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g r a p h i c a l a b s t r a c t
� A simple and robust approach was
developed for preparing Au/Ag NCs
within dozens of minutes.

� This synthetic route endowed Au/Ag
NCs with prominently enhanced
biochemical stability.

� A sensitive fluorescent thermometer
was handily fabricated based on an
Au/Ag NCs-loaded straw.

� A ratiometric nanosensor was subtly
designed and utilized for pH sensing
based on the incorporation of FITC
into the Au/Ag NCs.

� The high stable Au/Ag NCs hold the
potential as a candidate for promot-
ing the development of biomedical
research field.
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Herein, we developed a simple and rapid strategy to synthesize gold/silver bimetallic nanoclusters (Au/
Ag NCs) with highly biochemical stability by a one-pot route. The Au/Ag NCs were obtained via a
chemical reduction procedure in alkaline aqueous solution at 75 �C within only 20min by employing
bovine serum albumin (BSA) as both ligand and reductant. The as-obtained Au/Ag NCs displayed bright
orange fluorescence with an emission peak located at 570 nm and temperature-dependent fluorescence
property, which were utilized as fluorescent thermometer directly. More intriguingly, the Au/Ag NCs
were very stable against various pH values, ions, biothiols, H2O2, fetal bovine serum (FBS), RPMI 1640
medium and amino acids. Taking advantage of the excellent biochemical stability, a ratiometric fluo-
rescence biosensor, fluorescein-5-isothiocyanate (FITC)-Au/Ag NCs, was constructed for pH sensing based
on the incorporation of FITC into the Au/Ag NCs. Furthermore, the ratiometric pH sensor was also suc-
cessfully applied on the model of HeLa cells.
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1. Introduction

Fluorescent metal nanoclusters (e.g., Au, Cu, Ag, Pt and Pd NCs)
that consisting of several to hundreds of atoms have drawn sub-
stantial attention owing to their distinct properties of good
biocompatibility, subnanometer size, large Stokes shift, narrow and
tunable fluorescence spectrum [1e4]. These unique characteristics
endowed them as desirable nanosensors for widespread applica-
tions in the area of environmental and biomedical science [5e10].
Strongly promoted by the development of these monometallic NCs,
bimetallic NCs emerged as a kind of novel and promising nano-
material, which integrating two metal species into one cluster
[11e13]. Compare to monometallic NCs, 1) the physicochemical
properties and electronic structures of two metal species could be
integrated into one bimetallic nanoclusters [14,15], 2) more
attractive advantages for optical, catalytic and electronic perfor-
mance via controlling their compositions and sizes due to the
synergistic effects [16,17]. On this account, unremitting efforts have
been done on high-quality synthesis and promising applications of
bimetallic NCs (e.g., Au/Pd, Au/Cu, Cu/Ag and Au/Ag NCs) over the
past few years [11,12,18e24]. For example, it was demonstrated that
the indraught of Au atoms to the surface of Pd NCs largely enhanced
their catalytic activity towards glucose oxidation [18]. Au/Cu NCs
have been fabricated and applied through the indraught of Cu to
alter the fluorescent properties of Au NCs [13]. Remarkably, the
bimetallic NCs of Au/Ag NCs have attained extensive attention due
to their unique synergistic effects of obvious intrinsic fluorescence,
high biocompatibility and ultrasmall sizes. For instance, Au/Ag NCs
with enhanced luminescence were prepared by the doping of silver
into Au NCs owing to the “silver effect” [19e22]. Tang's group
synthesized highly fluorescence Au/Ag NCs and utilized for the
sensing of pyrophosphatase activity [23]. Red-emitting Au/Ag NCs
were obtained inWang's group for the fluorescence imaging of Fe3þ

in living cells thanks to their low cytotoxicity [24].
Up to now, a series of synthetic procedures have been explored

for Au/Ag NCs, which could be classified into two types of co-
reduction synthesis and post-treatment route [25e28]. In 2009,
Chang et al. reported a method for the preparation of different sizes
of Au/Ag nanoparticles by controlling the molar ratios of Ag ions to
Au ions [29]. T. Pradeed group reported the synthesis of lumines-
cent AuAg alloy nanoclusters in bovine serum albumin for the first
time [30]. In this work, the Au/Ag NCs were obtained bymixing two
kinds of metal nanoclusters or adding HAuCl4 to Ag NCs. Although
these approaches endowed the nanoclusters with strong fluores-
cence emissions covering blue to near infrared via picking kinds of
Scheme 1. Synthesis of BSA-Au/Ag NCs and its a
templates and adjusting the concentration of reductant and tem-
plates/metal ions molar ratio, a time-consuming reaction process,
tedious preparation procedure, poor water solubility, broad size
distribution and/or expensive templates are still need to be
resolved.

For another, the biochemical stability of fluorescent nano-
sensors is of crucial importance to their applications. Several fac-
tors, such as pH of the environment condition [31,32], the existence
of homologous analytes and photobleaching in fluorescence [33],
may cause the sensors to output false-positive signals, allowing us
to make inaccurate qualitative or quantitative analysis and limiting
their practical application under complex conditions. For the pur-
pose of extending their applications to bioimaging with reliable
performance, the creation of Au/Ag NCs that are equipped with
enhanced biochemical stability for the real-time detection in bio-
logical environments when challenged with potential interferences
and various conditions is also highly desirable.

With this in mind, we developed a simple and rapid approach to
synthesize gold/silver bimetallic nanoclusters (Au/Ag NCs) with
highly biochemical stability. As illustrated in Scheme 1, the Au/Ag
NCs were obtained through BSA-mediated co-reduction of Au3þ

and Agþ at 75 �C within only 20min by a one-pot strategy. The as-
obtained Au/Ag NCs displayed bright orange fluorescence with an
emission peak located at 570 nm and showed temperature-
dependent fluorescent property and excellent biochemical stabil-
ity. Taking advantage of these properties, a sensitive fluorescent
thermometer was handily fabricated based on an Au/Ag NCs-
loaded straw. In addition, a ratiometric fluorescence biosensor,
consisting of pH-insensitive Au/Ag NCs as reference probe and pH-
sensitive fluorescein-5-isothiocyanate (FITC) as report probe, was
also developed for pH sensing. It was demonstrated that the con-
structed pH sensor exhibits good linear relationship against pH
values in buffer solution and remarkable resolution for intracellular
pH imaging on the example of HeLa cells.
2. Experiment

2.1. Chemicals and reagents

Bovine serum albumin (BSA) was obtained from Shanghai San-
gon Biotechnology Co. Ltd. (China). NaOH, Hydrogen tetra-
chloroaurate tetrahydrate (HAuCl4$4H2O, >99%), Silver nitrate
(AgNO3, 99%), mercury, copper and other metal salts were obtained
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
Fluorescein 5(6)-isothiocyanate (FITC) was purchased from Aldrich
pplications for temperature and pH sensing.
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(St. Louis, MO, U.S.A.). 4,6-Diamidino-2-phenylindole (DAPI) was
fromGen-view Scientific Inc. (U.S.A). The amino acid solutions were
prepared freshly on the day of use. All solvents and chemicals are
the analytical grade and used without further purification. Ultra-
pure Milli-Q water (18.2MU cm-1, Milli-Q, Millipore) was used for
all experiments.

2.2. Apparatus

All the measurements of fluorescence spectroscopy were
measured using a Hitachi F-7000 fluorescence spectrophotometer
(Tokyo, Japan) and the fluorescence images of cells were obtained
on a Nikon A1 (Nikon, Japan). The photographs of corresponding
reaction products were recorded on a WD-9403 UV Trans-
illuminator (Beijing, China) at 365 nm. The high-resolution trans-
mission electron microscopy (HRTEM) images were conducted on
Tecnai G2 20 Swin (FEI, Czech Republic). X-ray photoelectron
spectra (XPS) analyses were recorded with ESCALAB 250Xi spec-
trometer. All the pH measurements were acquired on a San-Xin
MP511 miniature pH meter (Shanghai, China).

2.3. Preparation of BSA-Au/Ag NCs

Initially, the HAuCl4 aqueous solution (100 mL, 100mM) and
AgNO3 solution (50 mL) with different concentrationswere added to
750 mL of BSA solution (66.7mgmL�1) under gentle stirring at room
temperature for 2min. The reaction conditions were optimized via
a series of temperatures (35, 55, 65, 70, 75, 80 and 90 �C) and for
various of durations (5, 10, 15, 20, 25 and 30min). Then, NaOH
(100 mL, 1M) solution was introduced into the mixture and the
reaction was to proceed under the optimal reaction condition.
Finally, the as-synthesized Au/Ag NCs were purified by exhaustive
dialysis against distilled water through a 1 KDa molecular weight
cut-off for 48 h to remove the free ions. The cleaned products were
then freeze dried and stored at 4 �C for further use. As control, the
same synthesis and purification procedures were used to prepa-
ration of BSA-Au NCs, BSA-Ag NCs with alkaline BSA solutions
containing only Au3þ or Agþ, respectively. The Au3þ and Agþ were
also added to the as-obtained Ag NCs and Au NCs respectively and
reacted under the same condition.

2.4. Biochemical stability investigation of BSA-Au/Ag NCs

To evaluate the biochemical stability of BSA-Au/Ag NCs, we
investigated the effect of various pH, metal ions, anions, biothiols,
H2O2, fetal bovine serum (FBS), RPMI 1640 medium and amino
acids on the fluorescence intensity. At first, we measured the
fluorescence of as-prepared Au/Ag NCs solutions in various pH
values from pH 2.0e9.0. Then, 190 mL of solutions containing
10mgml�1 Au/Ag NCs dissolved in different pH values (pH 3.0, 7.0,
11.0) and incubated with 10 mL of 2mM metal ions, including Naþ,
Kþ, Mg2þ, Ca2þ, Zn2þ, Co2þ, Cr3þ, Mn2þ, Pb2þ, Cd2þ, Cu2þ, Ti2þ,
Hg2þ, Fe3þ, Al3þ, Cr3þ, Zr4þ, Agþ were mixed thoroughly, respec-
tively. Under an excitation wavelength at 480 nm, the fluorescence
spectra were then measured after the mixture was proceeded for
10min. Also, the effects of anions (F�, HCO3

�, Cl�, S2O8
2�, CO3

2�,
H2PO4

�, I�, Br�, SO3
2�, SO4

2�, NO3
�, HPO4

�) on the Au/Ag NCs were
investigated by a similar procedure. Next, the influences of 10mM
biothiols (GSH, Cys), 1mM amino acids, 20% FBS, 20% RPMI 1640
were tested with 10mgml�1 Au/Ag NCs respectively. In addition,
the effect of photoillumination on the fluorescence of as-obtained
Au/Ag NCs was also explored. Finally, the fluorescence of Au/Ag
NCs were kept at 4 �C and measured for a total of 5 times in 3
months.
2.5. Construction of nanosensors for temperature and pH sensing

For temperature sensing, Au/Ag NCs solution (100 mL,
50mgmL�1) was injected into a quartz cuvette, equilibrated for
5min after setting the temperature at series of points from 10 to
50 �C with an interval of 5 �C. To further probe the reversibility of
Au/Ag NCs, the fluorescence switching operations were repeated
for six consecutive cycles by implementing multiple heating and
cooling cycles between 10 and 50 �C. The sensor was constructed by
simply injecting Au/Ag NCs into a transparent straw, one end of
which was sealed. Subsequently, the full-loaded straw was put into
a water-filled flask for temperature sensing of the water sample
through real-time monitoring the fluorescence intensity of Au/Ag
NCs under 365 nm ultraviolet light.

To obtain a ratiometric fluorescence pH sensor with a suitable
fluorescence spectrum, Au/Ag NCs (400 mL, 50mgml�1) and FITC
(100 mL) were dissolved in PBS (10mM, 500 mL) at pH 9.0 to achieve
a balance of two fluorescence emission peaks by optimization the
concentration of FITC. Next, the fluorescence of optimal systemwas
tested in PBS with different pH values (PBS¼ 10mM, pH 6.0, 6.5,
7.0, 7.5, 8.0 and 8.5, 1mL). Then, the FITC-Au/Ag NCs fluorescent
nanosensor used for ratiometric pH sensing was prepared. Addi-
tionally, in order to confirm the biocompatibility of FITC-Au/Ag NCs,
MTT assay was used for quantitative testing of the cell viability.

2.6. Cell culture and fixation

HeLa cells (human cervical cancer cell line) were cultured in
RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS, heat inactivated),100 U/mL penicillin and gentamicin solution
at 37 �C with 5% wt/vol CO2 in a humidifided atmosphere. For the
cell fixation, HeLa cells were seeded on 35-mm glass bottom dishes
and maintained for 36 h. Afterwards, the medium in the dishes was
removed and cells were washed twice with phosphate buffered
saline (PBS, pH 7.40, Ca2þ and Mg2þ free). And the cleaned cells
were fixed on the dishes with 4% paraformaldehyde (PFA) for
9min at room temperature and finally washes four times by PBS
(pH 6.0, 6.5, 7.0, 7.5, and 8.0).

2.7. Confocal fluorescence imaging

The cleaned cells in dishes were incubated with clear medium
containing FITC-Au/Ag NCs for 3.5 h. Before imaging, the slides
were stained with DAPI. Then, PBS with various pH values (pH 6.0,
6.5, 7.0, 7.5, and 8.0) were used to wash the cells for three times to
remove excess probes and then added 100 mL PBS with corre-
sponding pH values into dishes for 20min to equilibrate the
intracellular pH. The confocal fluorescent images of cells were
performed with a 100�oil immersion objective. Excitation wave-
length and emission filters were set as follows: Ex¼ 405 nm,
Em¼ 425e475 nm (DAPI); Ex¼ 488 nm, Em¼ 500e550 nm (FITC);
Ex¼ 488 nm, Em¼ 570 nm-620 nm (Au/Ag NCs).

3. Results and discussions

3.1. Synthesis of BSA-Au/Ag NCs

In this work, chemical reduction method was used to synthesize
the fluorescent BSA-Au/Ag NCs in the presence of HAuCl4 and
AgNO3 as metal precursors by employing BSA as ligand and
reductant. Firstly, the effect of silver doping on the fluorescence
spectrum of BSA-Au NCs was explored, as demonstrated in Fig. S1,
the fluorescence spectrum of BSA-Au NCs displayed a 630 nm
emission upon 500 nm excitation (line a), which was consistent
with previous reports [34]. Then, the fluorescence of the product



Fig. 1. (A) UVeVis absorption spectra and fluorescence spectroscopy of Au/Ag NCs. Insert: photographs under sun light (left) and UV light (right). (B) 3D scan of Au/Ag NCs. (C)
HRTEM image (D) EDS of Au/Ag NCs.
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with only AgNO3 as metal precursor was so weak that could be
considered negligible (line b). However, the emission peak at
570 nm with distinct orange fluorescence could be observed from
the synthesized product using HAuCl4 and AgNO3 as co-reaction
precursors (line c). Additionally, the fluorescence spectra of the
mixture containing as-synthesized Au NCs and silver ions (line d),
Au NCs and Ag NCs (line e), Ag NCs and gold ions (line f), were also
measured. The concentrations of gold and silver ions were the same
as the above reactions and the mixtures were incubated for long
enough time. It was found that the fluorescence intensity of the line
Fig. 2. (A) XPS survey spectrum of Au/Ag NCs showing the presence of metallic Ag and Au. (B
Au/Ag NCs and Au NCs. (D) XPS spectrum of Ag 3d for Au/Ag NCs.
e and the line f were weak or absent, while that of the line d was
decreased by more than half with a blue-shift of emission peak to
600 nm, which have been reported in previous works [35]. Given
the above, the characterization of fluorescence spectra prelimi-
narily demonstrated that the BSA-Au/Ag NCs was successfully
synthesized by one-pot strategy.

To obtain the BSA-Au/Ag NCs with highest possible fluorescence
emission intensity, the basic reaction conditions of temperature,
reaction time and molar ratio (Au3þ/Agþ) were optimized orderly.
Firstly, the reaction temperature was optimized, as depicted in
) The atomic percentage of the main elements of Au/Ag NCs. (C) XPS spectra of Au 4f for
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Fig. S2, the result showed a red shift of emission peak and a trend of
increasing firstly and then decreasing in fluorescence intensity as
the temperature rose up. Then, the effect of reaction time was
investigated. It was displayed that the trend of fluorescence in-
tensity changewas the same as the temperature variationwhile the
emission wavelength only increased to 570 nm at maximum
(Fig. S3). Finally, we explored the effect of molar ratio (Au3þ/Agþ)
on the fluorescence (Fig. S4). The result revealed that the increased
concentration of silver ions always bewith a continuously blue shift
of emission peak and decrease of intensity. Based on the above
results, we decided to use themolar ratio (Au3þ/Agþ) of 10:5 setting
at 75 �C for 20min to prepare Au/Ag NCs with stable and highly
fluorescence for further investigation.
3.2. Characterization

The optical, morphological and structural properties of the as-
prepared Au/Ag NCs were characterized. It was observed that Au/
Ag NCs suspension exhibited yellow color under daylight and
bright orange color under 365 nm ultraviolet light (Fig. 1A, insert).
The UVevis spectrum revealed that the Au/Ag NCs had a broad
absorption band under 480 nm. Additionally, the excitation and
emission fluorescence spectra were highly symmetrical with a
maximum peak centered at 480 nm and 570 nm, respectively
(Fig. 1A). As we can see in Figure 1B, 3D-scan of Au/Ag NCs was
exactly consistent with the result. The quantum yield (QY) of the
Fig. 3. Effects of (A) pH values (B) common metal ions in 100 mM (C) common anions in 100
fluorescent timescan for 2 h (D) storage time on the fluorescence intensity of BSA-Au/Ag N
Au/Ag NCs was measured using Rhodamine 6G as a standard
(measured at 570 nm excitation wavelength, QY¼ 95% in ethanol).
The average quantum yield (QY) of Au/Ag NCs in aqueous solution
at room temperature was about 3.4%. The morphological images of
the Au/Ag NCs were characterized by high-resolution transmission
electron microscopy (HRTEM). As illustrated in Fig. 1C, the Au/Ag
NCs show high monodispersity. The average particle diameter of
the Au/Ag NCs was 1.28 nm. There was no obvious core-shell
structure or lattice mismatch observed for Au/Ag NCs (Fig. 1C,
insert), indicating that they probably be formed in bimetallic alloys.

For further confirmation, the structure of the Au/Ag NCs was
investigated by means of energy dispersive spectroscopy (EDS) and
X-ray photoelectron spectroscopy (XPS). As depicted in Fig. 1D, the
EDS results confirmed that the Au/Ag NCs were composed of gold
and silver elements. Besides, the main elements and atomic per-
centages of the Au/Ag NCs were recorded by XPS (Fig. 2A and B).
Compare to Au NCs, Au/Ag NCs had higher binding energy values of
88.04 eV for Au 4f5/2 and 84.39 eV for Au 4f7/2, which suggested that
the Au electrons of Au/Ag NCs were bound more tightly because of
the introduction of Ag atoms (Fig. 2C and D) [36,37]. Besides, the
presence of S 2p (163.03eV) was assigned to Au/Ag-S binding while
the absence of typical oxidized sulfur (at about 168.0 eV) indicated
a favorable chemical stability of the Au/Ag NCs (Fig. 2A, insert) [38].
Both of EDS and XPS analysis have further proved the successful
preparation of the Au/Ag NCs. We next investigated the optical
properties of the as-obtained Au/Ag NCs.
mM (D) 20% FBS, 20% RPMI 1640 medium, biothiols in 10mM and H2O2 in 100mM (E)
Cs.
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3.3. Biochemical stability of BSA-Au/Ag NCs

For the purpose of verifying whether the Au/Ag NCs have the
essential stability and anti-interference ability for bearing circum-
stance as an optical sensor, we examined the effect of pH, ions,
biothiols, FBS and other potential interferences on their fluores-
cence properties. As depicted in Fig. 3A, the Au/Ag NCs exhibited
good solubility and stability in the pH range of 2.0e9.0 except the
pH value of 5, where was approximate to the isoelectric point of
BSA (PI¼ 4.7) and led to the appearance of precipitates and a
decrease of fluorescence intensity. Furthermore, the fluorescent
stability of Au/Ag NCs toward potential interferences, including
various common metal ions, anions, biothiols, H2O2, FBS and RPMI
1640 were generally explored. As illustrated in Fig. 3B, C, 3D, there
was no marked change on the fluorescence intensity in the pres-
ence of potential interferences under neutral condition. The effects
of these potential interferences on Au/Ag NCs under alkaline and
acidic condition were then tested (Fig. S5). Moreover, the effects of
other amino acids were also investigated carefully (Fig. S6). The
data demonstrated the good fluorescence stability of the Au/Ag
Fig. 4. (A) Temperature-dependent fluorescence spectra of Au/Ag NCs (50mg$mL-1) in the
dotted line is the normalized fluorescence curve of the Au/Ag NCs, as a function of temperatu
dotted line is relative temperature resolution. (D) The fluorescence response of Au/Ag NCs u
Au/Ag NCs solution as a fluorescent thermometer for temperature sensing at 10 �C, 20 �C, 3
figure legend, the reader is referred to the Web version of this article.)
NCs. Additionally, there was no obvious fluorescent change and
precipitate of Au/Ag NCs after a fluorescent time scan for 2 h of
excitation at 480 nm and being stored in darkness at 4 �C at least for
3 months (Fig. 3E and F). These results revealed the excellent
biochemical stability and fluorescent stability of Au/Ag NCs,
enabling them as promising candidate for practical applications.
3.4. Fluorescent response of BSA-Au/Ag NCs toward temperature

To explore the potential application of the Au/Ag NCs as a
fluorescent thermometer, the fluorescence spectra in a tempera-
ture range of 10e50 �C were recorded. Intriguingly, the fluorescent
intensity of Au/Ag NCs exhibited dramatically temperature-
dependent property. As shown in Fig. 4A, the emission intensity
decreased regularly with temperature rose from 10 to 50 �C.
Nevertheless, the emission wavelengths always kept constant with
the variation of temperature, suggesting the high purity of as-
prepared Au/Ag NCs. By contrast, the fluorescence band of the
quantum dots gradually red shifted as the environmental temper-
ature increased [39]. The fluorescence of Au/Ag NCs decreased
range of 10e50 �C. (B) The corresponding linear calibration curve at 570 nm. (C) Black
re. The fluorescence emissions were collected under the laser excitation at 480 nm. Red
pon cycling between 10 �C and 50 �C for six consecutive cycles. (E) Digital photos of the
0 �C, 40 �C, 50 �C under UV light. (For interpretation of the references to color in this



Fig. 5. (A) Fluorescence spectra of FITC-Au/Ag NCs measured at different mass ratio of FITC: NCs with pH 9.0. (B) Fluorescence spectrum of FITC-Au/Ag NCs in PBS buffer with
different pH values range from 6.0 to 8.5 under 480 nm excitation wavelength. (C) Linear relationship of the ratiometric fluorescence intensity (I530 nm/I570 nm) versus pH values. (D)
Fluorescence reversibility against pH change between 6.0 and 8.5, repeatedly.
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linearly (R2¼ 0.9978) with the temperature rose from 10 to 50 �C
(Fig. 4B). The temperature resolution of the fluorescent thermom-
eter can be calculated by an equation, dT¼ vT

vFIdFI [40], where vT
vFI and

dFI represent the inverse slope in the fluorescence intensity-
temperature graph and the standard deviation of the average
fluorescence intensity, separately. It was calculated that the tem-
perature resolutions of Au/Ag NCs between 15 and 50 were
0.1e0.5 �C (Fig. 4C). As a reference, a whole comparison with other
fluorescent thermometry system was introduced in Table S1 [41],
which clearly confirmed the Au/Ag NCswas comparable to or better
than the resolution of current fluorescent thermometer. Further-
more, the reversible process of resultant Au/Ag NCs between 10 and
50 �C were repeated for six consecutive cycles. As illustrated in
Fig. 4D, the Au/Ag NCs present a good reproducibility between the
wide temperature differences. On the basis of preliminary results,
we concluded that the Au/Ag NCs showed a good performance in
fluorescence stability and temperature resolution, which have the
potential to be developed as a fluorescent nanosensor for precise
temperature sensing.

To explore the practical application of as-prepared Au/Ag NCs as
a temperature sensor, we injected them into a transparent straw
sealed at the bottom to monitor the temperature variations of the
water sample. As shown in Fig. 4E, a bright orange fluorescence of
Au/Ag NCs could be observed at low temperature under 365 nm
ultraviolet light, upon elevating the temperature of water increas-
ingly, the fluorescence intensity of the full-loaded straw declined
gradually. The results indicated that the BSA-Au/Ag NCs could
function as a fluorescent probe to construct a nanosensor for
temperature sensing.

3.5. pH sensing with FITC-Au/Ag NCs

With the development of synthetic strategies of metal nano-
clusters, the mono/bimetallic nanoclusters have been involved in
exciting advances of analytical methods for fluorescent biosensing
and bioimaging [25,42]. For example, Tseng group developed a
nanosensor based on FITC-conjugated protein gold nanoclusters for
ratiometric pH sensing [43]. Considering the excellent biochemical
stability and fluorescent stability of the as-obtained Au/Ag NCs, we
reasoned that a ratiometric sensor could also be developed for pH
sensing based on the mixture containing FITC as a measure probe
and Au/Ag NCs as an internal standard, respectively. The pH-
sensitive behavior of the FITC doped Au/Ag NCs were examined in
10mM PBS buffer with different pHs. The fluorescence spectra of
FITC-Au/Ag NCswith a series of mass ratio of FITC to Au/Ag NCswere
investigated first. As depicted in Fig. 5A, FITC-Au/Ag NCs displayed
two distinct emission peaks of FITC and Au/Ag NCs with a mass ratio
of 0.333:10000 at pH¼ 9.0, which was selected as the fluorescent
probe for pH sensing (Fig. 5B). The fluorescence intensity ratios (I530
nm/I570 nm) of this sensing system had a linear relationship
(R2¼ 0.9923) in the range of pH 6.0e8.5 (Fig. 5C). Moreover, two
different pH values at both ends were set to explore the fluorescence
reversibility of this system (Fig. 5D). The result showed that the
fluorescent ratio (I530 nm/I570 nm) between pH 6.0e8.5 floated up and
down within a constant range over several cycles. In addition, no
obvious cytotoxicity was observed when HeLa cells were incubated
with FITC-Au/Ag NCs (Fig. S7). As a consequence, the FITC-Au/Ag NCs
as a pH sensor was equipped with prominent advantages, such as
easy to synthesis, anti-interference ability, pH-dependent fluores-
cent ratio, and great reusability.

3.6. Bioimaging application

The excellent biochemical stability and reversibility in the
physiological pH range inspired us to further explore bioimaging
application of the FITC-Au/Ag NCs in cancer cell system. As shown
in Fig. 6A, the fluorescence intensity of FITC (green pseudocolor) in
cells was gradually enhanced while that of the Au/Ag NCs (red
pseudocolor) was slightly changed. With the pH value increasing
from 6.0 to 8.0, the fluorescence of Au/Ag NCs channel kept
generally unchanged while the FITC channel get brighter gradually,
leading to an apparent color change of the merge graphs. Then, the



Fig. 6. (A) Confocal fluorescence images of FITC-Au/Ag NCs incubating with fixed HeLa cells at different pH. The blue fluorescence represents DAPI stained cell nuclei, the green
fluorescence represents FITC, and the red fluorescence represents Au/Ag NCs. The merge image represents an overlay of the DAPI, FITC, and Au/Ag NCs signals. (B) Calibration curve
of intracellular pH sensing. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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average fluorescence intensity of the Au/Ag NCs and FITC under
different pHs was computed respectively using ImageJ software. As
depicted in Fig. 6B, the linear relationship between the fluorescence
intensity ratio (Igreen/Ired) and the pH values was attained range
from 6.0 to 8.0 on the model of HeLa cancer cell.

4. Conclusion

In summary, we have described a simple and rapid approach for
fabricating a highly stable Au/Ag NCs within dozens of minutes by
employing BSA as both ligand and reductant. The as-obtained Au/
Ag NCs exhibit obvious orange fluorescence and temperature-
dependent property, which were utilized as fluorescent ther-
mometer. The fluorescence intensity of Au/Ag NCs is linear against
temperature ranging from 10 to 50 �C with reversibility and
favorable resolution as high as 0.1e0.5 �C. What's more impressive
is that, the Au/Ag NCs are demonstrated highly biochemical sta-
bility toward various pH values, ions, biothiols, H2O2, fetal bovine
serum (FBS), RPMI 1640, amino acids and photoillumination. Due to
the outstanding advantages, a ratiometric biosensor was designed
for pH sensing by incorporating pH sensitive FITC dyes into Au/Ag
NCs. The fluorescence intensity ratio(I530 nm/I570 nm) of FITC-Au/Ag
NCs also have a satisfactory linear relationship with the pH values
in the range of 6.0e8.5 in buffer solution and good resolution for
intracellular pH sensing in HeLa cells. Therefore, with ingenious
design on the strength of the highly stable BSA-Au/Ag NCs, we
anticipate that it can be employed as a candidate for biolabeling
and bioimaging, which holds the potential for promoting the
development of biomedical research field.
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