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Abstract The authors described gold nanoclusters (AuNCs)
for use on an Bon − off − on^ NIR fluorescent probe for the
determination of citrate and Cu(II) ion. The AuNCs were
prepared by a microwave-assisted method using BSA as both
the stabilizing and reducing agent. The resulting BSA-capped
AuNCs display NIR fluorescence peaking at 680 nm under
500 nm excitation, a quantum yield of ~6.0%, an average size
of 2.8 ± 0.5 nm, water-dispersibility, stability and biocompa-
tibility. The on−off probe for Cu(II) is based on the interaction
between Cu(II) and BSAwhich causes the fluorescence of the
BSA−AuNCs to be quenched. The quenched fluorescence is
recovered on addition of vitamin C (VC), obviously due to
complexation of Cu(II) by citrate. The probe was employed to
image Cu(II) and citrate in HeLa cells and in aqueous solu-
tions. The method works in the 20 nM to 0.1 mM concentra-
tion range for Cu(II), and in the 8 nM to 120 μMconcentration
range for VC.
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Introduction

Fluorescence-based nano-probes have attracted significant at-
tention due to their fast response, high spatial resolution, and
safety of remote handling [1, 2]. To date, various fluorescent
nano-probes have been repo, including organic dyes, semi-
conductor quantum dots (SQDs), rare earth doped nanoparti-
cles, carbon dots and metal nanoclusters etc. [3–7]. Compared
to most other conventional fluorescent probes, near-infrared
(NIR) fluorescent probes have become promising modalities
for monitoring in vitro and in vivo levels of various biologi-
cally important species [8]. In general, NIR fluorophores are
defined as substances that emit fluorescence in the NIR region
(650–900 nm) [9]. The NIR probes with relatively high trans-
parency and low auto-fluorescence in living tissues will pro-
vide chemists and biologists with many opportunities to con-
duct studies leading to a greater understanding of biological
processes at the molecular level [10, 11]. At present, various
kinds of NIR probes have been prepared [12, 13]. For exam-
ple, protein-capped HgS SQDs with NIR emission can be
used for a highly sensitive and selective sensing system for
the detection of Hg2+ and Cu2+ [12]; the nanohybrids of gold
nanorod and CdTe/CdS SQDs were used for turn-on fluores-
cent sensing of 2,4,6-trinitrotoluene(TNT) in NIR region [13].
However, these nano-probes based on heavy metals (such as
Cd, and Hg) have been known to have acute and chronic
toxicities, which limit their biological applications. To solve
this problem, the development of newNIR nanomaterials with
low toxicity to living tissues is urgently desired.

Electronic supplementary material The online version of this article
(doi:10.1007/s00604-017-2111-9) contains supplementary material,
which is available to authorized users.

* Chuanxi Wang
wangcx@nimte.ac.cn

* Chi Zhang
chizhang@tongji.edu.cn

1 China-Australia Joint Research Centre for Functional Molecular
Materials, School of Chemical & Material Engineering, Jiangnan
University, Wuxi 214122, People’s Republic of China

2 Institute of New Energy Technology, Ningbo Institute of Industrial
Technology, Chinese Academy of Sciences, Ningbo 315201,
People’s Republic of China

3 School of Chemical Science and Engineering, Tongji University,
1239 Siping Road, Shanghai 200092, People’s Republic of China

Microchim Acta (2017) 184:1315–1324
DOI 10.1007/s00604-017-2111-9

http://dx.doi.org/10.1007/s00604-017-2111-9
http://crossmark.crossref.org/dialog/?doi=10.1007/s00604-017-2111-9&domain=pdf


Reducing the size of metal nanoparticles down to approach
the Fermi wavelength of an electron (ca. 0.5 nm for silver and
gold), novel optical, electrical and magnetic properties ap-
peared [14]. These ultra–small particles, bridging the Bmissing
link^ between atomic and nanoparticles behavior, were usual-
ly defined as nanoclusters (NCs) [15]. These metal NCs, an
emerging new class of fluorescent nanomaterials have drawn
increasing attention due to their unique properties and various
practical applications in cell labeling, ion sensor, and catalysts
[16–18]. Among them, fluorescent gold NCs (AuNCs) are
attractive for a wide variety of biomedical applications, such
as biosensing, in vitro and in vivo imaging, and also in cancer
therapy, owing to their low toxicity, good biocompatibility
and multifunctional surface chemistry [19–22]. The existing
synthesis routes of fluorescent AuNCs can be divided into two
groups: bottom-up and top-down methods [23, 24]. The
bottom-up approach mainly based on chemical reduction of
Au3+ ions to form metal atoms and then AuNCs appeared due
to accumulation of Au atoms [23]. The NaBH4, CO, N2H4.
H2O and H2 are usually used as reducing agents in the syn-
thesis process through this way. However, the drawback of
above methods was much complicated or time-consuming,
or the low quantum yields due to the aggregation of NCs. It
would be of great interest to obtain highly fluorescent AuNCs
by a straightforward and effective method.

Microwave heating is considered one of Bgreener^ synthe-
sis methodologies in synthetic chemistry which can reduce the
chemical reaction time and improve the yield and reproduc-
ibility of a specific synthesis protocol [25]. Thus, the micro-
wave route has been proved to be a low-cost and energy-
saving technique for synthesizing NCs [26–28]. On the other
hand, many AuNCs-based nano-probes have been designed to
detect metal ions, biological molecules, and temperature
[29–34]. However, the nano-probes rely on single Bturn-off^
or Bturn-on^ process of fluorescence intensity in visible re-
gion. Therefore, the Bon − off − on^ fluorescent probe is
prepared using NIR AuNCs, herein. Resultant AuNCs were
synthesized by the microwave-assisted method without using
additional reducing agents. This method can form AuNCs
rapidly and is suitable for mass production. AuNCs show high
stability of NIR fluorescence with λmax 680 nm. Moreover,
resultant AuNCs can be used Bon − off − on^ as NIR fluore-
scent probe for detecting Cu2+ and Vitamin C in aqueous
solution and living cells simultaneously.

Experimental section

Chemicals and reagents

Bovine serum albumin (BSA) was purchased from Aldrich
(http://www.sigmaaldrich.com). Tetrachloroauric (III) acid
(HAuCl4), sodium hydroxide (NaOH) and Vitamin C were

analytical grade. The solution of Cu2+ was prepared from
Cu(NO3)2. The solutions of other metal ions were prepared
from their nitrate, acetate, or chloride salts, and freshly pre-
pared before using. These reagents were purchased from
Sinopharm Chemical Reagent Co, Ltd., China (http://www.
sinoreagent.com) and used as received without further
purification.

The synthesis of Au nanoclusters

Au nanoclusters (AuNCs) were synthesized through a one-
step microwave-assisted treatment. In the typical process,
BSA (10 mg) and HAuCl4 (0.5 mL, 50 mmol·L−1) were dis-
solved in 4.5 mL aqueous solution under magnetic stirring.
Then, 15 μL NaOH (1 mol·L−1) solution was introduced and
the mixture was heated in a microwave oven (800 W, Midea,
China) for 20 min. The color of the solution changed from
light yellow to deep brown. The purification of resultant
BSA − AuNCs was centrifuging at 1100 g to remove excess
BSA. The above purification process was repeated three
times, followed by collecting the precipitate on the bottom.
Then resultant BSA–AuNCs was freeze-dried for further use.

Selective Cu2+ detection using the BSA − AuNCs

Cu(NO3)2 was used for the study of Cu2+ detection. Various
Cu2+ concentrations from 10−3 to 10−9 M were prepared. For
the sensor study, 0.5 ml of aqueous solution of resultant
BSA − AuNCs (5 mg·mL−1) and 2.5 ml of Cu2+ solution with
different concentrations were mixed, and equilibrated for
1 min before the spectral measurements. To check the selec-
tivity cations of this sensor, we carried out interference tests
with Mn2+, Cr3+, CrO4

2−, Mg2+, Ca2+, Na+, Ba2+, K+, Co2+,
Ni2+, Fe3+ and Zn2+. The operation was exactly same condi-
tions that were used for the detection of Cu2+. The fluores-
cence measurements were carried out upon excitation at
500 nm.

Fluorescence Boff−on^ assay for vitamin C

In order to investigate the fluorescence detection of Vitamin C
(VC), we measured the response of the above quenched fluo-
rescence of the BSA − AuNCs with changing the concentra-
tion of VC. Cu(NO3)2 aqueous solution (1.0 mM, 0.2 mL)
was firstly mixed with a dispersion of BSA − AuNCs (3 mg·
mL−1, 1.8 mL) for 10 min. After different concentrations of
VC were added and equilibrated for 5 min, the fluorescence
measurements were carried out upon excitation at 500 nm.

Cellular imaging

HeLa cells (210 cells per mL) were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
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bovine serum and 1% penicillin–streptomycin (DMEM) using
a 96-well plate. Suspensions (10 μg·mL−1) of the
BSA − AuNCs from the stock solution were prepared with
Dulbecco’s phosphate buffer saline (DPBS). After sonication
for 10 min to ensure complete dispersion, an aliquot (typically
0.01 mL) of the suspension was added to the well of a cham-
ber slide containing the cells cultured for 4 h. The chamber
slide was then incubated at 37 °C in a CO2 incubator for 4 h
for the BSA − AuNCs uptake (only 1.5 mg of BSA − AuNCs
to 150 mL of culture medium (105 cells) was added). Prior to
the fixation of the cells on the slide for inspection with a
con foca l f l uo r e s cence mic ro scope , t he exce s s
BSA − AuNCs were removed by washing 3 times with warm
DPBS.

Characterization methods

Steady state fluorescence spectra were measured by a
Fluorescence Lifetime Spectrometers (PTI, USA). UV − Vis
optical spectra were recorded with a TU − 1991 UV − Vis
spectrophotometer. The morphology and size of
BSA − AuNCs were observed with a transmission electron
microscope (TEM, JEM − 2100) operating at 200 kV. The VG
ESCALAB MKII spectrometer with Mg Kα excitation
(1253.6 eV) was used to collect the X−ray photoelectron spec-
troscopy (XPS) data. Fourier transform infrared (FTIR)
spectra were recorded with a Nicolet 6700 FTIR spectropho-
tometer at wavenumbers ranging from 500 to 4000 cm−1. The
confocal microscopy images were collected by a confocal
fluorescence microscope (FV1000, Olympus).

Results and discussion

Choice of materials and methods

The advantages of microwave-assisted techniques are uniform
heating, rapid reaction, low energy of consumption, cost-ef-
fectiveness, and environmentally friendly feature [35–38].
Herein, the successful preparation of BSA − AuNCs was car-
ried out by a low-cost and energy-saving microwave-assisted
method as shown in Scheme 1. To protect the structure of
BSA, ensue efficient absorption of the microwave energy,
and to warrant rapid microwave heating, water was selected
as the reaction medium due to its favorable di electric constant
and dielectric loss constant [37]. In this study, microwave
irradiation for 20 min was temporarily paused to prevent the
reaction mixture from overheating. In this process,
nanoclusters were formed after mixing BSA and HAuCl4
without using additional reducing agents in aqueous solution.
BSA played a role both as stabilizing agent and reducing agent
in the preparation, based on its capability to sequester and
reduce Au precursors in situ. If using other ligands (ascorbic

acid, or cystein, or casein), it is hard to observe the fluores-
cence as shown in Fig. S1. AuNCs show high stability of near-
infrared (NIR) fluorescence with a λmax of 675 nm. Moreover,
BSA − AuNCs can be used Bon − off − on^ NIR fluorescent
probe for detecting Cu2+ and VC in aqueous solution and
living cells simultaneously. Table S1 showed the comparison
of different probes for determination of Cu2+. It is apparent the
AuNCs can act as fluorescent probes for detection of Cu2+

with highly selective and sensitive.

The characterization of BSA − AuNCs

The optical properties of resultant BSA − AuNCs were inves-
tigated using UV − vis absorption and fluorescence spectro-
photometer. As shown in Fig. 1, BSA − AuNCs have an
absorption band at around 280 nm, which is assigned to the
absorption of BSA [39]. Moreover, there was the absence of
absorption at 520 nm, which corresponded to the surface plas-
mon resonance absorption of large Au nanoparticles (size
>2 nm), had informed the presence of oxidation states of Au
on the surface which failed to provide free electrons, and this
result was consistent with previously reported fluorescent Au
nanoparticles [40]. A strong fluorescence center on 675 nm in
the near-infrared region is observed from our BSA − AuNCs
in aqueous solution upon excitation at 500 nm (Fig. 1) and the
full width at half maximum was around 90 nm that covered
the red to NIR region, which made resultant BSA − AuNCs
useful markers for imaging in the 650 ~ 800 nm range, where
tissue and blood optical properties are highly favorable for
biomedical imaging. The fluorescence quantum yield of resul-
tant BSA − AuNCs reached up to 6.0% using Rodamine 6G
(QY 0.95 in ethanol) as the standard. By our knowledge, this
value is thus comparable to that of previously reported NIR
NCs [41]. In addition, microwave-assisted method is facile
and suitable for mass production. About 50 mL of
BSA − AuNCs were produced which showed brown in room

Scheme 1 Synthesis procedure of BSA − AuNCs by microwave-
assistant method and their applications as Bon − off − on^ fluorescent
probe for detecting Cu2+ and VC
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light and gave off strong red fluorescence under UV light
irradiation (inset of Fig. 1).

Transmission electron microscopy (TEM) was collected to
examine the morphology and size of BSA − AuNCs. As
shown in Fig. 2a, TEM image showed that resultant
BSA − AuNCs were uniform nanoparticles with mean size
of approximately 2.8 ± 0.5 nm and presented a nearly spher-
ical shape. In addition, there was no apparent aggregation
which indicated BSA − AuNCs had a good dispersion in
aqueous solution (inset of Fig. 1). X − ray photoelectron spec-
troscopy (XPS) was performed to confirm the elemental com-
positions and chemical bonds of BSA − AuNCs. The XPS
survey spectra presented that fluorescent BSA − AuNCs were
mainly composed of Au, S, C, N, O elements (Fig. S2a). As
presented in Fig. S2b, the high resolution spectra of C 1 s were
deconvoluted into three unit moieties, corresponding to C=C/
C−C at 284.3 eV, C−N at 285.1 eV, C=O/C=N at 287.4 eV,
respectively [42]. Besides, the high resolution XPS spectra of
N1s (Fig. S2c) and O1s (Fig. S2d) further confirmed the
existing of C−N/N−H and C−OH/C−O−C (532.2 eV) in
BSA − AuNCs [43]. These results demonstrated that there
are amount of hydrophilic groups on the surface of
BSA − AuNCs. Thus these functional groups would improve
NCs’ solubility and stability in aqueous solution. As presented
in Fig. 2b, two intense peaks were observed at 84.2 and
87.8 eV, which were assigned to the 4f7/2 and 4f5/2 features
of Au(0). The best fit of the data indicates that the BSA − Au
NCs consist of approximately 5.2% of Au(I) and 94.8% of
metallic Au(0). The existence of a small amount of Au(I) on
the surface can help to enhance the stability and QYs of
AuNCs [44].

Fourier transform infrared (FTIR) spectroscopy has been
used to monitor the changes in the secondary structures of the
BSA. Fig. S3 shows the FTIR spectra of the BSA and the
BSA − AuNCs. The protein amide I vibration in the region

of 1600–1700 cm−1 (mainly CO stretch) and the amide II
vibration in the region of 1480–1575 cm−1 (C–N stretch
coupled with N–H bending) are closely related to the second-
ary structures of the proteins [45]. A shift of the amide I band
from 1654 cm−1 to a lower wavenumber band (1649 cm−1)
was observed, which suggests the possible changes in the
secondary structure of BSA when conjugated with the
AuNCs [46]. A similar result was observed in the Circular
dichroism (CD) spectra of Fig. S4. These results implied that
decomposition and intermolecular cyclization reactions took
place during the generative process of AuNCs. Besides, BSA,
as protective layer on the surface of AuNCs can improve their
solubility and stability due to the 17 disulfide bonds and 1 free
cysteine [47], which had been widely used in the synthesis of
fluorescent NCs [48].

Microwave-assistant synthesis is a rapid reaction, thus con-
trolling experiment conditions becomes highly important, es-
pecially reaction time. At the beginning, there was no fluores-
cence emission. After adding microwave for 1 min, the fluo-
rescence appeared with characteristic peak at 665 nm and
spanning the wavelength range 580 ~ 800 nm.With extending
the reaction time, the fluorescence characteristic peak slowly

Fig. 1 UV − Vis absorption, excitation (Ex) and emission (Em) spectra
of BSA −AuNCs; Inset: the photographs of BSA −AuNCs under visible
(right) and 365 nm UV (left) light

Fig. 2 a, TEM image and (inset) histograms of size distribution of
BSA − AuNCs; b, XPS spectra of Au peaks of BSA – AuNCs
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shifted long-wavelength. Similar to quantum dots, the size
dependent emission of NCs had been reported from visible
red to NIR due to quantum size effect [9, 49]. Thus, we argue

that the red-shift of BSA −AuNCswith extending the reaction
time resulted from changing the size. When the reaction time
was up to 30 min, the fluorescence intensity reached up to
677 nm as shown in Fig. 3. Further increasing the reaction
time, the fluorescence emission of AuNCs continued red shift
very slow and the fluorescence almost no changed at the re-
action time up to 60 min (Fig. S5). Because pH affects the
protein structure, it is considered a crucial factor in the forma-
tion of BSA–Au NCs [50]. Only at high pH, the NIR fluores-
cence of AuNCs appeared and formed optimal fluorescence
intensity of the BSA − AuNCs at pH 12 (Fig. S6). This was
mainly because of an increase in the reduction capability of
BSA. The tyrosine residue of BSA is responsible for reducing
Au3+ to Au0 at pH levels greater than the pKa of tyrosine
(approximately 10). At low pH levels (<6.0), BSA did not
exert a reducing effect on the formation of BSA–AuNCs. At
high pH levels (>12.0), a high NaOH concentration quenched
the fluorescence intensity of BSA–Au NCs. Fig. S6 also dem-
onstrated that the ratio of BSA and Au precursor would influ-
ence on appearing NIR fluorescence.

Fig. 3 The fluorescent peaks of resultant BSA − AuNCs with various
microwave time

Fig. 4 a Histogram of fluorescence intensity (675 nm) of BSA–AuNCs
under 450 W Xe lamp irradiation for different time; b Histogram of
fluorescence (675 nm) of resultant BSA–AuNCs in NaCl solution with

various concentrations; cHistogram of fluorescence (675 nm) of resultant
BSA–AuNCs in various pH values
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According to previously repor ted f luorescent
nanomaterials, the stability of them was an important element
to evaluate their practical applications [51]. Consequently, the
stability of resultant BSA–AuNCs needed to be measured
before their application. Although some fluorescent
nanomaterials (organic dyes, proteins and quantum dots)
show high quantum yield, their applications would be limited
by poor stability [52]. Unlike those fluorescence objects, as-
synthesized BSA–AuNCs may broaden bio-applications
of luminescent nanomaterials owing to an ultra-stable
property. Herein, BSA–AuNCs are exposed under a
450 W xenon (Xe) lamp for various time spans to probe
their photo-stability. The fluorescence intensity of Au
NCs decrease only slightly, and preserve ~80% of the
initial intensity even after 180 min irradiation by 450 W
Xe lamp (Fig. 4a and Fig. S7), which has been much
more stable than FITC dye or CdTe QDs [53].

Additionally, the fluorescence intensity of BSA–
AuNCs had no obvious change with increasing the

concentration of NaCl solution (Fig. 4b and Fig. S8).
Even when the concentration was up to physiological ion-
ic strength (NaCl, 200 mM), the fluorescence intensity
still remained constant. Thus, salt resistance of BSA–
AuNCs was a significant factor to achieve their bio-appli-
cations. Moreover, in the relevant pH range of 6–14, the
fluorescence intensity of BSA–AuNCs have tiny change
as shown in Fig. 4c, indicating that these BSA–AuNCs
possess a relative high pH-stability (Fig. S9). In a word,
the NIR AuNCs with good photo-, pH- and ions-stability
in this article are particular appropriate for practical appli-
cations. We argue the high stability of resultant AuNCs
caused by surface protection of BSA. The AuNCs formed
in the BSA solution have been stabilized by a combina-
tion of Au − S bonding with the protein (via the 35 Cys
residues in BSA), and the steric protection due to the
bulkiness of the protein [54]. The high stability of BSA–
AuNCs would greatly facilitate their use in in vitro and
in vivo bioimaging applications [48].

Fig. 5 a Fluorescence quenching of BSA − AuNCs upon adding
different concentration of Cu2+ ions (0 ~ 1 mM), upon excitation at
500 nm; b plot of fluorescence intensity (675 nm) of resultant

BSA − AuNCs vs various amount of Cu2+ ions; c Histogram of
fluorescence intensity (675 nm) of BSA − AuNCs after adding different
metal ions
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The on-off-on probe for Cu2+ and vitamin C

Copper is not only one of essential elements for animals and
human beings with existing in many proteins and enzymes,
but also widely used in industry and medicines. The leak of
copper ions (Cu2+) will lead to the serious health problems, for
example, memory impairment, leukotrichia. However, too
much intake of Cu2+ can cause the gastrointestinal disorders.
Thus, it is important to sensitively analyze the concentration
of Cu2+. BSA–AuNCs can be used as a highly sensitive and
selective fluorescence probe for Cu2+ detection due to the
present of BSA on the surface. BSA has a much-stronger
affinity toward Cu2+, which caused the aggregation of NCs
(seeing the TEM image of Fig. S10a). This sensing mecha-
nism based on aggregation-induced fluorescence quenching
had been widely adopted for NCs as probe to determine metal
ions [7, 38, 55, 56]. So with this fluorescence active, water
soluble NCs in hands, we then investigated their ability as
probe in selective metal Cu2+ detection. It was found that the
fluorescence of BSA − AuNCs was efficiently quenched by

the Cu2+ ions. The fluorescence spectra displayed a gradual
decrease in emission intensity with increasing the concentra-
tion of Cu2+ (Fig. 5a). The fluorescence intensity of
BSA − AuNCs decreased to about 10% of the original fluo-
rescence intensity after the adding Cu2+ ions (100 μM) as
shown in Fig. 5b, indicating that the Cu2+ ions can effectively
quench the fluorescence of BSA −AuNCs. The sensingmech-
anism can be ascribed to electron or energy transfer between
Cu2+ ions and BSA −AuNCs. The limit of detection (LOD) is
estimated to be 10 nM, which is much lower than the maxi-
mum safety level of Cu2+ (20 μM) in drinking water defined
by the US Environmental Protection Agency (EPA).

The selectivity of the assay was investigated (Fig. 5c). A
number of metal ions was tested (Cu2+, Mn2+, Cr3+, CrO4

2−,
Mg2+, Ca2+, Na+, Ba2+, K+, Ni2+, Co2+, Fe3+ and Zn2+) under
the same experimental conditions. The results clearly show
that little emission intensity changes were observed in the
presence of these interference metal ions (Fig. 5c and
Fig. S11), which demonstrates that the assay method is highly
selective detection of Cu2+. Literature reports have shown that

Fig. 6 a fluorescence spectra of BSA − AuNC/Cu2+ complex upon
adding different concentration of VC, upon excitation at 500 nm; b plot
of fluorescence intensity (675 nm) of resultant BSA − AuNC/Cu2+

complex vs various amount of VC; c Histogram of fluorescence
intensity (675 nm) of BSA − AuNC/Cu2+ complex after adding various
biomolecules
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there are metallophilic interactions between the d10 centers of
Hg2+ and Au+ [50]. Thus, the presence of Hg2+ does interfere
with the detection of Cu2+. However, it was reported that the
interference can be removed by the addition of a proper
amount of Sn2+ [57].

The quenched fluorescence of BSA −AuNCs by Cu2+ ions
can be basically recovered by adding Vitamin C (VC). As
shown in Fig. 6a, the f luorescence intens i ty of
BSA − AuNC/Cu2+ complex increase upon adding the con-
centrations of VC. The reason is that VC competitively binds
with Cu2+ ions in the BSA −AuNC/Cu2+ complex by forming
a more stable complex Cu2+/VC. The interaction between
Cu2+ ions and BSA − AuNCs would be weakened by the
competitive coordination of the imidazole group, and part of
Cu2+ ions can be taken away from the BSA − AuNC/Cu2+

complex (seeing the TEM image of Fig. S10b), then the fluo-
rescence of BSA − AuNCs would be dramatically enhanced.
This result indicates that the response of BSA − AuNC/Cu2+

complex by VC is rapid and stable, implying a promising
application in a fast sensing of VC without strict time control.
Moreover, the linear relationship between the fluorescence
intensity enhancement and the concentration of VC was ob-
served in Fig. 6b. The limit of detection (LOD) is estimated to
be 24 nM. This fact demonstrated that the as designed biosen-
sor possessed excellent selectivity toward VC determination.
The fluorescence responses of BSA − AuNC/Cu2+ complex
were also investigated in the presence of various biomolecules
(VC, cysteine (Cys), histidine (His), glutamic acid (Glu),

tryptophan (Typ), methionine (Met), glucose, lysine (Lys),
alanine (Ala), and proline (Pro)) under the same experimental
conditions. The results indicated that the tested amino acids
have less influence on the VC determination by using the NIR
BSA − AuNC/Cu2+ complex as nanoprobes (Fig. 6c and
Fig. S12).

BSA − AuNCs showed water-dispersion, high stability,
and good biocompatibility and NIR emission. Especially, the
NIR fluorescence has advantages in biological imaging due to
relatively high transparency and low auto-fluorescence in liv-
ing tissues. Thus, to evaluate whether the NIR AuNCs-based
fluorescent probe is applicable to biological fields, HeLa cells
are used as the model to explore the possibility of using NIR
AuNCs for on-off-on detection of Cu2+ and VC in living cells.
Before that, toxicity is a major factor that needs consideration
in the design of an intracellular sensor system for subsequent
biological applications. To evaluate the cytotoxicity of the
BSA − AuNCs, a thiazolyl blue tetrazolium bromide (MTT)
assay was conducted on cells loaded with BSA − AuNCs. As
shown in Fig. S13, the viability of HeLa cells remained above
80% following incubation with the BSA − AuNCs, even at a
concentration of 100 μg/mL for 24 h, considerably more forc-
ing conditions than those used for cell incubation and imag-
ing. A similar result was observed in the MTT assay of 293 T
cells (Fig. S14). These results indicate the NIR BSA −AuNCs
are biocompatible and low toxicity.

After incubating, both the HeLa and MC3T3 − E1 cells
exhibit intense red fluorescence in the cytosol irradiated by

Fig. 7 a Confocal fluorescent
images, b bright field, and c
overlay images of Hela cells with
incubated with BSA − AuNCs,
BSA − AuNC/Cu2+ complex and
adding VC
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450 nm and the cells maintained their normal morphology,
thus indicating the good biocompatibility of NIR
BSA − AuNCs (Fig. 7 and Fig. S15). Upon adding Cu2+

solution (10–100 μM in MC3T3 − E1 cells and 100 μM in
HeLa cells) at room temperature, the red fluorescence in cells
would decrease (Fig. 7 and Fig. S15), which was consistent
with the changes in the fluorescence spectra observed in aque-
ous solution in presence of Cu2+. However, adding the VC,
the NIR fluorescence would be recovered (Fig. 7). These re-
sults demonstrate that this system can readily internalize into
the cytoplasm of the cell and work as on-off-on nanosensor in
living cells. Thus, resultant NIR BSA − AuNCs can be used
Bon − off − on^ NIR fluorescent probe for detecting Cu2+ and
VC in aqueous solution and living cells simultaneously.

Conclusions

In summary, NIR AuNCs with BSAworked both as stabiliz-
ing agent and reducing agent were synthesized by a facile and
rapid microwave-assisted method. BSA − AuNCs showed
NIR fluorescence, high quantum yield and small size.
Moreover, resultant BSA −AuNCs showed the excellent salt-,
photo- and pH- stability. The NIR fluorescence of
BSA − AuNCs would be quenched by Cu2+ ions and
quenched fluorescence is recovered by Vitamin C (VC).
Thus, NIR BSA − AuNCs can be utilized for Bon − off − on^
fluorescent probe for detecting Cu2+ and VC in aqueous solu-
tion simultaneously through the fluorescence quenching and
recovery processes, respectively. Furthermore, utilization of
resultant Bon − off − on^ fluorescent probe for monitoring
Cu2+ and VC in living cells has been successfully demonstrat-
ed. Thus, these BSA − AuNCs with facile preparation, water-
dispersion, high stability, good biocompatibility and NIR
emission, hold great promise as an alternative to conventional
fluorescence probes for biolabeling, sensing and other
applications.
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