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Highly luminescent silver nanoclusters with tunable
emissions: cyclic reduction–decomposition synthesis
and antimicrobial properties

Xun Yuan1, Magdiel Inggrid Setyawati1, Audrey Shu Tan1, Choon Nam Ong2, David Tai Leong1

and Jianping Xie1

This paper reports a facile aqueous-based synthesis method for highly luminescent Ag nanoclusters (NCs) with tunable

emissions. The key strategy was to use a reduction–decomposition–reduction cycle to modify the Ag NC intermediates that

were further subjected to size/structure focusing. The as-modified Ag NC intermediates were more robust in water against

the subsequent etching by thiol ligands, making a mild size-/structure-focusing environment possible, which produced highly

luminescent Ag NCs with a well-defined size and structure. Ag NCs with intense red and green emission were successfully

synthesized by this method. These Ag NCs possessed a well-defined size and structure (Ag16(SG)9 and Ag9(SG)6), and exhibited

excellent stability in the aqueous phase. Our highly luminescent Ag NCs also possessed superior antimicrobial properties

against the multidrug-resistant bacteria Pseudomonas aeruginosa, via generating a high concentration of

intracellular reactive oxygen species.
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INTRODUCTION

Ultrasmall noble metal nanoclusters (NCs), typically composed of
several to a hundred metal atoms, present unique physical and
chemical properties between single atoms and large nanocrystals
(42 nm).1–4 Owing to the strong quantum size confinement in this
size range (o 2 nm), NCs possess discrete and size-tunable electronic
transitions and display unique molecule-like properties, such
as quantized charging and luminescence.5–12 Strong luminescence is
one of the most attractive features of these NCs owing to their
ultrafine size, good photostability and low toxicity;13 some of
these properties may not be realized by other luminophores,
such as organic dyes (for example, photostability concerns) and
semiconductor quantum dots (for example, relatively large size
and toxicity concerns).2,8,9,14,15 Recent studies have shown that
luminescent Au and Ag NCs are promising optical probes for
bioimaging and biosensing applications.4,16–20 This finding has led
to the development of various methods for the synthesis of highly
luminescent Au and Ag NCs.2,21 On the other hand, insofar as
nanostructured Ag-based materials are concerned, they are finding an
increasing usage for antimicrobial applications owing to the unique
chemistry of Ag interfacing with microorganisms.22–24 Although there
is a large volume of work exploring the potential use of large Ag

nanocrystals (42 nm) as antimicrobials,25–30 there are no published
reports describing the antimicrobial activity of ultrasmall Ag NCs
(o2 nm), which could have scaling effects in biological systems that
differ from those of their larger counterparts. It is therefore of
paramount interest to investigate the potential antimicrobial property
of ultrasmall Ag NCs and gain a better understanding of its
mechanism. Further, this research may trigger a heightened interest
in the synthesis of high-quality luminescent Ag NCs in the aqueous
phase.

While good protocols for the synthesis of highly luminescent Au
NCs are currently being developed,6,7,16,31–36 the same cannot be said
about the synthesis of luminescent Ag NCs, which were recently
discovered. We can broadly classify luminescent Ag NCs that have
been successfully synthesized into two types: (1) macromolecule-
protected luminescent Ag NCs (for example, polymers,37–39

dendrimers,40 DNA41–43 and proteins44,45) and (2) thiol-protected
luminescent Ag NCs.46–52 Among the luminescent Ag NCs, thiol-
protected Ag NCs are more attractive for biomedical applications,
especially for subcellular imaging, because of their ultrasmall
hydrodynamic diameters (o3 nm), facile post-functionalization and
good stability. Thiol-protected Ag NCs are generally synthesized by
the etching or decomposition method by making use of the unique
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thiol–Ag interaction, where large-sized non-luminescent nanocrystals
or NCs are etched by thiol ligands to smaller-sized luminescent NCs
with a well-defined structure.47–49,51 Several successful attempts have
been recently reported for the generation of luminescent Ag NCs at
the organic-water interface or inside the organic phase.47–49,53 This
organic phase synthesis greatly limits its applicability in biomedical
settings. The synthesis of luminescent Ag NCs directly in the aqueous
phase would therefore expand the bio-usability of Ag NCs. The key
challenge faced by the aqueous synthetic route for luminescent Ag
NCs is the fast etching kinetics, where an uncontrollable etching
process in water quickly degrades Ag NCs by excess thiol ligands into
thiolate–AgI complexes, which do not show any visible lumines-
cence.48 Therefore, we predicted that if the etching or size-/structure-
focusing kinetics of Ag NCs in water can be slowed, we might be able
to synthesize luminescent Ag NCs in the aqueous phase. We then
hypothesized that a rational modification of Ag NC intermediates
before the etching (or size-/structure-focusing) step could decrease
the etching kinetics, favoring the formation of highly luminescent Ag
NCs with a well-defined size and structure in water.

Herein, we present a novel synthesis strategy to produce highly
luminescent Ag NCs with tunable emissions in the aqueous phase.
We took advantage of the unique thiol–Ag interaction to create
a reduction–decomposition–reduction cycle (or a cyclic reduction–
decomposition route) to modify Ag NC intermediates in water, which
were subsequently subjected to a final size-/structure-focusing pro-
cess. Non-luminescent Ag NC intermediates in a distinct size range
were prepared by this cyclic reduction–decomposition method. These
modified Ag NC intermediates were found to be more robust against
the subsequent etching by thiol ligands in water, creating a relatively
mild size-/structure-focusing environment, which can finally trans-
form the Ag NC intermediates into highly luminescent NCs with a
well-defined size and structure. Strongly red- and green-emitting Ag
NCs (r-Ag NCs and g-Ag NCs) in the aqueous phase were easily
produced by this method. The as-synthesized r-Ag NCs and g-Ag NCs
definitively contained 16 and 9 Ag atoms, respectively, and displayed
superior stability in the aqueous phase. As Ag nanocrystals of larger
size are well-documented to be antimicrobial, we hypothesized that
ultrasmall Ag NCs will have even higher antimicrobial activity owing
to their well-defined structure and high surface area to volume ratio.
As expected, the as-synthesized r-Ag NCs demonstrated a unique
antimicrobial property against multidrug-resistant bacteria (for
example, P. aeruginosa), based on its capability of generating the
intracellular reactive oxygen species (ROS). Presented below are the
details of this investigation.

EXPERIMENTAL PROCEDURE

Materials
Ultrapure Millipore water (18.2 MO) was used as the universal solvent unless

otherwise indicated. All glassware was washed with aqua regia and rinsed with

ethanol and ultrapure water. The following were used as received: sodium

borohydride (NaBH4), L-glutathione reduced (GSH), sodium chloride (NaCl),

chlorampenicol, rhodamine B, 2,5-dihydroxybenzoic acid (DHB) and 20,70-
dichlorofluorescein-diacetate (DCF-DA dye) from Sigma-Aldrich (St Louis,

MO, USA); sodium hydroxide (NaOH) and silver nitrate (AgNO3) from Merck

(Darmstadt, Germany); Bacto tryptone, yeast extract and Bacto agar from BD

Difco (Sparks, MD, USA).

Synthesis of r-Ag NCs and g-Ag NCs in water
Aqueous solutions of AgNO3 (20 mM) and GSH (50 mM) were prepared with

ultrapure water. An aqueous solution of NaBH4 (112 mM) was freshly prepared

by dissolving 43 mg of NaBH4 in 2 ml of 1 M NaOH solution, followed by the

addition of 8 ml of ultrapure water. The addition of a certain amount of NaOH

to the NaBH4 solution was used to improve the stability of borohydride ions

against hydrolysis. In a typical experiment to synthesize r-Ag NCs or g-Ag

NCs, aqueous solutions of AgNO3 (125ml, 20 mM) and GSH (150ml, 50 mM)

were first mixed in water (4.85 ml) under vigorous stirring to form thiolate–

AgI complexes, followed by the addition of an aqueous solution of NaBH4

(50ml, 112 mM). A deep-red solution of Ag NCs (B5 ml) was collected after

5 min. This Ag NC solution was then incubated at room temperature forB3 h,

and the deep-red solution gradually decomposed into a colorless solution,

leading to the formation of thiolate–AgI complexes. Subsequently, a certain

amount of 112 mM NaBH4 (50ml for the synthesis of r-Ag NCs or 250ml for

g-Ag NCs) was introduced into this colorless solution under vigorous stirring,

leading to the formation of a light-brown Ag NC solution after 15 min.

Without stirring, this light-brown Ag NC solution was incubated at room

temperature for a certain period of time (8 h for r-Ag NCs and 48 h for g-Ag

NCs). A strong red or green emission was then observed in the aqueous phase.

The r-Ag NCs or g-Ag NCs were collected without purification and stored at

4 1C for further characterization.

The instrumentation used in this study and the corresponding detailed

experimental procedures for the cell culture, the agar diffusion assay, the

reduction of cell growth and the measurement of ROS are described in the

Supporting Information.

RESULTS AND DISCUSSION

Synthesis of highly luminescent Ag NCs via a cyclic reduction–
decomposition process
To demonstrate our designed protocol for highly luminescent thiol-
protected Ag NCs in water, a natural tripeptide, glutathione (GSH),
was selected as our model thiol ligand. Our protocol involved two
stages (Scheme 1): (1) the preparation of modified Ag NC inter-
mediates via a cyclic reduction–decomposition route and (2) etching
(size-/structure-focusing) of the as-modified Ag NC intermediates to
generate highly luminescent Ag NCs. The first stage was to use a
reduction–decomposition–reduction cycle to produce modified
Ag NC intermediates. Thiolate–AgI complexes (hereafter referred to
as type-I complexes) were prepared by simply mixing aqueous
solutions of silver nitrate (AgNO3) and thiol ligands (GSH). The
type-I complexes then underwent a reduction–decomposition–reduc-
tion cycle (Scheme 1, Step A–C in Stage I) to prepare the modified Ag
NC intermediates.

Scheme 1 can be described by the following three steps. Step A—
the reduction of the type-I complexes to form Ag NCs (hereafter
referred to as original Ag NC intermediates). The introduction of a
certain amount of strong reducing agent, NaBH4, into the type-I
complex solution quickly reduced the complexes to form Ag NCs
(within 5 min), which displayed a deep-red color in solution under
normal light. Step B—the decomposition of the original Ag NC
intermediates to form thiolate–AgI complexes (hereafter referred to as
type-II complexes). The original Ag NC intermediates were unstable
in water and degraded rather rapidly in the aqueous phase, as
evidenced by the diminishing of the deep-red color in the solution
to colorless in 3 h. This color change was owing to the decomposition
of the original Ag NC intermediates to thiolate–AgI complexes by the
excess GSH ligands in water. Step C—the reduction of the type-II
complexes to form Ag NCs (hereafter referred to as-modified Ag NC
intermediates). The addition of the same amount of NaBH4 as that
used in Step A to the type-II complex solution turned the colorless
solution to light-brown afterB15 min, indicating the formation of Ag
NCs in water (the modified Ag NC intermediates). The modified Ag
NC intermediates were then incubated in water at room temperature
for 8 h (Stage II in Scheme 1), and a strong red emission in water was
observed under UV illumination at 365 nm, implicating the forma-
tion of strongly r-Ag NCs.
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The key strategy in our protocol was to modify Ag NC inter-
mediates in water that were subjected to a final size-/structure-
focusing process to generate highly luminescent Ag NCs. It has been
well-demonstrated in the synthesis of Au NCs that the size and
structure properties of the Au NC intermediates that are subjected to
a further size-/structure-focusing are crucial to produce Au NCs with
a well-defined size and structure.54–59 We reasoned that this principle
was also applicable in the synthesis of thiol-protected Ag NCs. The
optical properties and size/structure information of the type-I and
type-II complexes and those of the original and modified Ag NC
intermediates have been characterized by UV–vis spectroscopy and
electrospray ionization (ESI) or matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry.

Characterization of the thiolate–AgI complexes and Ag NC
intermediates
As shown in Figure 1a, although both type-I and type-II complexes
were colorless in water (inset, item no. 1 and no. 3), they showed very
different optical absorption spectra: the type-I complexes displayed
two distinct absorption peaks at 280 and 370 nm (Figure 1a, curve no.
1), whereas the type-II complexes did not show any obvious
absorption peak in the 300–900 nm region (curve no. 3). The peak
at 370 nm in the absorption spectrum of type-I complexes was
associated with the metallophilic interaction between the metal
centers (AgI � � �AgI), which is well-documented for closed-shell metal
atoms (AgI has 4d10 center).60–62 The formation of metallophilic
bonds between the thiolate–AgI complexes implied that there was a
certain extent of intermolecular aggregations in the type-I complexes,
as confirmed by its ESI mass spectrum. As shown in Figure 1b (top
panel), the species in the type-I thiolate–AgI complexes displayed a
very broad size range from Ag1 to Ag11 (or Ag1–11 species, see
Supplementary Figure S1 for their detailed isotope patterns). On the
contrary, the ESI mass spectrum of the type-II complexes (Figure 1b,
bottom panel) only showed small complex species with a very narrow
size range from Ag1 to Ag3 (Ag1–3), which was also consistent with the
observation of no obvious absorption peaks in its absorption
spectrum (Figure 1a, curve no. 3). It should be mentioned that a
cycle of the reduction–decomposition process was indispensable for
the formation of type-II complexes with a narrower size range. As

evidence, a long incubation time (for example, 24 h) of the type-I
complexes did not confine their size range, which was indicated by
their unchanged optical absorption spectrum (data not shown). This
finding excludes the possibility that the type-II complexes were the
thermodynamic product of the type-I complexes after a long
incubation time. In addition, the characterization of these two
complexes by transmission electron microscopy (TEM) was not
successful owing to their excessively unconsolidated composition.
On the other hand, there was no difference in the binding energy of
Ag 3d5/2 in type-I and type-II thiolate–AgI complexes (see X-ray
photoelectron spectroscopy analyses in Supplementary Figure S2),
which provided supporting evidence of the unchanged oxidation
states of Ag in the complexes before (type-I) and after a reduction–
decomposition modification (type-II). Nevertheless, compared with
the type-I thiolate–AgI complexes, the relatively narrower size
distribution and smaller species in type-II complexes favored the
subsequent formation of Ag NCs (upon the reduction) with improved
controllability of size and structure.

The introduction of the same amount of a strong reducing agent,
NaBH4, into the type-I and type-II thiolate–AgI complexes changed
the colorless solution to a dark-red (Figure 1a inset, item no. 2) and
light-brown (item no.4) solution, respectively, indicating the forma-
tion of Ag NCs in water. These two Ag NCs also displayed apparent
distinctions in water. The original Ag NC intermediates (from the
reduction of type-I complexes) showed a distinct absorption peak at
480 nm and three shoulder peaks at 335, 540 and 645 nm (Figure 1a,
curve no.2), while the shoulder peak at 540 nm disappeared for the
modified Ag NC intermediates (curve no.4). The different optical
absorption spectra of these two Ag NC intermediates indicated that
they could have different cluster sizes and/or structures. TEM images
showed that the size of both the original and modified Ag NC
intermediates was below 2 nm (Supplementary Figure S3). MALDI-
TOF mass spectrometry was used to further examine the cluster size
of the original and modified Ag NC intermediates. As shown in
Figure 1c, the original Ag NC intermediates (top panel) showed a
broad band from 2180 to 5725 Da in the mass spectrum, implying
that the original Ag NC intermediates possessed a polydispersed size
nature, mainly from Ag6 to Ag19 (Ag6–19 NCs). On the contrary, the
modified Ag NC intermediates possessed a relatively narrower size

Scheme 1 Schematic illustration of the process to generate highly luminescent GSH-protected Ag NCs in water.
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distribution from 5310 to 6140 Da (Figure 1c, bottom panel), which
could be assigned to Ag18(SG)11 to Ag20(SG)13. The difference in
cluster size between the two Ag NC intermediates was also suggested
by their different formation rate. The reduction of type-I thiolate–AgI

complexes to form Ag NCs (the original Ag NC intermediates) was
completed within 5 min. However, B15 min was needed to form the
modified Ag NC intermediates upon the addition of NaBH4 to the
type-II thiolate–AgI complexes. The different reduction kinetics of the
two types of complexes upon the introduction of the strong reducing
agent could be understood from their distinct size and structure
differences. The smaller and more monodispersed complex species
(the type-II complexes) were more thermodynamically stable and
more resistant to the reducing agent, thus slowing down the reduction
kinetics and generating NCs (the modified Ag NC intermediates) with
better definitive size and possibly a more compact structure.

Synthesis and characterization of r-Ag NCs
No luminescence was emitted by the original or modified Ag NC
intermediates in aqueous solution (Supplementary Figure S4). The
original Ag NC intermediates were very vulnerable to the excess thiol
ligands in water and completely decomposed into thiolate–AgI

complexes within 3 h. On the contrary, the modified Ag NC
intermediates exhibited much better stability against the excess thiol
ligands in water, possibly because of their more compact structure and
narrower size distribution (Ag18(SG)11 to Ag20(SG)13). The more
robust Ag NC intermediates therefore created a better-controlled
size-/structure-focusing process in water, which favored the formation
of stable Ag NCs with a well-defined structure. Other metastable NC
species were gradually decomposed by this size-/structure-focusing
process. As a result, a very strong red emission (inset of Figure 2a) was
observed after 8 h of incubation of the modified Ag NC intermediates
at room temperature. It should be mentioned that further incubation

(for example, to 48 h) of the reaction solution had a negligible effect
on the fluorescence intensity. The strong luminescence observed in
aqueous solution was most likely emitted by the stable Ag NCs with a
well-defined structure. The emission peak of the as-synthesized r-Ag
NCs was 647 nm (Figure 2a, red line) with an excitation of 489 nm.
The quantum yield wasB4.2% (calibrated with Rhodamine B). It was
observed that the shoulder absorption peaks at 335 and 645 nm of the
modified Ag NC intermediates (Figure 1a, curve no.4) disappeared
after 8 h of incubation, and the absorption peak at 480 nm became
much sharper and slightly shifted to 489 nm (Figure 2a, black line),
indicating size/structure focusing of the modified Ag NC intermedi-
ates in water occurred owing to the etching of metastable Ag NC
species.

Strongly red-emitting Ag NCs with a well-defined size and
structure were formed after the size-/structure-focusing process,
which was confirmed by MALDI-TOF and ESI mass spectrometric
analysis. In the MALDI-TOF spectrum (Figure 2b), a peak at
B4485 Da was detected, which agrees well with the molecular
formula of Ag16(SG)9. ESI mass spectroscopy was also used to verify
the cluster formula. As shown in Figure 2c (top panel), four sets of
intense peaks at m/z of 1516, 1629, 1735 and 1946 were present in the
m/z range of 1400–3000, which could be attributed to [Ag16(SG)9]3�,
[Ag12(SG)6]2�, [Ag16(SG)11]3�, and [Ag16(SG)7]2�, respectively.
Therefore, the as-synthesized r-Ag NCs can be assigned to Ag16(SG)9

on the basis of its MALDI-TOF and ESI mass spectra. The other
species observed in the ESI mass spectrum could be generated either
by the fragmentation or the rearrangement/recombination of Ag NCs
during ionization. Similar observations have been reported in
previous publications.58,63 TEM images (Supplementary Figure S5)
also confirmed that the sizes of the r-Ag NCs were below 1.5 nm.
The r-Ag NCs, with a formula of Ag16(SG)9, are a new species in the
family of thiol-protected Ag NCs. The r-Ag NCs have shown excellent

Figure 1 (a) Optical absorption spectra and photographs (inset) of the type-I (no. 1) and type-II (no. 3) complexes and the original (no. 2) and modified

(no. 4) Ag NC intermediates. (b) ESI mass spectra of the type-I (top, no. 1) and type-II (bottom, no. 3) complexes. The inset shows the zoomed-in ESI

mass spectra of the complexes in a m/z range of 1050–2050. (c) MALDI-TOF mass spectra of the original (top, no. 2) and modified (bottom, no. 4) Ag NC

intermediates.
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stability in water. The luminescence loss was very low at less than 10%
even after 3 months of storage at 4 1C (Supplementary Figure S6a). It
is believed that after a size-/structure-focusing process, the metastable
NC species in water gradually decomposed, leaving behind the most
stable Ag NCs with a well-defined size and structure, which could also
be considered magic-size Ag NCs. Recent studies have shown that
thiol-protected magic-size Au NCs are extraordinarily stable because
of the electron-shell closure.64,65 The same magic-size theory could
also apply to the thiol-protected Ag NCs. The r-Ag NCs carry one
negative charge, [Ag16(SG)9]�, and have 8 valence electrons in each
cluster (16–9þ 1¼ 8e, assuming each thiol ligand withdraws one
electron due to the Ag-S bond formation), corresponding to one of
the most common shell-closing structures according to the
‘superatom electronic theory’.66,67 This ultrastable magic-size Ag NC
species possessed a well-defined size and structure and could emit
strong luminescence. However, it should be stated that a more precise
description of the luminescence property of r-Ag NCs has to await
the results of total structure determination based on X-ray
crystallographic analysis of single crystals of the Ag NCs, which is
still a significant challenge in current NC research.

Several experimental observations have helped to determine the
origin of the luminescence of our sample (r-Ag NCs): 1) there was no
luminescence in the system without the presence of AgNO3

(for example, only GSH, NaBH4 and their mixtures), suggesting that
the red emission in our product was due to Ag NCs; 2) the
luminescence was unlikely to be produced by small thiolate-AgI

complexes, as materials with a molecular weight o3000 Da had been
removed using a filter with a 3000-Da molecular weight cut-off
(MWCO). As shown in Supplementary Figure S7, an almost identical
emission spectrum of the filtered product has been observed for the
raw product, suggesting that the luminescence was emitted from Ag
NCs in our sample; and 3) only one distinct band was observed in the
native polyacrylamide gel electrophoresis (PAGE) analysis of the as-
synthesized r-Ag NCs (Supplementary Figure S8, inset, item 1).
This band also showed strong red emission under UV light (item 2).
In addition, the isolated luminescent species from the native PAGE gel
showed similar absorption (Supplementary Figure S8, black line) and
emission (red line) spectra as those of raw r-Ag NCs (Figure 2a),

further confirming that the luminescence was generated by the Ag
NCs in our sample.

Synthesis and characterization of g-Ag NCs
Another noticeable feature of our protocol was color tunability. It is
well-known that metal NCs possess size-tunable electronic transitions
and exhibit a size-dependent luminescence property.65 The emission
color of our final products can be adjusted by simply fine-tuning the
size of the modified Ag NC intermediates. One feasible approach to
adjust the size of the modified Ag NC intermediates is to introduce
different concentrations of the reducing agent (NaBH4) in the type-II
thiolate-AgI complex solution. This adjustment of reduction kinetics
led to the formation of Ag NC intermediates with various sizes. For
instance, the addition of more reducing agent NaBH4 (250ml vs 50ml
that was used in the synthesis of r-Ag NCs) can increase the reduction
rate of the type-II complexes, therefore producing Ag NCs
(the modified Ag NC intermediates) with smaller size. As shown in
Supplementary Figure S9, the as-modified Ag NC intermediates
displayed a light-brown color in solution and exhibited two absorp-
tion peaks at 420 and 520 nm. A representative TEM image of the
modified Ag NC intermediates confirmed that they were less than 2
nm in size (Supplementary Figure S10). The MALDI-TOF mass
spectrum of the modified Ag NC intermediates displayed a prominent
peak at B3960 Da (Supplementary Figure S11), which was indeed
much smaller, as expected, than the size of the modified Ag NC
intermediates prepared with 50ml of NaBH4 (B6000 Da, Figure 1c,
bottom panel).

Similar to the formation of r-Ag NCs, the incubation of the as-
modified Ag NC intermediates for 48 h at room temperature
produced strongly g-Ag NCs in water (inset of Figure 3a). As shown
in Figure 3a, the g-Ag NCs displayed an emission peak at 495 nm
(blue line). The quantum yield of the g-Ag NCs was determined to
beB2.6% by calibrating with Rhodamine B. The absorption peaks of
the modified Ag NC intermediates at 420 and 520 nm
(Supplementary Figure S9) disappeared after 48 h of incubation,
and a new shoulder peak at 370 nm was observed for the g-Ag NCs
(Figure 3a, black line). Both MALDI-TOF and ESI mass spectra
suggested that Ag9(SG)6 was the dominant species in the g-Ag NCs

Figure 2 (a) Optical absorption (black line) and photoemission (red line, lex¼489nm) spectra of r-Ag NCs in water. The inset shows photographs of r-Ag

NCs in water under visible (item 1) and UV (item 2) light. (b) MALDI-TOF mass spectrum of r-Ag NCs in water. (c) ESI mass spectra (in negative ion mode)

of r-Ag NCs: the broad-range spectrum of AgM(SG)N (top), the zoomed-in spectrum of the species of [Ag16(SG)9� 5Hþ3Na]3� (middle) and the isotope

pattern of [Ag16(SG)9� 5Hþ3Na]3� (bottom; the observed mass of 4547.7Da, and the calculated mass of 4546.8Da).
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(Figures 3b and c). The Ag8(SG)5 presented in the ESI spectrum could
have been the residue of the parent Ag9(SG)6 clusters after the
common dissociation of an Ag(SG) fragment. The TEM image
(Supplementary Figure S5b) showed that the g-Ag NCs wereo1.5 nm
in size. The g-Ag NCs, with a molecular formula of Ag9(SG)6, were
smaller than the r-Ag NCs, with a formula of Ag16(SG)9, which
corresponds well with their size-dependent luminescence property—
the wavelength shift from red (647 nm) for r-Ag NCs to green
(495 nm) for g-Ag NCs, with a decrease in the cluster size from Ag16

to Ag9. Similar to r-Ag NCs, the as-synthesized g-Ag NCs also showed
good stability in water (Supplementary Figure S6b). Using our novel
principle of aqueous-based synthesis of luminescent thiol-protected
Ag NCs, it is possible to synthesize luminescent Ag NCs with distinct
characteristics and to equip the bioimaging toolkit with a rainbow
(from blue to near-infrared) of Ag NCs.

Superior antimicrobial activity of the Ag NCs
The ultrafine size of the as-synthesized Ag NCs may provide an
additional feature, namely, superior antimicrobial activity owing to

their ultra-high surface to volume ratio and unique surface chemistry
compared with their larger counterparts (nanocrystals with size
42 nm). P. aeruginosa was chosen as a bacterial model to study the
antimicrobial properties of the r-Ag NCs. P. aeruginosa has been
reported to cause pneumonia,68 urinary tract infections68,69 and
respiratory system infections in many burn cases70 and immune-
suppressed AIDS patients.68,71 Recent reports also showed an
increased amount of P. aeruginosa resistance towards many
conventional antibiotics, such as ampicillin, penicillin and
cephalosporin.24,68 The susceptibility of P. aeruginosa towards r-Ag
NCs was first determined by an agar diffusion assay. Our results
confirmed that as little as 8mg of r-Ag NCs can effectively inhibit the
growth of P. aeruginosa. This result was shown by the clear zone, with
a width ofB3.9 mm, surrounding the wells in which the Ag NC
suspension was introduced (Figure 4a, indicated by the arrow).

To further affirm the efficacy of the r-Ag NCs against P. aeruginosa,
we treated P. aeruginosa culture with 500mM (on the basis of Ag
atoms) of an r-Ag NC suspension and observed the cell growth over a
time course of 14 h (Figure 4b). Our results showed that at

Figure 3 (a) Optical absorption (black line) and photoemission (blue line, lex¼379nm) spectra of g-Ag NCs in water. The inset shows photographs of g-Ag

NCs in water under visible (item 1) and UV (item 2) light. (b) MALDI-TOF mass spectrum of g-Ag NCs in water. (c) ESI mass spectra (in negative ion mode)

of g-Ag NCs: the broad-range spectrum of AgM(SG)N (top), the zoomed-in spectrum of the species of [Ag9(SG)6� 5Hþ2NaþK]2� (middle) and the isotope

pattern of [Ag9(SG)6� 5Hþ2NaþK]2–(bottom; the observed mass of 2888.3Da, and the calculated mass of 2888.7Da).

Figure 4 (a) Agar diffusion assay showing the presence of a clear zone surrounding the well where r-Ag NCs were introduced (scale bar of 1 cm).

(b) Comparison in cell numbers between the control sample, the sample with chloramphenicol and the sample with r-Ag NCs during a period of 14h

incubation. (c) Comparison of the ROS concentration of cells between the control sample and the r-Ag NCs sample.
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concentration of 500mM, Ag NCs completely inhibited P. aeruginosa
growth with no significant increase in culture density turbidity
(Figure 4b, red line). The inhibition effect was comparable with that
of chloramphenicol used at the same concentration (Figure 4b, green
line). We also observed that at lower concentration (45mM), r-Ag NCs
prolonged the P. aeruginosa lag phase and retarded its growth until 8 h
of incubation. However, after 24 h of incubation, the growth
inhibitory effect of the r-Ag NCs had significantly diminished (data
not shown). This observation leads us to believe that there is an
optimum working concentration of the newly developed r-Ag NCs to
effectively inhibit the growth of and/or kill pathogenic bacteria. Thus,
we proceeded to determine the minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC) of r-Ag NCs.

As shown in Supplementary Figure S12, similar to many other
antimicrobial agents, the r-Ag NCs showed dose-dependent bacter-
icidal properties. The MIC and MBC correspond to the concentration
that inhibited bacterial growth as much as 90% and 99.9%,
respectively, compared with the vehicle control. Our results showed
that the MIC and MBC of r-Ag NCs were 110mM (B11.8 mg l�1) and
230mM (B24.6 mg l�1), respectively. These values are much lower
than those of commercially available Ag nanocrystals, which are
reported to have an MIC of 83.3 mM (B9000 mg l�1) and an MBC of
100 mM (B10 000 mg l�1).72 We believe that the main reason for the
lower MIC and MBC values reported in our study is owing to the
smaller size of our r-Ag NCs (o1.5 nm) compared with those used in
the previous publication (B100 nm).72 These high-potency Ag NC
antimicrobial capabilities could significantly reduce the possible side
effects of Ag antimicrobials because a much lower dosage than that of
larger Ag nanocrystals is needed to acquire similar antimicrobial
activity.73–75

To understand the underlying mechanism of the antimicrobial
ability of our Ag NCs, we measured the level of the intracellular
ROS in the P. aeruginosa population after exposure to r-Ag NCs.
Our observation showed that there was approximately a sixfold
increase in the oxidized DCF concentration (Figure 4c). This
confirmed that r-Ag NCs could generate ROS to eliminate pathogenic
bacteria, similar to two earlier observations using Ag nanocrystals.25,76

Nevertheless, an added advantage of our Ag NCs is their strong red
luminescence, which can be further used to develop a real-time
monitoring system for the antimicrobial process, shedding light on
the working mechanism of Ag antimicrobials and providing useful
information for the design of more efficient Ag antimicrobials.

CONCLUSION

In summary, we have developed a simple and facile synthesis strategy
for water-soluble thiol-protected Ag NCs with strong luminescence
and tunable emissions. A new cyclic process of reduction–
decomposition–reduction was applied to suitably modify the Ag
NC intermediates, making a subsequent size-/structure-focusing
process in a well-controlled environment possible and thus generating
highly luminescent Ag NCs with a well-defined size and structure.
Strong r- and g-Ag NCs were synthesized with molecular formulae of
Ag16(SG)9 and Ag9(SG)6, respectively. The as-synthesized r- and g-Ag
NCs were protected by a natural tripeptide (GSH) and exhibited
excellent stability in water, which could facilitate their potential
biomedical applications. The protocols and products developed in
this study are important not only because they provide a simple,
versatile, efficient and ‘green’ method for the production of highly
luminescent Ag NCs but also because they exemplify the importance
of the size/structure features of the Ag NC intermediates subjected to
a final focusing process, which can be used towards the future

synthesis of luminescent Ag NCs covering the visible spectrum
(blue to near-infrared). We have also shown that our r-Ag NCs
possessed superior bactericidal properties against P. aeruginosa.
These ultrafine luminescent Ag NCs could be further developed as
a new high-efficiency antimicrobial agent.
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6 González, B. S., Rodriáguez, M. A. J., Blanco, C., Rivas, J., Loápez-Quintela, M. A. &
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