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brightening of synergistically
originated noble metal nanoclusters†

Priyanka Sharma, Mainak Ganguly * and Mamta Sahu

Weakly fluorescent AuAg nanoclusters were obtained from glutathione, chloroauric acid, and silver nitrate

aqueous solution under a modified hydrothermal method. Such glutathione-capped synergistically evolved

clusters were obtained for the first time by employing our experimental conditions. Suchweak fluorescence

was made significantly brighter by employing Na+ and a Na+ sensor was obtained with a linear detection

range of 10−5–5 × 10−9 M, while the limit of detection was 1.02 × 10−6 M. Na+ made the GSH matrix

positively charged to stabilize AuAg clusters resulting in strong emissive properties. Furthermore, the

effect of solvents, sunlight exposure, and temperature was gauged. Estimation of Na+ concentration was

undertaken for natural water samples to demonstrate the practical utility of the designed nanosensor.
1. Introduction

In the body, sodium is an essential alkali metal that plays a key
role in extracellular uid.1 It is responsible for regulating the
water level and electrolyte balance. It is a naturally occurring
blood serum component with a normal range of 135–145 mM.2

It is responsible for preserving the blood ionic equilibrium; yet
any variation in its concentration raises the risk of hyperten-
sion, diabetes, heart failure, stroke, and renal issues. It is
possible to use the quantity of sodium found in water resources
as a direct indicator of salinity, and it may be possible to avoid
excessive salinization by regularly checking the concentration of
sodium in water bodies.3 Because of its intimate connection to
human health, researchers have been working hard to develop
sodium-ion sensors that are economical, sensitive, and
discriminating.4

Over the past few decades, metal nanostructures—particu-
larly metal nanoparticles and nanoclusters—have been the
topic of extensive research and development in nanotechnology
because of their unique optical, magnetic, and catalytic char-
acteristics.5 Nanoclusters, a type of nanoparticle, bridge the gap
between atoms and nanocrystals and make important contri-
butions to basic and applied study. Their molecule-like quali-
ties, like quantized charging and luminosity, are more likely to
be used to make new products. Fluorescent metal nanoclusters
have been widely employed as sensors because of their ability to
respond to changes in their medium such as temperature,
oxidative stress, acidity, and the presence of various chemicals
such as metal ions.6 Due to their low stability, only a few
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methods for synthesizing uorescent silver nanoclusters have
been described, even though gold nanoclusters have been
thoroughly studied over the past ten years. The Ag nanocluster
exhibits more strong uorescence than the Au nanocluster,
which increases its usefulness for several important applica-
tions.7,8 Thiolate oen synthesizes and protects gold and silver
nanoclusters. Synergistic impact occurs when two or more
species have a stronger inuence than their separate effects.
Gold–silver synergism for nanocluster formation is an active
area of research due to autouorescence, doping/alloying,
aggregation-induced uorescence, oxidation and interaction-
induced uorescence enhancement, and silver effect.8

In this paper, we reported a Na+ sensor employing the uo-
rescence enhancement of weakly uorescence AuAg nano-
clusters. For the uorescence enhancement intensication
of the positive charge of the matrix was the pivotal factor
(Scheme 1).
2. Results and discussion
2.1 Synergistically evolution of weakly uorescent AuAg
nanoclusters

A decent uorescent AuAg cluster was obtained by mixing silver
nitrate, chloroauric acid, and glutathione (GSH) with 6 h aging
under a 100 W bulb. The pale yellow-colored AuAg nanoclusters
exhibited uorescence (lex 290 nm and lem 405 nm). Notably,
silver and gold were inevitably to originate AuAg uorescent
clusters. Only chloroauric acid with GSH or silver nitrate with
GSH could not generate uorescent species aer hydrothermal
treatment. Thus, synergism between gold and silver was
mandatory for the evolution of uorescence species. There was
no signature of the surface plasmon10 band of gold nano-
particles and silver nanoparticles in AuAg@GSH hydrosol,
indicating the formation of nanoclusters. Nanoclusters, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Na+ highly enhanced the fluorescence of hydrothermally synthesized AuAg@GSH.
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missing link between nanoparticles and atoms, have ultra-small
size (<2 nm) with few atoms and discrete energy levels. The
number of atoms in nanoclusters is insufficient to originate the
surface plasmon band.11 The absorption peak at lmax 356 nm
and 277 nm of Ag@GSH hydrosol was remarkably suppressed in
AuAg@GSH hydrosol indicating the formation of AuAg core–
shell particles [Fig. S1, ESI†]. Though some reports of GSH
passivated AuAg nanoclusters are found in literature, nano-
clusters with lex 290 nm and lem 405 nm are disclosed here for
the rst time (Table 1).
Table 1 GSH passivated AuAg nanoclusters with properties and applicat

Precursors lex/lem Size/shape

Glutathione S transferase
(Cao et al. 2022)9

395 nm/477 nm or 653 nm —

GSH (Zhang et al. 2015)9 380 nm/618 nm 3.2 nm(DL
GSH (Liu et al. 2018)9 360 nm/616 nm & 512 nm 1 nm/dispe
GSH (Ganguly et al. 2013)9 400/564 nm Spherical
GSH (Ganguly et al. 2014)11 400 nm/564 nm 600 nm/sp
GSH (this work) 290 nm/405 nm 265 nm(DL

© 2024 The Author(s). Published by the Royal Society of Chemistry
The pale-yellow color AuAg@GSH hydrosol contained
spherical particles as evident from the FESEM image. EDAX
spectra showed that the atomic percent of silver was ve times
higher than that of gold, although we added chloroauric acid
and silver nitrate to equal molar concentration. Such observa-
tion indicated that silver was as a shell, and gold was as a core.
Gold forms the core and silver form the shell in core–shell
particles because gold has a lower reduction potential, leading
it to nucleate rst, while silver, with a higher reduction poten-
tial, deposits later around the gold core.11 So, the uorescent
ions

Experimental condition Application

— Oxytetracycline sensing

S)/spherical Heat in microwave at 90 °C Anion sensing
rsed shape Incubated 80 °C in 6 h Cysteine sensing

Under sunlight ∼12 h Antibacterial activity
herical Under the sun ∼3 h Hg2+ sensing
S)/spherical Under bulb ∼6 h Na+ sensing

RSC Adv., 2024, 14, 31624–31632 | 31625
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Fig. 1 (a) FESEM, (b) EDAX (c) XPS of Ag2O, (d) XPS of Au0, (e) TEM & SAED and (f) zeta potential of AuAg@GSH.
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View Article Online
species was Agshell–Aucore@GSH. TEM image also conrmed the
core–shell nature. HRTEM image implied a lattice fringe of
0.27 nm for the Ag2O shell and 0.23 nm for the Au (0) core. SAED
31626 | RSC Adv., 2024, 14, 31624–31632
image indicated poly crystallinity.12 Binding energies of Au
83.43 eV and 87.87 eV corroborated with Au 4f7/2 and Au 4f5/2
respectively, when Au was in zero oxidation state. Binding
© 2024 The Author(s). Published by the Royal Society of Chemistry
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energies of Ag 373.04 eV and 367.01 eV corroborated with Ag
3d3/2 and Ag 3d5/2 respectively, when Ag is in Ag2O state. The
solution was stable with a negative zeta potential (−0.26 mV)13

[Fig. 1]. A high level of stability in a colloidal system can be
attributed to a variety of variables, even though a low zeta
potential is oen indicative of a greater possibility of aggrega-
tion. The stability of the nanocluster was mostly due to the
presence of steric stabilization, depletion occulation (which
included selective adhesion, specic interaction, and kinetic
interaction), and delayed aggregation.14 The XPS spectra con-
tained S 2p3/2 and S 2p1/2 components at 162.4 eV and 163.6 eV,
respectively, which agreed with the typical values for chem-
isorbed thiolated forms and a very weak peak that can be tted
into one signals at 163.6 eV corresponding to C–S.15 Two minor
peaks at higher energy (166.0 eV and 167.3 eV) were consistent
Fig. 2 (a) Fluorescence spectra and (b) bar diagram of AuAg@GSH with m
estimation of Na+ detection.

© 2024 The Author(s). Published by the Royal Society of Chemistry
with the –C–S(O)2–C– sulfone bridge [Fig. S2, ESI†]. Solution
phase IR spectrum of AuAg@GSH indicated a strong Ag–S peak
at 524 cm−1, unlike GSH solution.16,17 DLS analysis indicated an
average hydrodynamic diameter of 265 nm [Fig. S3, ESI†].
Particle size distribution was tight with 93% particles at
∼261 nm. As tiny AuAg clusters were anchored on the GSH
matrix DLS got greater hydrodynamic diameter. The hydrody-
namic diameter is typically larger than the size observed in
electron microscopy due to the inclusion of the solvation shell
or hydration layer surrounding particles in solution, which
contributes to the overall measured size in hydrodynamic
techniques like dynamic light scattering (DLS).13 Electron
microscopy, in contrast, measures the core size of particles
without accounting for the solvent layer. LCMS revealed the
cluster formation responsible for the origin of uorescence. We
etal ion; (c) fluorescence spectra of AuAg@GSHwith [Na+] and (d) LOD

RSC Adv., 2024, 14, 31624–31632 | 31627
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obtained (Ag2Au2 + 2S), (GSH + AuAgO + Cl), (Ag2Au2 + 2S), (Au2 +
GSH) fragments [Fig. S4, ESI†].

As per the literature, diverse mechanisms regarding AuAg
synergism for the evolution of strong uorescence are available.
Wu et al.18 reported that silver ions were required to obtain
higher emissions aer the completion of Au25(SG)18 due to
certain structured complexes. Added Ag+ resulted in the
chelation-enhanced uorescence (CHEF) mechanism for the
increment of uorescence of Au25(SG)18. Zhang et al.19 also
revealed the speedy synthesis of GSH-capped AuAg NCs
(GSAuAg NCs) via microwave irradiation. Ag/Au 0.2 brought
maximum quantum yield. Charge redistribution of Au–Ag to
compensate for the electron-withdrawing properties of the thi-
olate was attributed to the cluster stability. The Au–Ag charge
redistribution, that occurred within the clusters, balanced the
electron-withdrawing effects of the thiolate ligand. CHEF and
charge redistribution were attributed to be the pivotal factors
for the synergistic evolution of uorescence.
2.2 Selective and sensitive Na+ stimulated uorescence
enhancement: a sensing platform

Sodium ion exclusively and instantaneously enhanced the
uorescence of AuAg@GSH to a large extent, forming
NaAuAg@GSH. No other metal ions (Al3+, Hg2+, Pb2+, Ni2+, Fe2+,
Cd2+, Ba2+, K+, Cr3+, Mg2+, Na+) could enhance the uorescence
indicating that AuAg was a highly selective sensing platform for
a Na+ sensing. The detection limit was 1.02 × 10−6 M and
ranges from 10−5 M to 5 × 10−9 M (R2 0.985) [Fig. 2].

The interfering metal ions did not alter the enhanced uo-
rescence of NaAuAg@GSH signicantly (Fig. S5, ESI†). As
observed in Fig. S5,† Cu2+ decreased the uorescence of
NaAuAg@GSH. Like Au and Ag, Cu2+ is also group 11 element in
the periodic table with the smallest size and high penetrating
power. Copper could make a strong complex with GSH,
destroying the capping of AuAg clusters.20 Thus, the highest
quenching was observed for Cu2+. For Pb2+, Co3+, and Cr3+ metal
ions, quenching was observed due to their inuence on the
capping agent (GSH-GSSG) at various extents. Little enhance-
ment was observed for Ba2+, Hg2+, and Al3+ metal ions due to the
further stability of NaAuAg@GSH clusters.
Table 2 Determination of Na+ from natural water

Sample name Added [Na+] (M) [Na+] detected (M

Rainwater (Jaipur) 5.00 × 10−5 4.91 × 10−5

5.00 × 10−4 4.01 × 10−4

5.00 × 10−3 4.02 × 10−3

Drinking water (Jaipur) 5.00 × 10−5 4.89 × 10−5

6.00 × 10−4 5.89 × 10−4

5.00 × 10−3 5.04 × 10−3

Tap water (Jaipur) 7.00 × 10−5 7.10 × 10−5

7.00 × 10−4 6.05 × 10−4

7.00 × 10−3 7.88 × 10−3

Ganga river (Haridwar) 5.00 × 10−5 4.87 × 10−5

5.00 × 10−4 4.11 × 10−4

5.00 × 10−3 6.98 × 10−3

31628 | RSC Adv., 2024, 14, 31624–31632
2.3 Natural water sample analysis

We collected water samples from various locations, including
the Ganga River in Haridwar, drinking water in Jaipur, rain-
water in Jaipur, and tap water in Jaipur itself. Several different
concentrations of Na+ were added to the water. The uorometric
sensing techniques, discussed in the study, were utilized by us
to determine the presence of Na+ in the water. Table 2, shows
that the ndings that were obtained were quite close to the
amounts that were spiked.
2.4 Effect of various solvents on uorescence enhancement

The exclusive uorescence enhancement stimulated by uo-
rescence was observed in an aqueous system and water-miscible
organic solvents. Table 3 indicates the various enhancements
with the different solvents. An increase in dielectric constant
was associated with increased Na+ stimulated uorescence
enhancement indicating that polarity stabilized the
NaAuAg@GSH clusters. This trend was interrupted for DMSO
(low dielectric constant/high enhancement) and acetone (high
dielectric constant/low enhancement).

For the case of the DMSO (dielectric constant 1), enhance-
ment was higher than other solvents with higher dielectric
constants. DMSO is a sulfur-containing solvent with the –S]O
bond.21 DMSO further enhanced the protection of GSH/GSSG
and enhanced the stability of NaAuAg@GSH. Noble metal–
sulfur interaction was the driving force behind the stability and
enhanced uorescence behavior of NaAuAg@GSH in DMSO
with low dielectric constant.
2.5 Inuence of temperature on uorescence enhancement

For novel metal nanoclusters, photostability and thermal
stability are a challenge. We investigated the effect of temper-
ature (25–65 °C) on AuAg@GSH and NaAuAg@GSH. For both
cases, uorescence decreased with an increase in temperature,
starting from room temperature (25 °C). Enhanced Brownian
motion22 with increased temperature was pivotal for such
a decrement. However, in the absence of NaAuAg@GSH, the
decrease in uorescence was quite rapid for AuAg@GSH up to
60 °C. Thus, the Na+ matrix contributed extra thermal stability
) Recovery (%) Relative error (%) RSD (%) (n = 3)

98.2 1.8 1.5
80.2 19.8 0.9
80.4 19.6 0.7
97.8 2.5 1.3
98.1 1.9 0.9
100.8 0.8 0.5
101.4 1 1.8
86.4 14 1.1
112.5 2 0.3
97.4 3 1.8
82.2 17.8 1.6
139.6 39 0

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Na+ induced enhancements of AuAg@GSH in various
solvents

Solvents Extent of enhancement
Dielectric
constant

Chloroform 0.76 1.4
Tetrahydrofuran 0.29 7.58
DMSO (dimethyl sulfoxide) 4.29 1.0
Ethanol 3.34 24.3
Methanol 4.00 32.7
Acetone 0.89 20.7
IPA (isopropyl alcohol) 2.24 19.92
Ethyl acetate 0.73 6.02
DCM (dichloromethane) 0.79 8.93
H2O 10.36 80.1
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towards AuAg@GSH clusters. IT/IRT (IRT= uorescence intensity
at room temperature; IT = uorescence intensity at temperature
T) vs. temperature implied a 15% steeper slope for AuAg@GSH
than NaAuAg@GSH advocating sodium-induced thermal
stability. We also exposed AuAg@GSH and NaAuAg@GSH
under sunlight (99 444 T) and monitored uorescence intensity
at every 45 min interval up to 3 h. Na+ matrix also contributed
photostability preventing photo-oxidation and quenching of
uorescence (for H2O and O2).23 It/I0 (I0 = uorescence intensity
at exposure time 0 h; It= uorescence intensity at exposure time
t h) vs. exposure time implied a 39% steeper slope for
AuAg@GSH than NaAuAg@GSH advocating sodium-induced
photostability [Fig. 3].
2.6 Mechanism of Na+-induced uorescence enhancement

FESEM image displayed a similar structure of AuAg@GSH and
NaAuAg@GSH. Moreover, EDAX spectra indicated a higher
contribution of Ag (along with Na) in comparison to Au,
implying that the core–shell structure of AuAg@GSH was not
ruptured in NaAuAg@GSH. The solution was stable with
a negative zeta potential (−1.09 mV). DLS analysis indicated an
Fig. 3 Alteration of fluorescence of AuAg@GSH and NaAuAg@GSH with

© 2024 The Author(s). Published by the Royal Society of Chemistry
average hydrodynamic diameter of 638.8 nm. Particle size
distribution was tight with 93% particles at ∼605 nm [Fig. 4].

GSH (a thiolated reducing agent) was oxidized to GSSG to
reduce Au3+ to Au0 and Ag+ to Ag0. Ag0 was nally converted to
Ag2O (conrmed by various characterization tools) due to aerial
oxidation. A positive scaffold stabilized the nanoclusters.24 The
dri of electron density from Au0core to Ag2Oshell originated
synergistic evolution of uorescent AuAg@GSH clusters.

Wang et al.23 reported the uorescence enhancement of gold
clusters with NaCl due to natural crystallization-induced
connement of the clusters. To simultaneously enhance the
luminescence quantum yield and stability of thiolate-protected
AuAg@GSH, they were conned into sodium chloride (NaCl)
crystals. Mixing AuAg@GSH with a NaCl aqueous solution
resulted in a natural crystallization procedure, forming the
NaAuAg@GSH crystals. Compared with most other matrix
materials, NaCl had the advantages of easy fabrication, low cost,
high biosafety, and good transparency. The AuAg@GSH might
undergo an adsorption/occlusion coprecipitation through
electrostatic interaction23 with NaCl and be conned into NaCl
crystal.

In another mechanism, Na+ could enhance the positive
charge density at the surface, stabilizing AuAg@GSH clusters
with improved uorescence. The zeta potential of
NaAuAg@GSH showed that particle surfaces were more posi-
tive. Na+ further assisted the electron travel from core to shell to
stabilize AuAg@GSH clusters, causing further uorescence
enhancement (Scheme 2). Thus, Na+ ions had an intriguing role
in brightening AuAg clusters, present in the GSH matrix.24

We also varied the counter anions of Na+. Sodium bicar-
bonate showed equal enhancement like NaCl. Natural crystal-
lization and protection were available with NaHCO3 and NaCl,
unlike NaBr and Na2CO3, resulting in Na+ induced uorescence
enhancement. For the case of NaBr and Na2CO3, enhancement
was low [Fig. S6, ESI†]. Second mechanism might be ruled out
due to the dependence of counter anions on uorescence
enhancement.
temperature variation and sunlight exposure time.

RSC Adv., 2024, 14, 31624–31632 | 31629
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Fig. 4 (a) FESEM, (b) EDAX, (c) zeta potential, and (d) DLS spectra of NaAuAg@GSH.
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2.7 Novelty of the work

For the rst time, we disclosed Na+ induced uorescence
enhancement of AuAg bimetallic nanoclusters. Such behaviour
Scheme 2 Mechanism of Na+ induced fluorescence enhancement
redistribution.

31630 | RSC Adv., 2024, 14, 31624–31632
helped to sense Na+ selectively and sensitively. Table 1
summarizes various AuAg nanoclusters. All such clusters had
different emissionmaxima in comparison to our present report.
based on (a) natural crystallization and confinement, (b) charge

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Various reports of Na+ sensing using nanoparticles

Sensing platform Capping agent lem Detection range Detection limit Method

Cu–curcumin NPs25 Ascorbic acid 530 nm — 65 × 10−6 M Colorimetric
Organic NPs26 DMSO 350 nm 0 to 25 mM 25 mM Colorimetric
AuAg@GSH (this work) GSH 290 nm 10−5–5 × 10−9 M 1.02 × 10−6 Fluorometric
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Na+ induced brightening of uorescence was a key novelty of
our paper. Table 4 summarizes various sensing platforms for
Na+. There are only a few reports available regarding Na+

sensing. No one has used uorometric pathway for Na+ sensing,
before our present report with GSH-protected nanoclusters. We
disclosed a unique sensing protocol with plausible
mechanisms.
3. Conclusion

Brightening of uorescence of AuAg nanoclusters, stimulated
by Na+ ions, for the sensing application has been disclosed for
the rst time in the present paper. Such uorescence
enhancement was quite exclusive, fast and sensitive. Na+ ion
exerted a positive charge matrix for GSH-capped AuAg nano-
clusters, exhibiting intriguing uorescence increment. Basic
radial-induced improvement of novel metal clusters (originated
synergistically) is expected to be an asset for the young scientist
venturing into environmental andmedicinal science. Moreover,
manipulating the matrix charge to manipulate uorescence
behavior may open a new window for metal ion sensing.
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