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Rapid sonochemical synthesis of highly luminescent non-toxic AuNCs

and Au@AgNCs and Cu (II) sensingw
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Highly fluorescent and water-soluble gold nanoclusters (AuNCs)

with near-infrared-emission and Au@AgNCs with yellow-

emission were successfully prepared via a rapid sonochemical

approach, and the as-prepared AuNCs could be applied in the

determination of Cu2+ with a wider detection range and lower

detection limit.

Fluorescent materials, such as organic dyes, fluorescent proteins,

and quantum dots (QDs), have many applications including

optoelectronics, catalysis, and medical diagnostics.1 Among

them, QDs have numerous advantages due to their unique

quantities, such as intense luminescence, high photochemical

stability and excellent resistance to chemical degradation.2

However, the inherent compositional toxicity in most QDs

limits their application.3 Thus, there is a demand to develop

fluorescent materials with low toxicity. Recently, gold nano-

particles have been widely applied.4 Gold nanoclusters

(AuNCs) as gold nanoparticles, which also have good photo-

stability, are an attractive alternative5 due to their low toxicity,

excellent biocompatibility, stability, solubility, and fluorescence.6

Thiolate-protected AuNCs with fluorescence in the blue to

near-infrared region have been prepared via chemical reduction

of AuNCs with thioalkanes, but the quantum yields (QYs) are

relatively low (0.001%–0.1%).7 To improve QY, polyamido-

amine (PAMAM) dendrimers have been used to prepare

AuNCs.8 However, their blue emission and cytotoxicity, such

as inducing haemolysis of human red blood cells,9 hinder their

application. Recently, Chang reported the preparation of

AuNCs with fluorescence from 500 to 640 nm with QYs

ranging from 0.2 to 3.8%.10 Yang developed a novel strategy

utilizing 11-mercaptoundecanonic acid as ligand to solve the

existing cytotoxicity of AuNCs.11 However, it requires relatively

long reaction time (3 days). Ying reported the synthesis of

protein-protected AuNCs with red emission (640 nm) via a

common aqueous method within 12 h.12 Along these efforts,

it is of great interest to open a simple, rapid, and one-pot

method for the synthesis of highly luminescent AuNCs with

near-infrared-emission in a short time.

Recently, sonochemistry has been proven to be an effective

route for the synthesis of nanoparticles.13 The chemical effects

of high intensity ultrasound derive from cavitation: formation,

growth, and collapse of a bubble in the liquid, leading to

localized hot spots with high temperature, high pressure, and

extremely rapid cooling rates.14 Such a remarkable environ-

ment provides a platform for the growth of materials with an

abundance of energy with extremely fast kinetics, promoting

chemical reactions. The advantages of sonochemistry include

nonhazardous, rapid reaction rate, controllable reaction

conditions and the ability to form nanoparticles with uniform

shapes, narrow size-distribution and high purity.

Herein, we report a facile, one-pot sonochemical route for

the preparation of AuNCs with near-infrared-emission and

Au/AgNCs with high quantities yellow-emission under mild

conditions. Compared with other synthetic methods, this

one is simple, fast, and the resulting particles have intense

luminescence with high quantum yield and narrow emission

spectra. Moreover, we demonstrate the detection of Cu2+

using the prepared AuNCs.

The AuNCs were synthesized in one-step, and characterized

by fluorescence spectra, fourier-transform infrared spectro-

scopy (FTIR), high resolution transmission electron microscopy

(HRTEM), and X-ray photoelectron spectroscopy (XPS), as

shown in Fig. 1. In Fig. 1A, it was observed that the AuNCs

were deep brown under visible light and emitted a strong

red fluorescence under the UV lamp with 365 nm excitation.

The AuNCs showed a near-infrared-emission at 670 nm. The

quantum yield of AuNCs was found to be 8%, which was

calculated by using rhodamine B in ethanol as a reference. The

prepared AuNCs show a large Stokes shift of 320 nm, which

are general characteristics of thiol-Au(I)-complexes that

displays ligand-metal charge transfer and metal(I)-metal(I)

interactions. In addition, as described in Fig S3(A)w, the FTIR
spectrum of bovine serum albumin (BSA)-AuNCs are similar

to that of BSA alone. We have assigned peaks in the spectra as

follows: 1654 cm�1 corresponds to a protein with a high

proportion of a-helix, which is the characteristic amide band

of BSA; 1545 cm�1 is attributed to strong primary amine
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scissoring while 3435 cm�1 is attributed to primary amines;

2958 cm�1 is ascribed to C–H vibration and 701 cm�1 is

attributed to –NH2 and –NHR wagging. It is also observed

that the S–H stretching band of 2525 cm�1 disappears on the

surface of AuNCs, suggesting the formation of covalent bonds

between thiols and AuNCs. These results indicated that BSA

was modified on the surface of AuNCs successfully. Further-

more, the morphology of the AuNCs was characterized by

HRTEM. In Fig. 1B, the AuNCs showed high crystallinity

and monodispersity. The average size of AuNCs was about

1.8 nm. And the insert in Fig. 1B suggested that the lattice

fringes of AuNCs were consistent with the metallic gold lattice

spacing of 2.4 Å, which corresponded to the d-spacing of the

(111) crystal plane of fcc Au.15 Finally, XPS was used to

analyze the oxidation state of the AuNCs. As shown in Fig. 1E,

the Au 4f7/2 spectrum can be deconvoluted into two peaks at

84.0 and 85.1 eV, which are the binding energies of elemental

Au (0) and cationic Au (+1), respectively. To the best of our

knowledge, this is the first successful attempt with sonochemical

synthesis of highly luminescent AuNCs with near-infrared-

emission in one-step.

A spectral evolution of the emission from the reaction solution

after ultrasonic irradiation for different times was observed.

As shown in Fig. 2A, no emission was observed before

sonication (curve a). After sonicating for 15 min, an emission

band centered at 670 nm appeared, as shown in curve b. The

fluorescence intensity increased gradually with the sonication

time up to 120 min. Beyond that, longer sonication decreased

the fluorescence intensity. Concurrently, the emission peak

gradually red shifted with longer sonication time, which could

be ascribed to the growth of AuNCs. To confirm ultrasonic

irradiation could indeed improve the reaction rate, the

emission was compared between AuNCs prepared by solution

phase synthesis and sonochemical method. As demonstrated

in Fig. 2B, a red shift from 620 to 670 nm was observed for

AuNCs by sonochemical method compared to phase solution

method, which might be because the ultrasonic accelerated the

reaction between the BSA and HAuCl4 to lead to the increase

of AuNCs size. Furthermore, the fluorescence emission

around 670 nm extends to the near-infrared region. Thus,

the AuNCs prepared by the sonochemical method have higher

potential application in biological imaging due to the low

tissue absorption and scattering effects in the emission range

between 650–900 nm. In addition, the fluorescence intensity of

the AuNCs by this method is stronger than that prepared by

the solution phase method. All these data suggested the

AuNCs synthesised by this method is more favorable for

bioapplications.

In addition, Au@AgNCs were obtained in one step by

simply replacing HAuCl4 with AgNO3 in the sonochemical

process of AuNCs preparation. To the best of our knowledge,

this is the first example of a one-step synthesis of highly

luminescent Au@AgNCs. The obtained Au@AgNCs were

yellow under visible light (with 365 nm excitation) and emitted

a strong yellow fluorescence. The emitted wavelength of

Au@AgNCs blue-shifted to 565 nm compared to that of

AuNCs. The quantum yield of Au@AgNCs is 9.6%, higher

than that of the AuNCs. Furthermore, as shown in Fig. 1C,

after the HAuCl4 was replaced by AgNO3, the average size of

the Au@AgNCs was increased to 2.4 nm larger than that of

AuNCs. We suspect that the Au@AgNCs were Au@Ag alloys

because there were no obvious lattice mismatch or core-shell

structure from the HRTEM image (Fig. 1C). As depited in

Fig. 1F, the EDS results confirm that the Au@AgNCs were

composed of Au and Ag. The effect of AgNO3 on the

preparation of Au@AgNCs was also investigated. It was

observed that the wavelength of fluorescence did not changed

while the intensity of fluorescence changed by increasing the

content of AgNO3. When the Au :Ag molar ratios were 9 : 1,

the strongest fluorescence was observed. Based on these data,

we propose the following synthesis mechanism: At first,

HAuCl4 was reduced by BSA to form AuNCs. Then Ag+

was reduced to Ag and doped on or into the surface of the

AuNCs to form Au@AgNCs.

AuNCs was also applied in the determination of Cu2+.

Cu2+ is one of the heavy metals and essential element for

many living organism, many methods have been developed for

the determination of Cu2+.15 To test the possibility of detecting

Cu2+ by the AuNCs, we first investigated the effect of pH on

the fluorescence intensity (Fig S3(B)w) The pH value has no

obvious influence on the fluorescence intensity. Considering

that physiological pH is 7.4, all subsequent experiments

were done at pH 7.4. We found that a lower concentration

of AuNCs often provides better sensitivity, while a higher

concentration can offer a broader detection range. We investi-

gated the AuNCs at a concentration of 5 mM for sensing Cu2+

at first. Upon adding Cu2+ (50 mM) to the AuNCs solution

(5 mM), the red fluorescence of AuNCs (Fig. 3B) was completely

quenched. This phenomenon shows that the AuNCs could be

used for the detection of Cu2+ ions.

Fig. 1 (A) Photographs of solutions illuminated by a Hg-UV lamp

with 365 nm (left) and under room-light (right) for the prepared

(1) AuNCs, and (2) Au@AgNCs. HRTEM images of AuNCs (B),

and Au@AgNCs (C). (D) Fluorescence spectra of the AuNCs and

Au@AgNCs in aqueous solution. (E) XPS spectra of the AuNCs.

(F) EDS spectrum of the Au@AgNCs prepared at Au :Ag molar

ratios of 9 : 1.
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To investigate the selectivity further, the fluorescence response

was measured with twelve common metal ions. As exhibited in

Fig. 3A, other than Cu2+, which can lead to almost 98%

quenching of AuNCs, the fluorescence of AuNCs was not

quenched by 50 mM K+, Pb2+, Ag+, Ba2+, Ca2+, Zn2+,

Na+, Mg2+, Fe3+, Ni2+, Co2+. The above result indicates

that this system is highly selective towards Cu2+ over the other

metal ions.

To evaluate sensitivity, the fluorescence change was monitored

with addition of Cu2+ for a fixed time of 10 min. As observed

in Fig. 4, the fluorescence intensity of the AuNCs decreased

upon increasing Cu2+ concentration. A linear relationship

exists between the fluorescence value decrease with the

logarithm of the concentration of Cu2+ over the range from

1 nM to 1250 mM. The limit of detection (LOD) for Cu2+ was

0.3 nM, based on a signal-to-noise ratio (S/N) of 3. The LOD

of this sensing system is lower and the detection range is wider

than other optical methods.

In summary, nontoxic AuNCs with NIR-emission and

Au@AgNCs with high fluorescence yields were successfully

synthesized by a sonochemical method. The obtained materials

have high fluorescence, are highly water-soluble, and show

good biocompatibility. A strongly selective quenching by

Cu2+ ions was detected. All of these properties project

promising future applications in biosensing and imaging.
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Fig. 2 (A) Emission spectra of the solution containing HAuCl4 and

BSA upon the ultrasonic irradiation for different times (min): (a) 0;

(b) 15; (c) 30; (d) 45; (e) 60; (f) 90; (g) 120; (h) 150; (i) 180 min.

(B) Emission spectra of AuNCs via (a) phase solution method and

(b) sonochemical method.

Fig. 3 (A) Relative fluorescence (I/I0) of AuNCs solution in the

prescence of 50 mM various metal ions. I0 and I correspond to the

fluorescence intensity of AuNCs in the absence and prescence of

50 mM of various metal ions. (B) Photographs under UV light of

AuNCs in the prescence (left) and absence (right) of Cu2+ (50 mM).

Fig. 4 Fluorescence emission spectra of AuNCs in the presence

of different concentrations of Cu2+ from 0, 0.001, 0.002, 0.01, 0.05,

0.25, 1.25, 12.5, 125 to 1250 mM. Inset: Plot of the fluorescence

intensity ratio of the AuNCs at 670 nm versus the logarithmic

concentration of Cu2+.

D
ow

nl
oa

de
d 

by
 N

A
N

JI
N

G
 U

N
IV

E
R

SI
T

Y
 o

n 
18

 A
pr

il 
20

12
Pu

bl
is

he
d 

on
 2

5 
Fe

br
ua

ry
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1C

C
00

10
3E

View Online

http://dx.doi.org/10.1039/c1cc00103e

