-Prieto
and coworkers introduced luminescence property in naked NCs
by simply passivating thiols and AMP."*®

Further, Jin and coworkers profoundly studied the effect of
ligands on the luminescence properties of Au,s; NCs. The Au,;
NCs were composed of an Au,; core surrounded by six dimeric
Au,(SR); staple motifs. It was observed that the luminescence
intensity depends on the alkyl chain length and the charge-
donating ability of the ligands (Fig. 2A). The charge transfer
from the ligands to the metal core via S-Au bonds and the
electropositive nature of the metal core support the remarkable
increase in luminescence intensity (Fig. 2B)."**

Aiken’s group provided theoretical insights into the origin of
luminescence in Ag,5(SR);s~ NCs.''® They utilized density func-
tional theory (DFT) and time dependent DFT to calculate
the geometric and electronic structural changes during the
excitation. The emission from Au,5(SR);s~ nanoclusters involves

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Emission spectra of (A) [Auys(SR)1g]™ with R groups (1) —C,H4Ph
(black), (2) =CioHas (red), and —CgHis (blue). (B) [Aus(SCaH4Ph)1gl7 (g = —1,
0, +1, +2). Jex = 514 nm. Note: spike at ~770 nm in (A) is an artifact from
the quartz cell. Reproduced from ref. 104 with permission from the
American Chemical Society, Copyright 2010.

several excited states, where the core-based transitions involve
superatomic P orbitals and D orbitals. In the lowest energy excited
states of Au,5(SR);s~ nanoclusters, the energy levels of the frontier
orbitals are significantly influenced because of the geometric
relaxation factors. This phenomenon generates a Stokes shift for
Au,5(SH) 5, which can exhibit a larger value in the presence of a
longer ligand.

Recently, Zhou et al. proposed the mechanism behind
transient absorption spectroscopy analysis.'™* The Au,; core
of the NCs is mainly associated with UV-vis absorption. The
luminescence is observed due to the rapid relaxation of the
excited electrons from higher core states to a lower core state
and surface state. When excited by UV light (350 nm), the
multiexponential decay from the surface state leads to the
generation of visible PL (750 nm), whereas the mono exponen-
tial decay from the core state results in NIR PL (1100 nm),
as shown in Fig. 3. However, lower energy NIR light can only
excite the lower core state, preventing the core to surface charge
transfer. The visible PL of NCs depends on their surface ligands
given that the origin of the PL is associated with core-shell
charge transfer. Recent review and reports also shed some
light on the ligand-dependent luminescence in AuNCs.'**>7*
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Fig. 3 Schematic diagram of Au(0) core and Au()-thiolate shell
[Auzs(SR)1g]l ™ and the mechanism behind the visible and NIR emissions;
adapted from ref. 111.
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These interesting observations explain how the surface-
stabilizing ligands in MNCs play a significant role in enhancing
their luminescence properties via LMCT (ligand to metal charge
transfer), LMMCT (ligand to metal-metal charge transfer) or
LMCCCT (ligand to metal cluster core charge transfer).

(ii) Influence of self-assembly/aggregation. Emissive Au(1)-
thiolate complexes have been known for nearly 15 years."*> One
Interesting finding in this field is the aggregation or assembly
of NCs, which plays a significant role in the property commonly
known as aggregation-induced emission (AIE). Xie and
co-workers extensively studied the origin of the emission in
the Au(1)-thiolate complexes and Au(0)@Au(1)-NCs."*® The non-
emissive aqueous solution of Au(i)-thiolate complexes get
aggregated by adding either polar solvents or cations, even-
tually leading to a several-fold increment in luminescence
intensity. As the amount of aggregation increases, the Au()
particles get closer, causing the intra- and inter-complex
aurophilic Au(1)---Au(1) interactions to become dominant.
During the aggregation, these inter- and intra-complex auro-
philic interactions significantly restrict the intramolecular
vibrations and rotations of the complexes.

Hence, after excitation, the probability of nonradiative
relaxation is significantly reduced, which eventually assists in
the luminescence enhancement. By selective reduction and
controlled aggregation, highly emissive Au(0)@Au(i)-thiolate
NCs can be prepared (Fig. 4).

In 2016, the same group prepared a highly luminescent
nanogel by utilizing the electrostatic attraction between chito-
san and thiolate ligands."”” This interaction hampered the
intramolecular motions of the surface ligands on the Au
nanoclusters, which led to an enhancement in luminescence.
The AIE origin and the emission energy also depend on the
length of the Au(1)-SR motif. Recently, Heyon and coworkers
synthesized a luminescent gold cluster assembly using mercap-
tocarboxylic acid and Zn** ions as the coordinating metal.'*®
The rigidification of the ligands through coordination with
Zn>" and the aurophilic interaction among the Au, clusters
were mainly responsible for the bright greenish-blue fluores-
cence. Recently, several reports have demonstrated the AIE
effect in AuNPs, which were utilized as fluorescent sensors
and in bioimaging.""®"'*®> Recent reviews on the aggregation
and self-assembly of nanoclusters shed light on the nanoscale
forces/interactions such as dipolar attraction, van der Waals
interactions, electrostatic interactions, m-m stacking, and
metallophilic interactions, which can initiate the aggregation
or assembly process in nanoclusters.'26:127

(iii) Influence of oxidation state of Au. Recent studies on
gold-based nanoparticles suggested that the presence of a
fraction of Au(i) generates intrinsic luminescence in NPs. Zheng
and co-workers were the first to report this discovery, while
varying the GSH:Au ratio to synthesize glutathione-stabilized
AuNPs."”® The synthetic process resulted in two different NPs
with orange and yellow emission and their lifetime changed
from micro- to nanoseconds when the excitation wavelength
changed from 420 to 530 nm, as shown in Fig. 5. The XPS
spectra of these NPs indicated the presence of a significant
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with AIE. Reproduced from ref. 116 with permission from the American
Chemical Society, Copyright 2010.

amount of Au(i). A strong reducing agent induced quenching of
the emission, demonstrating the important role of the oxida-
tion state of Au towards PL. The authors hypothesized that the
generation of luminescence is due to the LUMO (sp band) to
HOMO (d band) transitions. The microsecond emission life-
time originated from the triplet excited states in the sp band,
where gold was mixed with the p orbitals of sulfur. When
excited near 530 nm, the nanosecond lifetime suggested the
resultant emission was correlated with the transition between
singlet excited states and ground states. The degeneracy in
the singlet and triplet excited states was responsible for the
different lifetimes under different excitation wavelengths.
Similar observations have also been reported in other reports.*?*3
Tang and co-workers demonstrated that the small energy gap
between the singlet and triplet excited states resulted in long
luminescence decay components in Au,s NCs."*" Recently, we
also reported the role Au(i)/methionine metallic bonds."*?
Another interesting observation, which deals with the interaction
towards the generation of emissive properties in nucleated Au(0)/
Au(1) NPs in aqueous medium, was reported.'** The interaction
of methionine with Au(i) led to the inhibition of secondary
nucleation during the growth reaction of AuNPs. At a lower
concentration of Au salt, this inhibition resulted in the generation
of luminescent NPs (2.8 nm). The emission properties were
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Fig. 5 Luminescence involving d and sp bands of orange-emitting GS—
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quenched during the growth reaction with a high concentration
of Au salt, which led to the generation of larger nucleated
particles. Other than AIE properties,”*>"** interesting observa-
tions were reported for bimetallic NCs, where either of the
monometallic NCs emitted weakly under illumination.

However, a remarkable enhancement in the luminescence
intensity of several folds was obtained from their corres-
ponding bimetallic counterparts after controlled doping of a
particular metal. For example, Jin and co-workers reported the
significant enhancement of the quantum yield (QY) of weakly
emissive Au,s nanorods (Au,s(PPh3);o(SC,H4Ph)sCLJ*") from
0.1% to 40.1% by simply replacing 13 Au atoms methodically
by Ag atoms (Ag;3Au,, species II) in the metal kernel without
affecting their structural architecture (Fig. 6a—c)."**

The authors also experimentally demonstrated that the
doping of 12 silver atoms (Ag;,Auss, species I) in the parent
NC did not result in similar absorption and emission properties
even after maintaining an analogous ligand environment. They
successfully correlated the HOMO-LUMO energy gap with
different experimental techniques. It has been reported that
the 6s and 6p atomic orbitals of the ten Au waist atoms (Fig. 6¢)
are deeply associated with the HOMO in Au,; NC (Fig. 6d),
whereas the LUMO is mainly contributed by the central Au
atom."**"'?” The 13th doping with silver atoms in the parent NC
involves the replacement of the central Au atom by an Ag atom,
and hence the large perturbation of electronic states remark-
ably influenced the LUMO —HOMO transition. This is mainly
due to the relativistic effect in gold involving the dominant sd
hybridization. After doping with 13 Ag atoms, the LUMO energy
shifted due to the involvement of the 5s orbital of Ag and the
LUMO —»HOMO band gap increased, and hence the recombi-
nation of excited electrons involves highly intense emission.
A comparatively similar observation was also reported experi-
mentally for Ag,o(BDT);,(TPP); NC (BDT: 1,3-benzenedithiol

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and TPP: triphenylphosphine), where gold doping was the
origin of the anomalous behavior in the absorption and lumi-
nescence signal in Ag,o ,Au,(BDT);,(TPP), by applying density
electronic relaxation, and the electronic modulation in
Agsro xAU,(BDT),(TPP), (x = 1-5) induced a similar enhance-
ment in luminescence and structural stability."*® This is mainly
possible due to the doping-induced perturbation in the
structures.®

By considering the importance of the relativistic effect, Dolg
and co-workers also theoretically established density functional
theory (DFT) and time-dependent density functional theory
(TD-DFT) approaches towards the geometric and electronic
structures.”*® The replacement of Ag by Au atoms significantly
alters the recombination path of excited electrons through
effective orbital contributions. After considering the relativistic
effect, the theoretical calculations also indicated that the con-
trolled increase in the Au doping inside the Ag,o Au,-
(BDT),,(TPP), NCs remarkably lowered the centroid of charge
of the excited electrons and holes. These phenomena overall
enhanced the luminescence intensities of Ag,o_,Au,(BDT);,-
(TPP), NCs (x = 3-5). It was also reported that the sensitization
of QY and PL enhancement factor are highly dependent on the
number of possible hetero annular d'°-d"® metallic bonds."*°
Another interesting observation, which deals with the synergistic
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effect originating from the presence of two different d'° metals in
the close proximity, has been reported for cooperatively sensitiz-
ing their luminescence and altering their basic properties such as
stability and catalytic activity."**'** During the last decade, several
reports have been reported on this co-operative luminescence
enhancement effect in the case of bimetallic NCs. The synergist
effect of silver particularly plays an important role through the
doping of Ag in AuNCs."*>'*

Zhu and co-workers experimentally demonstrated the anom-
alous blue-shifting followed by broadening in the absorption
spectra and enhancement in PL intensity with limited Au and
Pt doping in Ag,s(SPhMe,);sPPh, NCs.'*® The PL intensity
enhanced during the replacement of the central Ag atom of
the icosahedral Ag core by an Au or Pt atom. However, further
Ag atom substitution exceptionally quenched the PL intensity.

The origin of the selective PL intensity enhancement can be
attributed to the high electron affinity of Au or Pt atoms. These
metal atoms contribute more towards the super atomic orbitals
of the NCs and force the free valence electrons to shrink
towards the central atom (Fig. 7). In contrast, more substitu-
tions on the periphery of the icosahedral core result in a
significant change in the electron density inside the M,; core,
which expands the core size, leading to the emission quenching
process. Recently, Antoine and coworkers demonstrated the
controlled doping of silver atoms in Au;,SG;, catenane NCs,
which yielded silver-doped Au;o_,Ag,SG1o NCs with different
extents of doping (e.g., x = 0-2 and x = 1-4). Auyo_,AZ,SG1o With
x = 1-4 showed a blue shift in absorption and a significant red
shift in the two-photon emission spectrum in contrast to
Au;0SGyo. In the case of Auyy_,AZ,SG1o (X = 1-4), the improved
relaxation of the first excited state (S;) of silver-doped AuNCs
may be the prime reason behind the shifting of the two-photon
excited fluorescence (TPEF) towards a longer wavelength.'*

3. Synthetic methods for luminescent
gold nanomaterials

In the 21st century, the scientific attention has been shifted
partially from the conventional organic fluorophores towards
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alternative novel fluorescent metal NCs to fabricate different
fluorogenic systems. Several advantages such as excellent sta-
bility, good biocompatibility, and high luminescence intensity
collectively make metal NCs competitive fluorescent probes
aimed at possible applications in different fields."*”™** Compared
to metal NCs comprised of a single metal, BMNCs comprised of
heterometals in their system possess better cooperative electronic,
optical, sensing and biological properties.'*>"3%1527155 Thijg
section discusses the synthetic procedures available to synthesize
metal-based luminescent nanomaterials.

3.1 Gold nanoclusters (AuNCs)

Gold nanoclusters exhibit unique photoluminescence proper-
ties, biocompatibility and high renal clearance. Recently, syn-
thetic approaches for water-soluble AuNCs have been explored
for various biological applications such as biosensing of metal
ions, small molecules, protein and DNA sensors, cell environ-
ment sensors and biological imaging.'*® Developing synthetic
methodologies can be useful for overcoming the shortcoming
observed for the practical applications of AuNCs. The review by
Khan et al. highlighted the evolution of AuNCs and highlighted
the importance of modifying synthetic methods for various
biological applications in detail.** Surface functionalization is
crucial for catalysis given that it protects nanoclusters from
aggregation, improves their stability and alters their electronic
structure. Recent progress in the surface-modified gold nano-
clusters such as thiolate-protected AuNCs, phosphine-protected
AuNCs, alkynyl-protected AuNCs and their role in the catalysis
and selectivity for oxidation, reduction, cycloisomerization,
hydrolysis, heterocoupling and electrocatalysis reactions has
been summarized in the review article by Li et al. The steric
hindrance of ligands, Au active sites, and lattice oxygen atoms
are a few factors affecting their catalytic activity."”® The ongoing
research has found that the kernel structure and atomic pack-
ing leading to various crystallographic structures, ie., fcc,
decahedral kernels, or NCs with icosahedral kernels, can tune
the optical properties and energy gap. Synthetic strategies can
be used to control the crystal structure of AuNCs, and hence
their electronic and absorption properties."”

3.1.1 Protein and DNA-stabilized AuNCs. Surface ligands
exhibit an important influence on the electronic properties of
nanomaterials. The photoluminescence enhancement can be
achieved by increasing the number of electron-withdrawing
groups on ligands, increasing the positive charge on the Au
core, LMCT (ligand to metal charge transfer) or LMMCT (ligand
to metal-metal charge transfer), enhanced Au- - -Au aurophilic
interactions due to aggregation and rigidification.'”® Biominer-
alization simply involves the interaction and sequestration of
inorganic ions. BSA-AuNCs are stabilized by Au-S bonds as a
result of the cys residues in BSA and steric hindrance due to
bulky ligands.

Xie et al. developed a synthetic approach, where BSA seques-
ters and reduces the Au®* ions, forming BSA-Au,; NC biocon-
jugates with red fluorescence.'> Their synthesis depends on
NaOH, reaction temperature and ratio of BSA and Au concen-
tration. The post-synthesis modification of BSA-stabilized
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Fig. 8 Schematic illustration of the synthesis of anti-Fltl peptide
(CGNQWFI, AF)-stabilized AuNCs. Reproduced from ref. 161 with permis-
sion from the American Chemical Society, Copyright 2021.

AuNCs can be used for enhancing their photoluminescence
property by rigidification and increasing their aurophilic inter-
action. Wong et al. modified the methodology utilizing a
thermomixer for mixing BSA and HAuCl, solution, which is
more advantageous compared to the earlier reported methods
because of its short reaction time, higher quantum yield and
mild conditions."®® AuNCs were also synthesized using ligands
besides the traditional ligands such as anti-Flt1 peptide
(CGNQWFI, AF), as shown in Fig. 8. Li et al. reported the one-
pot synthesis of AF@AuNCs, where the template plays an
important role both as a stabilizer and reductant because of
the presence of amino acids such as tyrosine and cysteine.

This template-based synthetic methodology is unique com-
pared to earlier reported methods given that it does not require
additional reducing agents.'®" Jain et al. reported the synthesis
of BSA-coated AuNCs with bright red fluorescence in the dark
overnight. The gold nanoclusters synthesized using this
method showed a good quantum yield and brightness. The
cysteine residues present in BSA stabilized Au** and reduced
under alkaline pH."®> A scheme for the synthesis of BSA-stabilized
AuNCs is shown in Fig. 9.

Mixing Overnight
37 °C, 120 rpm

‘ - 3-Amino-1,2 4-triazole (3-AT, Catalase inhibitor)

o Mammalian cell & H0,

Fig. 9 Schematic illustration of the synthesis of red fluorescent BSA-
stabilized AUNCs and changes in the fluorescence intensity in the presence
of hydrogen peroxide after treating cells with 3-amino-1,2,4-triazole
(catalase inhibitor). Reproduced with permission from ref. 162, Copyright
Elsevier (2021).

#. Catalase
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Hada et al reported the preparation of BSA-stabilized
AuNCs, which showed temperature-dependent (in the range
of 25 °C to 70 °C) and excitation-induced tunable red PL.
The shift in the photoluminescence wavelength with different
excitation is considered to be due to the temperature-activated
delayed fluorescence (TADF) emission. The temperature-
induced conformational changes in BSA led to a decrease in
the emission intensity and the change was found to be irrever-
sible in the temperature range of 52-60 °C."*®'® The gold
nanoclusters synthesized using this method exhibited stable
reversible photoluminescence with temperature.*®*

Ungor et al. reported lysozyme (LYZ), HSA, BSA and gamma
globulin (yG) protein-stabilized AuNCs using the template-
assisted method. The AuNCs showed a large lifetime in the
microsecond range and average QY% values in the range of
3.8-5.4%.% Li et al. reported BSA-stabilized AuNCs embedded
in self-assembled N-fluorenylmethoxycarbonyl diphenylalanine
(Fmoc-FF) together with horseradish peroxidase (HRP).'*®
Although AuNCs in general do not show pH-dependent
fluorescent property, the Fmoc-FF/AuNCs/HRP film showed
pH dependency in the pH range of 9.0 to 5.0 due to the
structural changes in Fmoc-FF.

Niu et al. reported the preparation of BSA-stabilized AuNCs
by mixing aqueous HAuCl, solution and BSA solution in the
presence of NaOH.'®” The changes in fluorescence intensity
were monitored using Cys and Cu®'. The fluorescence was
enhanced when Cys was added to the AuNCs by filling the
surface defects and fluorescence quenching occurred due to the
aggregation in the presence of Cu®". The changes in fluores-
cence spectra with the addition of metal ions such as Cu** and
cysteine are illustrated in Fig. 10. Although there are several
reports on the protein-templated synthesis of gold nano-
clusters, Chakraborty et al. reported the preparation of HSA-
stabilized Au,;NCs'®® with a high quantum yield and excep-
tionally stable photoluminescence property for over a year.
AuNCs was encapsulated compactly within the bulky HSA
structure via reduction by the tyrosine group at a pH greater

BSA  AuCl

£ /hv . %
hv 7 o o 3
Copper lons
T @) HOWOH
s NH, NH,

Fig. 10 Schematic illustration of the synthesis of BSA-stabilized AuNCs
and effect of Cu?" ions and cysteine on their fluorescent property.
Reproduced with permission from ref. 167, Copyright Elsevier (2021).
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Fig. 11 Scheme for the microwave-assisted synthesis of gold nanoclus-
ters. Reproduced from ref. 169 with permission from The Royal Society of
Chemistry, Copyright 2012.

than the pK, of tyrosine with red emission. The nanoclusters
exhibited no change in PL property in the range pH range
of 3-12 and were highly thermally stable, with a long lifetime
(>100 ns) as a result of their triplet-singlet intra-band transi-
tions. Temperature-dependent PL spectra changes were
observed due to the conformational changes in the protein
structure, as in the case of earlier reported methods for BSA-
stabilized AuNCs.

Yan et al. reported the microwave-assisted synthesis of BSA-
stabilized AuNCs with red emission. HSA-protected AuNCs
were synthesized using a similar methodology, as shown in
Fig. 11."* This methodology is significant for reducing the
reaction time but has certain limitations given that the reaction
time needs to be strictly monitored considering that continu-
ous MW irradiation leads to the formation of larger NPs with no
fluorescence. Protamine-AuNCs with strong fluorescence
were synthesized via a one-step process.’’® This methodology
required mild conditions for the synthesis of protamine-
stabilized AuNCs, which can be used for gene delivery and
provide a scope for the utilization of AuNCs in the field of
biological applications. Zhang et al. reported the preparation of
cytidine (also known as ribofuranose where cytosine is attached
to a ribose sugar)-stabilized green fluorescent AuNCs, as shown
in Fig. 12."”" This green emission is attributed to the intraband
transitions of the free electrons in AuNCs. The emission
property was found to be red-shifted from 490 to 560 nm and
enhanced significantly in the presence of AgNO; due to the
Au-Ag metallic bonds. Similarly, the fluorescence was
quenched in the presence of Hg>" due to the high-affinity
metallophilic Hg>"-Ag" interaction. The enhancement in the
emission due to metal doping is expected according to litera-
ture reports because of the changes in the nature of the
electronic state and orbitals.'”®

AuAg NCs

cytidine @ HAuc, Hg?*

Fig. 12 Schematic illustration of the synthesis of cytidine-stablised AUNCs
and changes in the luminescence property with the addition of Ag* and
Hg>*. Reproduced with permission from ref. 171, Copyright Elsevier (2015).
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Egg shell membrane (ESM) is composed of water-insoluble
glycoproteins such as collagen and amino acids such as glycine
alanine and uranic acid. Devi et al. reported the preparation of
Au-ESM-NCs, where ESM acts as a template and interacts with
Au*", resulting in change in a color from deep yellow solution
to colorless, and the subsequent appearance of a pink/blue
color was observed with a broad peak in the visible range
(500-750 nm), indicating the reduction to Au(0)."”*> This
method led to the formation of both Aug and Au,s clusters.
Both broad UV-visible spectra and excitation-dependent emis-
sion spectra confirmed the formation of AuNCs of variable size.
Blue and red emissive AuNCs were obtained due to the electro-
nic transitions between the sp band and d band and electron-
hole recombination. The prepared AuNCs were found to be
stable for only up to 15-20 days.

3.1.1.1 Amino acid-stabilized AuNCs. Au,s(Cys);s NCs were
synthesized via a simple one-pot method in the presence of
1-Cys as a stabilizing agent. This methodology enabled the size-
controlled synthesis of Au,5(SR);3 NCs on a large scale using CO
as a reducing agent.'”® Different stages of the growth and
formation of Aujo45 NCs (20 min), Aujg_45 to Auye5 NCs
(20-90 min), and Auy6_,5 to Au,s NCs were finally illustrated
using UV-Visible spectroscopy and MALDI-TOF analysis.

Gran et al. reported the synthesis of Au,s(AcCys),s using gold
salts with acylated Cys in methanol in the presence of different
bases."”* Yang et al. reported the synthesis of 6-aza-2-thio-
thymine (ATT)-protected AuNCs and Arg/ATT-AuNC in the
presence of NaOH, involving two steps, as shown in the
Table 3. An enhancement in luminescence observed with Arg/
ATT-AuNC s as rigid host-guest assemblies formed via reduced
non-radiative relaxation.'”®

3.1.1.2 Thiol-stabilized AuNCs:. There are several reports
in the literature on the synthesis of GSH-stabilized AuNCs.
Liu et al reported the synthesis of GSH-stabilized AuNCs
as Au,5(SG);s with emission in the NIR region ranging from
1100-1350 nm in a reaction vessel saturated with CO at room
temperature. The contribution of ligand stabilization (Fig. 13b
and c) and metal doping (Fig. 13a, d and e) for enhancing the
fluorescence in the NIR II region for Au,; nanoclusters with a
HOMO-LUMO band gap (1.18 eV) was studied in detail. NIR
fluorescence images were observed for Cu- and Zn-doped
AuNCs (Fig. 13f). The different electronic states for the Au atom
and ligand contributing to the HOMO-LUMO energy levels are
shown in Fig. 13(g), (h) and (i). The maximum NIR II intensity
was found in the case of cysteine. The changes in LUMO energy
levels due to S 3p and S 3s electronic states using different
surface ligands modulate the fluorescence intensity. Metal
doping resulted in a decrease in the band gap to 1.11 eV and
1.08 eV for Cu and Zn, respectively, and the LUMO split into
sub-energy levels."”® Pan et al. reported GSH-stabilized AuNCs
via the reaction of gold chloride salt and GSH at 70 °C under
gentle stirring for 24 h.'”’

Gran et al synthesized Au;oSGio, AU;155G13, AU15SG14,
Au,55Gsg, AuysPEG and Au,sPEG (PEG represents polyethylene
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glycol) using the earlier reported methods.'”* Auy(SG)io Was
prepared at ambient temperature by mixing aqueous gold
chloride solution in a methanolic mixture containing GSH
and trimethylamine. NaOH solution was added to the reaction
solution, and then centrifuged. Centrifugation was done repeat-
edly by dissolving the resulting product in aqueous NH,OH,
and then again precipitating in methanol. The resultant pow-
der was dissolved in water followed by glacial acetic acid and
left undisturbed for 1 h."”® Au;5(SG),3 was synthesized using
the same procedure with slight modification at —10 °C and
tetrabutylammonium borohydride (TBA-BH,) as a reducing
agent."”’

Au,4(SG),4 was synthesized by dissolving GSH in methanol,
tributylamine and water followed by gold solution and diethyl
ether. The NCs were purified initially by dissolving in basic
solution, precipitated in MeOH, and further through centrifu-
gation. Tetrabutylammonium borohydride and tetramethylam-
monium borohydride were added in two parts under strong
agitation and stirring in an ice bath. The synthesized nanoclus-
ters after purification were modified to form TBA- and TOA-Au
NCs using tetrabutylammonium hydroxide and tetraoctylam-
monium bromide, respectively. The addition of bulky counter-
ions has been reported to enhance the fluorescence, as shown
in Fig. 14, and the solvent-dependent changes in the two-
photon excited fluorescence spectra are illustrated in Fig. 15."%°

Au,5(SG),s was synthesized similarly by stirring gold salt and
GSH (1:4) in a methanolic solution, followed by the addition of
NaBH, as a reducing agent, resulting in a dark-brown
precipitate.’®® Huang et al. reported GSH-capped AuNCs using
a similar procedure.'® Venkatesh et al. reported the preparation
of green fluorescent 8-mercapto-9-propyladenine-stabilized
AuNCs."®* During the synthesis, a white precipitate was obtained
with the formation of an Au(i)-thiolate complex, which was
further reduced to AuNCs in the presence of NaBH,.

Au@MUA NCs were synthesized via the method reported by
Huang et al.'®® Tetrakis(hydroxymethyl)-phosphonium chloride
(THPC) in alkaline solution was added as a reducing agent to
gold salt followed by MUA stock solution and sodium tetra-
borate. The reaction mixture was kept in the dark at room
temperature for about 72 h and purified by a centrifugal filter
and resuspended in sodium borate buffer of pH 9. Au@MUA
NCs were further stabilized by mixing with ligand stock
solution from the same n-alkanethiolate family with different
carbon chain lengths. Sun et al. reported a one-pot approach
using water-soluble MUA-stabilized AuNCs."®! In this synthetic
approach, MUA was added to an aqueous solution of gold salt
in the presence of NaOH at room temperature, where MUA acts
as both a capping and reducing agent.

3.1.1.3 Polymer-stabilized AuNCs. Aldeek et al. reported the
preparation of bidentate LA-functionalized AuNCs with fluores-
cence in the red to near-infrared region with an emission
centered at ~750 nm."®> LA was first modified with PEG short
chain LA-PEG,5,—-OCHj;, LA-PEGs5,-OCH;, LA-PEGg,,~COOH,
LA-PEGg00-NH, and LA-PEGg0-N; (PEG molecular weights are
750, 550, and 600) or a zwitterion group followed by the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 (a) Cage-like crystal structure of Aups nanoclusters. Effect of
(b and c) different stabilizing ligands, (d) metal doping, and (e) Cu and Zn
metal doping concentration on NIR-II intensity. (f) NIR-II fluorescence
images when excited at 808 nm for metal-doped Au,s nanoclusters.
(g—i) Changes in energy level after metal doping with respect to Auys
nanoclusters using density functional theory. Reproduced with permission
176. Copyright 2019. Wiley-VCH.
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Fig. 144 One-photon excited fluorescence spectra of Aus(SG)iz in (a)
water and (b) presence of bulky ammonium cations, namely, tetrabutyl-
ammonium (TBA) and tetraoctylammonium (TOA) for (TOA-Au15(SG)13
and TBA-Auys(SG)iz in methanol). Reproduced with permission.®©
Copyright 2018. Wiley-VCH.
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Fig. 15 Two-photon excited fluorescence spectra for (a) TBA-Au15(SG)13
and (b) TBA-Auig(SG)14 at the excitation wavelength of 780 nm.
Reproduced with permission.*®® Copyright 2018. Wiley-VCH.

synthesis in the Au:ligand ratio of 1:3 in the presence of
NaOH. This methodology is useful for synthesizing polymer-
stabilized AuNCs, exhibiting a long lifetime and excellent
colloidal stability over a wide pH range and NaCl and glu-
tathione concentration.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Recently, the preparation of DSPE-PEG [(1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)]-
encapsulated benzyl mercaptan-stabilized AuNCs was reported
by Li et al'®® The synthesis involves two steps, firstly the
synthesis of benzylmercaptan (BM)-stabilized AuNCs, and then
their encapsulation in amphiphilic polymer using the solvent
evaporation method. Tetraoctylammonium bromide (TOAB),
a phase-transfer reagent, and gold chloride salt were stirred
in the presence of PhC,H,SH and NaBH,. PhC,H,SH was added
to the reaction mixture again after centrifugation and stirred at
room temperature to obtain BM-AuNCs. DSPE-PEG encap-
sulated BM-stabilized AuNCs showed enhanced PL due to
aggregation-induced emission.

3.1.1.4 Phosphorous-stabilized AuNCs. [Au,s(SR);g]” is also
known as magic clusters because of its well-defined molecular
structure, good stability, photoluminescence and electrochemi-
luminescence in the visible to near-infrared region and chiral
and magnetic properties. Lei et al. developed the cluster from
cluster approach to synthesize Au,s nanoclusters from Au,s, as
shown Fig. 16. This synthetic approach consisted of a two-step
reaction.

Firstly, [Au,3{P(CH,CH,COOH3;);}sCl,]" was synthesized by
dissolving tris(2-carboxyethyl)phosphine hydrochloride, L-HCI,
and Me,SAuCl in a CH,Cl, and MeOH mixture, and then
sodium borohydride was added when the reaction mixture
turned colorless. Further, in the second step, Au;; nanoclusters
and polymeric (AuSR), complexes were directly reduced in the
presence of sodium borohydride and RSH at room temperature
in the air, resulting in the high-yield and large-scale synthesis
of [Auys(SR)1s] "%

~100% yield
+ NaBH4

P(CH2CH2COOH)3-HCI
+

Me2SAuCI

[Au13{P(CH2CH2COOCHj3)3}sCls]*

e Facile (r.t. in the air)

* High-yield (Overall yield up
to ~ 100% based on gold)

* Large-scale (Gram-scale
based on gold)

® Universal (10 examples)

R=

2,4-DiCl-CeH3-, 2-CI-CsH4-, 3-CI-CsHs-,
2,4-DiF-CeH3-, 2-F-C¢H4-, 3-F-CsHs-,
2,4-DiMe-CsH3-, 2-Me-CsHs-,
3,4-DiF-CeH3-, 1-NAP-.

[Auzs(=R)1s]

Fig. 16 Schematic illustration of cluster from cluster approach for the
synthesis of AUNCs. Reproduced with permission.*®” Copyright 2021.
Wiley-VCH.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Synthesis of (a) Auyg nanoclusters via the self-reduction method
and in the presence of sodium borohydride and (b) Au,s nanoclusters
from Au,g in methanol. Reproduced with permission. 88 Copyright 2021.
Wiley-VCH.

3.1.1.5 Alkynyl-stabilized AuNCs:. Recently, the synthesis of
alkynyl-protected AuNCs, their structural determination and
optical properties have gained much attention. Wang et al.
reported the preparation of the carboranealkynyl-protected
gold nanocluster Au,s using the self-reduction method.'®®
The detailed reaction conditions are presented in Table 3,
and as shown in the scheme in Fig. 17(a), yellow-colored [Au,-
Aul,) crystals were formed, which after remaining undisturbed,
converted into red block crystals of Au,s. The dissociated B
atom was converted to BO;>~, as confirmed by the ''B NMR
spectrum, and the Au cation was reduced to Au® together with
the formation of deboronated species and coupling diyne. The
yield of Au,g could be improved by adding a strong reducing
agent such as sodium borohydride. Given that Au,g is labile in
solution, it recrystallized and transformed to Au,; in methanol
at room temperature, as shown in Fig. 17(b).

Wan et al. reported NIR-emissive alkynyl-stabilized AuNCs
having the formula [Au,4(C= CPh),4(PPh;),](SbF¢),."*® Han
et al. reported alkynyl-protected Au,,(tBuC=C),g AuNCs using
NaOH, showing a temperature-dependent emissive property.'®°
Emission and excitation were available both in solution and
solid state.

3.1.1.6 Brightness of AuNCs. Gold nanoclusters have been
used for biomedical applications for a long time for fluores-
cence imaging because of their advantageous properties such
as biocompatibility, photostability, long lifetime, and enhanced
permeability and retention time. However, their poor quantum
yield and low molar absorption coefficient are important issues
that impact their brightness.'®! Thus, it is necessary to develop
new synthetic approaches in the field of nanotechnology to
obtain gold nanoclusters with improved brightness especially
for fluorescence-based bioimaging purposes.'>®

Most of the synthesized gold nanoclusters have low bright-
ness compared to conventional organic fluorophores. In earlier

Mater. Adv,, 2022, 3, 5698-5724 | 5711
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reports by Cantelli et al, their compared the photophysical
properties of different glutathione-stabilized gold nanoclusters
including Au;0(SG)10, AU15(SG)13, AU15(SG)14y AUL5(SG)16y AU(SG)r7,
AU,5(SG)15, AU,o(SG)z0, AU33(SG)2z, and Ause(SG),4. They reported
Au,(SG),, NCs (n < 15, n > 29) with a low molar absorption
coefficient in the order of 10* M~' cm ™" compared to organic
dyes."® Fluorophore organic dyes are reported with brightness
of 10° M~ " em ™" or more.'®> We have calculated the brightness
of gold nanoclusters using the formula (brightness = ¢;®), as
given in the Table 3, where the molar absorption coefficient, ¢,
was either calculated using the absorbance intensity/nano-
particle molar concentration or taken from the literature for
glutathione-stabilized gold nanoclusters by Cantelli et al.’>® The
nanoparticle concentration was calculated using the theoreti-
cally reported method by Lewis et al.’®® The brightness values
were found to vary approximately in the range of 1072 to 10”.
In most cases, the brightness values were found to be either very
low or comparable to that of organic dyes.

3.2 Emissive Au nanoparticles (AuNPs)

In general, larger AuNPs do not show emission properties.
However, within the last two decades, a few attempts success-
fully showed emission from AuNPs. In 2005, Luong and cow-
orkers compared the fluorescence intensity of cetyltrimethyl-
ammonium bromide (CTAB)-stabilized longer nanorods (aspect
ratio = 13) with a shorter GNR (aspect ratio = 2-3) prepared
via an electrochemical technique. They demonstrated that the
PL intensity increases several folds by increasing the aspect
ratio.’®* In 2008, Ren and coworkers synthesized typical citrate-
stabilized emissive AuNPs (16-55 nm), where the emission
intensity at 610 nm (dex = 532 nm) is directly proportional to
the particle size.'®® The synthetic procedure involves the addi-
tion of citrate solution of different concentrations to a refluxing
solution of HAuCl,. A few years later, Negro and coworkers
demonstrated lithographically engineered Au nanocylinders in
a planar arrangement with both monomeric and dimeric forms
on a fused silica substrate. It was observed that the PL position
and the line width are related to both AuNP size and the inter-
particle separation between in the fabricated system."*®

In 2017, our group reported a simple synthetic procedure for
the development of AIE from AuNPs in the NIR range in the
absence of an organic fluorophore molecule (Fig. 18A)."7
We synthesized AuNPs via different procedures and treated
them with diluted aqua regia, which induced the aggregation of
the AuNPs (Fig. 18B), leading to the generation of an NIR
luminescence peak at 916 nm upon excitation at 560 nm
(Fig. 18C). In another trial, we utilized non-emissive porous-
based cryptands as the aggregation source of AuNPs. The
treatment of AuNPs separately with regioisomeric cryptands
resulted in the generation of spherical and elongated dodeca-
hedron gold suprastructures, which also possessed a similar
emission in the NIR region.'*®

In our recent report, we also showed the room temperature
in situ synthesis of luminescent gold-zinc oxide nanocompo-
sites (Fig. 19A) in aqueous medium from the growth of AuNPs
as seeds, sodium citrate as the stabilizing agent and Zn powder

5712 | Mater. Adv, 2022, 3, 5698-5724
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Fig. 18 (A) Synthetic scheme for luminescent AuNPs. Changes in (A)
absorption and (B) increase followed by decrease in the PL intensities at
916 nm (Lex = 560 nm) due to the addition of diluted aqua regia to 3 mL of
0.6 NnM AuNPs. Reproduced from ref. 197 with permission from The Royal
Society of Chemistry, Copyright 2017.
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Fig. 19 (A) Synthetic route of Au-aZnO (aZnl-aZn8) and AuNP-Au-
cZnO (cZnl-cZn4) nanocomposites in aqueous medium. (B) Emission and
(C) excitation spectra of ¢Zn2. Reproduced from ref. 199 with permission
from Frontiers, Copyright 2021.
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as the reducing agent for Au®' ions added to the growth
solution.'®® The broad emission (Fig. 19B) is due to the presence
of ZnO and freshly generated 5-6 nm AuNPs on the surface of
the nanocomposite.

3.3 Gold-based bimetallic or alloy nanoclusters

The most popular synthetic methodologies for NPs involve the
top-down and bottom-up approaches.®®

The luminescent properties in BMNCs appear due to their
distinct synergistic'*® and relativistic'*® effects, which diversify
their utility in numerous fields. Hence, controlled doping of
one metal is very challenging in the presence of another metal.
Mostly, the chemical reduction methods have been utilized to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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synthesize BMNCs. Other classification parameters, which
involve the synthesis of BMNC, are based on the type of
synthetic procedures, type of metals, protecting ligands used
or based on metal precurssors.'*>°%2°! Another way to speci-
fically classify the bimetallic system is based on the type of
chemical reduction utilized in the procedure. If both metal
precursors get reduced via one-pot synthesis, it is known as co-
reduction synthesis, which generally originates from their
monometallic procedures.”®® In contrast, the other method
includes post-synthetic modification constituting two steps.
Firstly, the procedure involves the synthesis of intermediary
monometallic NCs followed by post-synthetic treatment to get

Table 4 Au-Ag NCs

View Article Online
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BMNCs by introducing the second metal ion.”°**°> In this
review, we classify gold-based BMNC:s firstly based on the metal
precursors utilized in the system, followed by the ligands
utilized to separate them. The preparation of gold-based
BMNC:s typically involve the combination of gold with the other
two coinage metals.

3.3.1 Au-Ag BMNCs. Among the bimetallic noble metal
NCs, Au/Ag BMNCs are the most explored case. To provide
better stabilization of BMNCs, we classified then into different
sections based on the ligands used in their synthesis. A brief
idea about the regents and reaction conditions are presented in
Table 4.

Reagents added Surface capping agent Reaction condition Au:Ag  Aex (NM) ey (NM) Size (nm) QY%  Ref.
NaOH, NaBH, BSA RT 1:1 370 707 1.2 2.8% 142
NaOH BSA 37 °C,12 h 25:6 370 620 4.5% 10.5% 143
NaOH, NaBH, BSA 37°C,20 h 2.3:2 490 718 ~2 42% 203
NaOH BSA 30-70 °C & 30 6:1 420 645 ~2.35 17.6% 205
to 300 min
NaOH BSA 37°C,6 h 7:1.7 325 405 2.1~4.2 NA 206
NaOH BSA 37°C,12 h 1:1 390 630, 470 ~3-5 6.37 207
NH;3;-H,0 BSA 700 W, 3 min 6:1 365 577 ~3-5 6.8% 208
NaOH Lipoic acid 70 °C, 8 h 5:1 385 630 1.9+ 04 6.4% 209
NA GSH 70 °C,24 h 1:0.2 335 605 ~2 nm 7.2% 211
NA GSH 65 °C, 48 h 47:1 400 600 1.78 £ 0.20 13% 212
NA GSH RT, 12 h 1:1 320 515, 630 1.7 £ 04 26% 213
NaOH GSH 80 °C, 3 h 3:2 360 616, 412 ~1 NA 214
NaOH GSH RT, 1.5 h, 9:1 370 610 <2 9.6% 215
inert atm.
NaBH, GSH 20 °C, 15 h 3:1 520 680", 710%, 0.43', 0.65%, NA 216
815° 0.76°
Ag NC MSA RT,5h NA 390 650 NA 0.035 217
NA 11-MUA RT, 5 h variable 285-355 607-635 ~1.5 6.18% 218
NaOH 11-MUA RT, 20 min 4:1 320 610 1.56 NA 219
NaOH, NaBH, 11-MUA 15 min variable 250-330 608-640 1.8-2.1 NA 220
PEG MUTB 70 °C, 5 h variable 353-397  440-455, < 2 min NA 221
620-665
NA DAMP 70 °C, 5 h 1:1 473 640 1.63 + 0.4 42.4 222
Dopamine Chondroitin sulfate 30°C,4h 1.5:1 450 510 0.99 1.41 223
AuNP, AA CTAC 60 °C, 1 h NA 820 650-700 20-25 NA 152
(2PPL)
DNA-AgNCs, NaBH, 5'-CCCTTAATCCCC-3/, Ice bath, 30 min 1:1 460 630 NA 4.5 223
5’-CCCCCCCCCCCC-3’, and
5/-CCCTCTTAACCC-3’
NaBH, 5'-CGCCCCCCTTGGCGT-3'  Ice bath, 15 min 1:1 260 605 2.75 NA 224
NA C4-ATAT-C4 80 °C,1 h 1:1 290 535 8.3 0.78 225
NA Cytidine 80 °C 1:1 370 560 1.50 + 0.31 9% 226
Sodium citrate AMP 120 °C, 30 min 1:5 354 550 2.25 8.46% 227
Sodium citrate AMP 80 °C, 6 h 9:1 356 475 1.25 9.42% 228
NaOH Lysozyme 37 °C,22h 5:1 420 660 1.75 4.5% 229
NA L-Tryptophan 120 °C,4 h 1:10 370 455 2.7 20% 230
NaOH Methionine 37°C,10 h 2:1 526 756 5 NA 231
NaOH Egg white protein 250 W, 90 °C, 1:8 360 600 4.4 5.4% 232
250 psi, 30 min
NA Egg shell membrane RT, 3/7 days 1:1 340 435-445 5-100 NA 233
Pp(NIPAM-AA- Ascorbic acid Ice bath, 38 min NA 236 370 NA NA 234
AAM)-Ag hybrid microgels
Au@PNIPAM microgels CTAB, ascorbic acid RT Variable 405 570-580 ~57-102 NA 236
[Au,(PPh;)sCl,]"NaSbFs ~ PhC,H,SAg RT, 6 h NA 370 680 NA 401% 135
C,3H;5AuCIP BDT, TPP, NaBH, Dark, 12 h 2:3 ~445 ~ 660 NA 24% 136
Ag,5(SPhMe,); 4 AuCLPPh, RT,4 h NA 467 ~810 NA NA 237
NaBH, Lipoic acid RT,3-5h 1:1 485 ~680 NA 7.9% 202
Ag,5(SPhMe,)PPh, AuCLPPh, RT,4 h NA 405 810 NA NA 145

“ Indicates hydrodynamic diameter.” > and ® corresponds to 3 different NC, 1 represents increase in PL intensity. The brightness could not be

calculated for BMNCs due to the difficulties faced during the calculation of the concentration oh NCs which involve radius of both metals.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.3.1.1 BSA-mediated Synthesis:. During the last decade, BSA
protein remains the most frequent choice during the synthesis
of BMNCs. This is due to the presence of residues such as
cysteine, which not only can reduce Au®* but also stabilize the
Au(0) clusters by the formation of a strong Au-S bond.

T. Pradeep and co-workers first introduced BSA for the
preparation of luminescent Au/Ag alloy NCs (1.2 nm), which
were obtained by gently mixing and stirring the separately
synthesized BSA-capped Aujg and Ags; quantum clusters (QC)
(Fig. 20). In another galvanic exchange method, different con-
centrations of aq. Au** were introduced in the as-prepared
AgQC®@BSA under vigorous stirring and the reaction continued
for 8 h to yield Au/Ag BMNCs."** Upon excitation 370 nm, the
ZAem Of these BMNCs red-shifted to 707 nm, unlike the AuQCs
and AgQCs, having 1., at 660 and 670 nm, respectively.
Inspired by this, K. Chattopadhyay and co-workers also synthe-
sized red-emissive Au-Ag@BSA NCs by simply adding Au®" and
Ag’ to BSA solution and stirring at 37 °C for 20 h. However,
increasing the dopant (Ag) concentration caused a continuous
red shift in the emission maximum, which is mainly attributed
to the modulation of the electronic state with silver doping.
Another possible explanation is either the presence of MLCT

(A)

—

Normalized Intensity

L} L)
500 625
Wavelength (nm)
Fig. 20 (A) Synthetic scheme of AuAg@BSA alloy clusters through
QC-QC interaction and (B) emission spectra of AuQC, AgQC and
AUAgQC@BSA indicated by green, red, and blue line, respectively. leyx =

370 nm. Reproduced from ref. 142 with permission from The Royal Society
of Chemistry, Copyright 2012.
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(M—BSA) or MMCT (Ag— Au) in the BMNCS. The molar ratio
of Au:Ag was optimized to 2.3:2.0 at an effective pH of 11 to
obtain enhanced emissive Au-Ag@BSA, which was subse-
quently utilized for the cellular detection of toxic heavy metals
(Pb?+).203

It was reported that the tyrosine residues present in BSA can
reduce Au®” to Au(0) in basic medium with pH > 9. Hence,
the basic medium was utilized to synthesize BSA-mediated
AuNCs.** For instance, Zhang et al. reported the synthesis of
bimetallic alloying Au-AgNCs by utilizing metal precursor
HAuCl, and AgNO; with BSA functioning as both the reducing
and stabilizing agent in basic medium.'*® By maintaining the
molar ratio of Au: Ag precursors to 25:6 in the reaction medium,
this silver effect exceptionally enhanced the red emission
(620 nm) intensity of the Au-AgNCs by several folds compared
to that of conventional AuNCs and core shell Au@AgNCs.

XPS studies confirmed not only the presence of Au(0) and
Ag(0)/Ag(1) but also confirmed the Au-S interaction, which
suggest that the formation and attachment of bimetallic
Au-AgNCs in the S-containing site of the protein scaffold is
the probable path of nucleation in the protein scaffold. BMNPs
initiate with the reduction of HAuCl, and Ag' ions by 21
tyrosine residues in the protein scaffold. The competitive
nucleation rate is faster in Au than Ag. Hence, after nucleation,
these Au atoms catalytically enhance the Ag deposition in the
protein matrix and their co-deposition leads to the formation of
bimetallic Au-AgNCs. The origin of luminescence was attribu-
ted to the presence of LMCT in the BMNCs. In addition, the
silver effect specifically enhanced the sensing performance
of the Au-AgNCs towards different metal ions such as Cu®*
and Hg>*. There are a few other reports available on the
synthesis of Au-AgNCs following a similar method with minor
modifications.”*>>%

In another discovery, K. Huang and co-workers reported
BSA-protected dually emissive Au-AgNCs through a green syn-
thetic procedure, which involved the addition of an aqueous
solution of HAuCl, and AgNO; to a BSA solution with a gentle
stirring for 2 min, followed by the addition of NaOH solution
at 37 °C.>*7 As shown in Fig. 21, the BSA-stabilized Au-AgNCs
possess dual emission peaks at 470 nm (Ag NCs) and 630 nm
(Au NCs) under 390 nm excitation. These emissions may
originate from the different interactions of the metal core with
the surface ligand.

Ex:390nm  Em:630 nm Em:470 nm

X

AuCly
NaOH
37°C
BSA BSA-AuAgNCs
@ AuNCs O Hg*
@ AgNCs

Fig. 21 Schematic illustration of the synthesis of dual-emitting BSA-Au/
Ag NCs and their application towards Hg®* sensing. Reproduced with
permission from ref. 207, Copyright Elsevier (2018).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The origin of the emissive properties is attributed to the
perturbation of the electronic state in the quantum confine-
ment region. Upon interaction with Hg**, the luminescence
intensity at 630 nm quenched due to the high-affinity of
Hg>" towards Au® via d'°-d'® metallophilic interaction. BSA-
protected Au-Ag luminescent BMNCs were also synthesized by
Zheng et al. via a simple microwave (MW)-assisted method. The
BSA solution was added to a mixture containing an aqueous
solution of HAuCl, and AgNO; under stirring condition fol-
lowed by the addition of NH;-H,O. Heating by MW radiation
yielded yellow emissive (577 nm) bimetallic Au/Ag NCs.>*®

3.3.1.2 Sulfur-containing Ligand-mediated Synthesis:. The
interaction of thiol with noble metals is well established due
to their soft-soft interactions. Researchers across the world
utilized this fact to explore different synthetic methods for
noble metal NCs by simply employing sulfur-containing ligands
in the reaction medium. For example, Huang et al. utilized
the strong Au and Ag interaction with sulfur to synthesize
fluorescent Au-AgNCs by employing lipoic acid as a capping
agent.”*® Lipoic acid is dissolved in a strongly basic solution
followed by the addition of HAuCl, and AgNO; solution in a
molar ratio of 5:1 under constant stirring at elevated tempera-
ture (Fig. 22A). Further centrifugation yielded red-emitting
(630 nm) Au-Ag BMNCs, where the luminescence intensity
was highly dependent on temperature and decreased with an
increase in temperature from 20 °C to 65 °C (Fig. 22B).>*°
This phenomenon is attributed to the increase in the rate of
collision frequency, which eventually results in increased non-
radiative transition with an increase in temperature without
affecting the radiative transition rate. The as-prepared Au-Ag
BMNCs were reported as a chemosensor for Fe®* through
aggregation-induced quenching of the parent BMNPCs.

The origin of the aggregation is attributed to the interaction
of Fe** with the carboxylate group of lipoic acid (Fig. 22C).
Hikosou et al., Brach et al. and Ye et al. separately synthesized

A
"y 7 ‘
“ o NaoH ‘ ‘ © -

@® )\_\ﬁ' E—— - v
\;:/I. 70°C, 8 h . o ¢

- : 3

e
@ AuCl, @ Ag ANAAKLA QFe
1.0
£ 1.0 (B) 20C |, (C)o
% 08 S 08
c [ 3¢
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Fig. 22 Schematic illustration of the (A) synthesis of lipoic acid-stabilized
Au/Ag BMNCs and their Fe** sensing and (B) temperature- and (C) Fe**-
dependent fluorescence quenching. Reproduced with permission from
ref. 209, Copyright Elsevier (2016).
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GSH-stabilized bimetallic luminescent Au-AgNCs by modifying
the Au: Ag ratio in the synthetic procedure.*’°>'* Liu et al. also
synthesized dual-emitting GSH-stabilized Au-AgNCs by react-
ing GSH, AgNO; and HAuCl, in basic medium for 6 h at
80 °C.*"* The as-synthesized NCs exhibited emission bands at
412 nm and 616 nm upon excitation at 360 nm. This nanosys-
tem was demonstrated as a potential ratiometric fluorescence
probe for the detection of Arg and Cys amino acids. Yin et al.
also followed a similar procedure to obtain orange-emitting
Au-AgNCs by maintaining the Au:Ag molar ratio at 9:1.>™
Yao and co-workers synthesized GSH-stabilized Au-Ag BMNCs
by reacting a 3:1 molar ratio of Au:Ag with excess GSH in
methanol. The reduction of the metal precursors was carried
out using sodium borohydride under an inert atmosphere.***

T. Pradeep and co-workers introduced mercaptosuccinic
towards the synthesis of emissive BMNCs. The detail multi-
step procedure involves the synthesis of MSA-stabilized AgNPs,
which produced AgNCs through interfacial etching. The next
step included the addition of HAuCl, to the pre-synthesized
Agys cluster with gentle stirring to get the resultant emissive
Ag,Aug alloy NCs.”'® Jin and co-workers employed MUA as
another thiol-containing capping agent to synthesize lumines-
cent MUA-Ag/Au BMNCs with an emission peak at 630 nm.*"’
It was observed that the emission wavelength varied with the
amount of Ag doping, but was independent of the excitation
wavelength. While a similar reaction was performed by
Yang et al. in basic medium,*'® Ristig et al. utilized NaBH, to
complete the reduction process to get the desired product.**’

T. Yonezawa and co-workers utilized the double-target sput-
tering method to synthesize bimetallic Au/Ag nanoclusters by
utilizing 11-mercaptoundecyl-N,N,N-trimethylammonium bro-
mide (MUTAB) as the surface-protecting ligand. Both Au and Ag
metal targets were employed in the usual sputtering process
and etched simultaneously by ionized Ar gas under high
vacuum. The targets were set to face each other at a certain
angle, enabling the generated unstable Au and Ag particles to
have a higher collision probability, which resulted in the
formation of Au-Ag BMNCs.**° By introducing a new sulfur-
containing capping agent, 4,6-diamino-2-mercaptopyrimidine
(DAMP), Yu et al. synthesized luminescent Au-Ag NCs in a one-
pot synthetic method and utilized them for the detection of
Hg>" (Fig. 23A-C).>*'

3.3.1.3 Templated synthesis. Q. Liu et al. utilized chondroitin
sulphate as new sulfur-containing template for the synthesis of
novel fluorescent bimetallic Au/Ag NCs by simply reacting
AgNO; and HAuCl, with a chondroitin sulphate solution. After
30 min of stirring, a dopamine solution was introduced in the
reaction mixture, followed by stirring, resulting in a reddish-
brown color solution containing Au/Ag NCs with an emission at
610 nm, which is attributed to the synergistic effect arising in
the presence of silver.>** P. Yuan et al. synthesized bimetallic
core-shell Au@Ag NPs possessing two-photon PL by utilizing
cetyltrimethylammonium chloride solution (CTAC) as the tem-
plate. They successfully demonstrated a two-photon PL (2PPL)
enhancement with an increase in the Ag shell thickness."
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Fig. 23 (A) Schematic illustration of synthetic process of DAMP-AuAg

BMNCs and mercury ion-induced fluorescence quenching. (B) Excitation
(black line) and emission (red line) spectra of the DAMP—-AuAg BMNCs.
Inset: DAMP-AuAg BMNC solution under visible light and UV at 365 nm.
(C) Fluorescence spectra (lex = 473 nm). Inset: Picture of DAMP-Au-Ag
BMNCs under UV light in the (1) absence and (2) presence of Hg?" ions
(50 uM), and (3) solution (2) after the addition of aqueous NaBH,4 (10 mM).
Reproduced from ref. 221 with permission from The Royal Society of
Chemistry, Copyright 2021.

3.3.1.4 Biomolecule-mediated synthesis. Biomolecules such as
DNA, peptides and amino acids assisting the synthesis of
luminescent bimetallic Au/Ag NCs have attracted special atten-
tion given that the complex structural property of biomolecules
induces the resultant shape during the growth of NCs. For
example, in 2011 Chang and co-workers synthesized DNA
(5’-CCCTTAATCCCC-3’ or 5'-CCCCCCCCCCCC-3" or 5'-CCCT
CTTAACCC-3')-assisted Au/Ag BMNCs by reacting the DNA
molecule with both metal precursors (DNA:Au:Ag = 1:6:6)
in an ice bath for 15 min in the presence of NaBH, as a
reducing agent.*?*

Similarly, Pang and co-workers replaced the DNA sequence
to 5-CGCCCCCCTTGGCGT-3' in the previous procedure to get
red-emissive DNA-assisted Au/Ag BMNCs.””* Deng and co-
workers synthesized DNA-mediated emissive Au-Ag BMNCs
by adding HAuCl, and AgNO; to DNA molecules in citrate-
citric acid buffer.”>®> Wang and co-workers introduced the
cytidine-template synthesis of luminescent bimetallic cyti-
dine-AuAg NCs. Specifically, to a cytidine solution in PBS
buffer, an aqueous solution of HAuCl, was introduced, fol-
lowed by citrate buffer (pH 6). The reaction mixture was heated
in a water bath at 80 °C followed by the addition AgNO; to yield
bimetallic cytidine-AuAg NCs with an emission centered at
560 nm.**°

In 2017, Wu and co-workers introduced for the first time for
the hydrothermal synthesis of fluorescent bimetallic Au-AgNC-
S@AMP using adenosine monophosphate (AMP) as the surface-
protecting ligand. The AMP (solid) in deionized water together
with HAuCl,, AgNO; and sodium citrate solution (Au:Ag: AMP
to 0.2:1:5) was autoclaved at 120 °C to get the emissive
BMNCs. Similar BMNCs were also prepared by two other
methods involving heating and stirring via seed-mediated
hydrothermal synthesis.””” By modifying the Au:Ag to 9:1,

5716 | Mater. Adv., 2022, 3, 5698-5724

View Article Online

Review

&

AMP-AuAg

Fig. 24 Schematic Illustration of the self-assembly of g-fiber—AuAg NCs
exhibiting R-/L-CPL emission. Reproduced from ref. 228 with permission
from the American Chemical Society, Copyright 2020.

Z. Suo et al. also synthesized AMP-Au/Ag NCs and incorporated
them in pre-synthesized right and left handed G-quartet nano-
fibers to obtain enantiomeric circularly polarized light emis-
sion (Fig. 24).>%®

S. Pang et al. carried out the reduction reaction of Au and Ag
precursors in basic medium by introducing lysozymes as a
stabilizing agent to get the luminescent Lys-Au/Ag BMNCs.>*°

Meng et al. synthesized L-Trp@AuAgNCs by utilizing trypto-
phan as a reducing and capping agent in the reaction mixture
involving Au and Ag metal precursors.”*® Recently, Zou and
co-workers synthesized methionine (Met)-stabilized Au-Ag
BMNCs via a doping growth strategy.

The brief synthetic procedure involves mixing of AgNO;,
HAuCl, and Met in water under ultrasonication with a pH of
12.0. The orange-colored mixture was sealed at 37 °C for 10 h
followed by the addition of a drop of H,SO, to precipitate the
Au-Ag BMNCs.**!

Chicken eggs, which are enriched with several proteins, have
also been considered for the synthesis of metallic NCs. For
example, Li and co-workers utilized the chicken egg white
protein matrix to synthesize orange-emitting Au-Ag BMNCs
via a microwave-assisted facile green one-pot synthetic
method.>*? Briefly, to the egg white protein obtained after
centrifugation, aqueous HAuCl, solution followed by AgNO;
solution (varying ratio with Au) was added under vigorous
stirring. Then, NaOH solution was added to the mixture under
continuous shaking, and finally put in a microwave at 250 W
90 °C and 250 Psi for 30 min under stirring, yielding Au-Ag
BMNCs.**? Similarly, Pramanik et al. synthesized bimetallic
alloy Au-Ag NCs in the absence of any reducing agent via the
ESM-induced reduction of AgNO; and HAuCl, solutions at
room temperature.>*?

3.3.1.5 Polymer-mediated synthesis. Zhou and co-workers
demonstrated the in situ synthesis of luminescent bimetallic
Ag-Au NPs by performing the reduction reaction of Ag" in the
presence of poly(N-isopropylacrylamide-acrylic acid-acryla-
mide) [p(NIPAM-AA-AAm)] microgel followed by treatment
with HAuCl, solution under stirring in an ice bath.>** After
the color change, 1-AA was added to complete the reduction

© 2022 The Author(s). Published by the Royal Society of Chemistry
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process to get p(NIPAM-AA-AAm)-Ag/Au. Rubio-Retama and
co-workers also synthesized luminescent bimetallic Au@Ag®@
PNIPAM having a variable silver thickness.”*® The detailed
procedure includes the growth reaction of the as-prepared
Au@PNIPAM NPs in the presence of CTAB as the template
followed by AA-mediated reduction of Ag".

3.3.2 Heterometal-incorporated Au or Ag NCs. Several
research attempts have been made to incorporate Ag atoms in
AuNCs or vice versa, which increases the PL quantum yield of
the resultant alloy NCs, as mentioned in Section 2.3. For
example, in Fig. 6a-c, phosphine-protected [Ag;,Au,3(PPh3);0-
(SR)sCL,J** NCs (1) were prepared via a two-step process invol-
ving the preparation of triphenylphosphine (TPP)-stabilized
monometallic Au,s NCs, followed by the treatment of phe-
nethylthiosilver (PhC,H,SAg) at room temperature. The final
NC I was obtained after crystallization. For the synthesis
[Ag13Au;5(PPhy)1(SR)5CL,]*" NCs (u), firstly, the TPP-protected
previously reported procedure was employed for the synthesis
of Ag,, NCs,>*® and then Auy; NCs were prepared, followed by
their reaction with PhC,H,SAg at 40 °C to get the desired
product (Fig. 25A)."*° By modifying the doping of Au atoms,
Ag,o(BDT);,(TPP), NCs were achieved by Bakr and co-workers,
who performed the NaBH,-mediated reduction reaction of
AuCIPCgH;5 and AgNO; in presence of BDT and TPP. With
an increase in the Au doping, the alloy NCs showed an
enhancement in emission intensity together with a red shift

© 2022 The Author(s). Published by the Royal Society of Chemistry

in Aem (Fig. 25B)."*® The same group also utilized the galvanic
exchange reaction for mono gold doping in Ag,s NCs. The
galvanic reaction involved in the reaction is as follows:

[Ag,5(SPhMe,) 5]~ + Au" — [Ag,,Au(SPhMe,),5]” + Ag"

Briefly, for the synthesis of Au;Ag,,(SPhMe,),sPPh, alloy
NCs, the pre-synthesized Ag,s(SPhMe,),sPPh, was treated with
AuCIPPh; in DCM under vigorous stirring for 4 h at room
temperature to get a green-coloured solution. AgCl was
removed by centrifugation and washing. The final cluster
precipitate was dissolved in DCM and crystalized in a DCM/
hexane mixture.”®” By following a previously reported proce-
dure for the synthesis of Ag,s(SPhMe,);s NCs,>*® the same
group also tried to dope more than one atom of Au and Pd
inside the Ag,s clusters by performing the sodium borohydride-
mediated reduction reaction of AgNO; and AuCIPPh;/Pd(OAc),
together with HSPhMe, and PPh,Br.>*” The doping of a single
Au atom remarkably enhanced the luminescence signal up to
25-fold against Pd-doped or pure Ag,s NCs (Fig. 25C). The blue
shift in A, is attributed to the Ag atom, which modulates the
HOMO-LUMO gap and/or the surface states after its incorpora-
tion in the crystal structure.?*”

Three years later, Groot and co-workers demonstrated mono
Au atom doping in Ag,s NCs by modifying the procedure
previously reported for the synthesis of Ag,, NCs.?%%?%°
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The synthetic procedure involves the reduction reaction of
AgNO; followed by HAuCl, in the presence of LA and NaBH,
at room temperature overnight. In another post-synthetic
method, Ag,, NCs were prepared first, followed by treatment
with gold chloride salt and NaBH, under stirring overnight to
get the desired product. The Au-doped AgNCs possessed
enhanced PL properties, which is attributed to the feasible
radiative decay.””*

For the synthesis of mono Pt atom-doped Pt;Ag,4(SPh-
Me,);sPPh, NCs, Yuan et al. performed the NaBH,-mediated
reduction reaction of AgNO; and H,PtCls in solution. The
precipitation of the NCs was accomplished by the treatment
with excess PPhyBr."*> Mono Au-doped AgNCs were prepared
using the reported procedure described in ref. 237. For the
replacement of more Ag atoms by Au or Pt atoms, the previously
synthesized single-atom substituted NCs, M;Ag,4(SR)15 (M = Au
or Pt) were reacted with Me,PhSAu under stirring for 1 h.
By replacing the innermost atom of Ag,s(SR);s by Au or Pt,
there was a remarkable increase in the PL intensity of the
mono-doped NCs compared to the undoped or multi atom
doped NCs (Fig. 25D and E), respectively.'*’

3.3.3 Au/Cu NCs. Millstone and co-workers synthesized
luminescent bimetallic Au-Cu nanoalloys, where the emission
wavelength varied in the NIR region depending on the compo-
sition of the NPs.>*° Briefly, the procedure included the addi-
tion of gold and copper solution (varying percentage) to
poly(ethylene glycol) methyl ether thiol (PEG-SH) followed by
a color change to dark yellow. Subsequently, the co-reduction of
the metals was performed by introducing NaBH, to get the
desired product.

It was observed that with an increase in the copper ratio,
a bathochromic shift in the emission maximum occurred from
947 nm to 1067 nm. Chang and co-workers proposed a one-pot
synthetic method for the preparation of penicillamine-capped
luminescent bimetallic Au-Cu NCs having ., at 625 nm.>*!
Briefly, an HAuCl, solution was introduced in the PA solution
under vigorous stirring. Subsequently, Cu(NO;), dissolved in
nitric acid solution was added to the reaction mixture under
vigorous stirring. The color of the solution was changed from
brown to milky white, showing the generation of PA-~AuCu NCs.
The pure product was obtained after centrifugation. They
successfully demonstrated the enhancement in the emission
intensity by varying either the amount of Cu or Au and keeping
other parameters in the system fixed.

The restriction in intramolecular rotation through chemical
bonds can also induce luminescence in bimetallic NPs having
different oxidation states. The enhancement factor in bimetal-
lic fluorescence dominates the fluorescence of the individual
metallic system.>*” For example, reducing Au(i) to Au(0) by
NaBH, can induce a significant enhancement in fluorescence
in the Cu'SR' (R' = C;oH;;5) system in bimetallic Au,Cug NCs,
but it was observed that the same reaction without Au resulted
in the absence of the emission band. The brief synthetic
procedure for Au,Cug involves the room-temperature reaction
of CuCl in CH;3CN and CH;OH and adamantanethiol in toluene
under vigorous stirring. Then ice-cold [Au(PPh,Py)Cl] and
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ice-cold water containing NaBH, were introduced dropwise in
the previous reaction mixture with vigorous stirring under an
N, atmosphere, and stirring was continued for 60 h. After the
reaction, the pure product was obtained after centrifugation,
washing and crystallization. The enhancement in the emission
intensity was highly triggered by the restricted movement of the
Cu'SR system inside the crystal structure of Au,Cug(PPh,.
Py),(SC10His)s- A similar strategy was also extended to another
system containing t-butyl mercaptan as the ligand system.>** By
modifying a previously reported procedure for introducing
hetero-metallic atoms in the core of Au,s NCs,>** Kazan et al.
prepared emissive AuzgCu4(2-PET),,, (PET-2-phenylethanethiol)
adduct nanoclusters by reacting as-prepared Ausg(2-PET),, in
toluene with Cu(1)-(SR) at room temperature for 1 h followed by
a few purification steps.'”® They successfully demonstrated the
two-fold enhancement in the luminescence intensity by the
introduction of Cu' in the reaction system. Bazan-Diaz et al.
synthesized 2D-nanoribbons comprised of Au/Cu NPs by control-
ling the assembly and growth of the metal precursors inside a soft
template.'>® The flexible nanoribbons were synthesized by utiliz-
ing hexadecyl amine (HDA) as the surface protectant and self-
assembly initiator. Dual-emitting nanoribbons were synthesized
by reacting an aqueous solution of the metal precursors (CuCl,
and HAuCl,) with HDA in water under magnetic stirring at 60 °C
until its color changed to mint green. Finally, an aqueous glucose
solution was introduced in the reaction mixture.

The reaction was continued with another 30 min stirring,
followed by centrifugation to get the desired product with
narrow emission peaks at 700 and 813 nm. Nie et al. synthe-
sized luminescent GSH-Cu/Au BMNCs at room temperature by
reacting Cu(NO,), solution with GSH solution.>*> The reaction
proceeded via the formation of a white hydrogel. The dropwise
addition of NaOH solution resulted in the formation of
a transparent light-yellow solution at approximately pH 5.
Finally, the reaction mixture containing CuNCs was added with
aqueous HAuCl, at room temperature with stirring. The desired
products were obtained after a few rounds of purification. The
GSH-Cu/Au BMNCs could be utilized as a potential candidate
for chromium ion sensing and temperature sensing.

Bagheri and co-workers utilized the well-explored protein
template BSA towards the synthesis of luminescent bimetallic
Au-Cu NCs in aqueous medium.?*® This procedure involved the
treatment of equimolar HAuCl, and Cu(NOj3), with the BSA
solution under constant stirring for 15 min, followed by the
introduction of NaOH to maintain pH 12. After 12 h stirring,
the pure product was obtained after dialization. The Cu doping
in the Au-BSA system enhanced the electrochemical catalytic
properties via the synergistic effect. The authors investigated
their properties towards determination of the bisphenol A.

Besides Ag and Cu, recently platinum has also been utilized
for the doping of AuNCs. For example, in a typical hydro-
thermal synthesis, Wu and coworkers employed guanosine
monophosphate (GMP) as the protecting ligand to synthesize
luminescent Au-Pt bimetallic nanoclusters, which showed an
emission band at 415 nm with A., = 330 nm (Fig. 26A and B).>*”
One year later, the same group proposed another method for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 26 (A) Schematic illustration of the synthetic procedure for Au-—
PtNCs-GMP and (B) excitation (red dotted line) and emission (red) spectra
and UV-vis (black line) absorption spectrum of the Au—-PtNCs-GMP
BMNCs. Reproduced from ref. 247 with permission from the American
Chemical Society, Copyright 2020.

the hydrothermal synthesis of GSH-stabilized Au-Pt BMNCs,
which possessed both visible emission at 625 nm and NIR
emission band at 805 nm, and finally utilized them towards the
detection of Ag(1). An aqueous solution containing HAuCl, and
K,PtCl, (8:1) was mixed with GSH and sodium citrate, and
finally autoclaved with varying temperature and time to get
pure BMNCs. When the reaction time was fixed to 1 h or 2 h,
the corresponding BMNCs showed an emission band in the
visible or NIR range.”*®

4. Summary and outlook

Luminescent AuNCs can emit from the blue to near-IR (NIR)
spectral region depending on the number of atoms in the
cluster. In recent years, various approaches have been devel-
oped to prepare highly photoluminescent AuNCs with emission
in the UV-vis region, for example: (1) engineering the particle
surface by using different ligands, DNA, peptides, and proteins
including bovine serum albumin (BSA), (2) controlling the
metal core size, (3) aggregation-induced emission and (4) rigi-
dification of the Au(i)-thiolate shell.'"*3*%112:114,127,249,250
Recent advances in the synthesis of AuNCs enabled the devel-
opment of NIR-photoluminescent (NIR PL) AuNCs functiona-
lized with a variety of thiol-containing ligands.>*!

These ligands exhibit a significant enhancement in the
emission efficiency of AuNCs, e.g., the optimized quantum
yield (QY) of glutathione (GSH)-stabilized AuNCs reached about
15%, which can truly overcome the QY of less than 0.1%
obtained from the classic Burst method for the synthesis of
AuNCs.”*® The tunable emission of the protein-stabilized Au
nanoclusters (AuNCs) over a large spectral range makes them a
useful platform in biomedical studies. AuNCs can harness
photon energy in the field of light harvesting materials by
virtue of their discrete energy levels, which can extend the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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lifetime of excited electrons up to the microsecond regime,
which is 10° times larger than the ultrafast relaxation of hot
electrons in the case of plasmonic nanoparticles.>*?

In general, the luminescence properties in these nano-
clusters originate from the typical modulation of their
HOMO-LUMO energy gap within discrete gold nanoclusters.
These variations in energy gaps can also be introduced by
incorporating another metal in the system. Bimetallic
nanoclusters have been shown to possess better luminescence
properties compared to their monometallic nanomaterials. The
location of specific substituted metal atoms in the nanoclusters
has a significant contribution in the enhancement of their
luminescence properties. The synthetic aspects involving small
molecules or biomolecules or their combinations as stabilizing
agents in these metal-based nanomaterials were covered in this
current review.

Scientists across the globe have recently focused on the
applications of luminescent gold nanomaterials. The chemical
and biological applications of these materials in analysis and
sensing applications have drawn significant interest.*'®2%
Increasing attempts have already been made to achieve AIE in
highly luminescent metal nanocluster assemblies using hier-
archical functional materials.">” Luminescent gold nanomater-
ials have also been tested in devices and cellular imaging.”>

Still, in comparison to the traditional highly promising
emissive materials such as quantum dots (QDs) and organic
dyes, most of the noble metal nanoclusters cannot show a
higher fluorescence quantum yield although they are compara-
tively less toxic and safely renal-clearable. In some cases,
aggregation-induced emission has demonstrated a promising
enhancement in fluorescence from nanoclusters, but in this
case, the limited hydrophilicity of the as-obtained products
becomes an issue, which restricts their applications in living
systems.®* An improvement in the water solubility of these
aggregation-induced emission based NCs can be done by
encapsulating the aggregates with some additional water-soluble
coating and engineering them with a controllable size to make
them very impactful for future applications in therapeutics.
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