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Near infrared (NIR) emitting quantum dots (QDs) is a promising candidate for biomedical
imaging in living tissues. However, the biomedical application of NIR QDs was not satisfactory
due to their toxicity. Ag2S QDs was reported to have negligible toxicity in organisms. Therefore,
the appropriate narrow bandgap and low toxicity of Ag2S QDs facilitated them to be a promising
contrast agent for °uorescence imaging. Here, a low toxicity, stable and highly luminescent NIR
Ag2S QDs were prepared by one-step aqueous method using 2-mercaptopropionic acid (MPA) as
the coating layers. Emission wavelength of Ag2S QDs could be tuned between 780 and 950 nm.
MTT assay results indicated that there was no signi¯cant biotoxicty for Ag2S QDs. These NIR
QDs exhibited excellent biocompatibility in tumor cells. The cellular uptake and localization of
Ag2S QDs was studied using laser confocal scanning microscopy. Ag2S QDs were e®ectively
internalized by the cells. Therefore, Ag2S QDs, acting as a novel °uorescence probe, has prom-
ising potential in biolabeling, deep tissue imaging, diagnostics and photodynamic therapy.
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1. Introduction

Quantum dots (QDs) are widely used for biolabeling
and bioimaging because of their distinct advantages
in optical properties such as great photostability,
high photoluminescence e±ciency, size-dependent
emission and a sharp emission pro¯le.1–5 However,

QDs that are excited in the UV emit in the visi-

ble region are not practical for bio-applications.

Firstly, biological constituents, like water, hemo-

globin and deoxyhemoglobin absorb and scatter

light in the visible region (400–700 nm) and therefore

have a quenching e®ect.6–8 Secondly, living tissue
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(like collagen)9 has signi¯cant auto-°uorescence in
the visible region.10 Thirdly, the penetration depth
of visible light is limited.10,11 Near-infrared (NIR)
light solves the auto-°uorescence problem by redu-
cing the °uorescence background, making NIR QDs
a promising candidate for biomedical imaging in
living tissues.12–15 Some typical examples of NIRQDs
reported in the literature are CdSeTe, CdSeTe/Cd,
CdHgTe/CdS, CdTe/CdSe/ZnSe16–18 and PbS.9

There are a few NIR QDs that have been used
successfully in in vivo imaging. Morgan et al.19 used
CdMnTe/HgQDs as an angiographic contrast agent.
Kim et al.20 demonstrated imaging of sentinel lymph
nodes in mice with CdTe/CdSe QDs. Ding et al.21

used CdTe/ZnS QDs in the imaging of a PANC-1
tumor. However, apart from the imaging window
consideration, toxicity is another important road-
block in the practical use of QDs, especially for
in vivo bio-applications. For bioimaging, the QDs
emission wavelength should ideally be in the NIR
region to improve tissue penetration depth and to
reduce background °uorescence.22–24 Moreover,
NIR °uorescent QDs for in vivo imaging not only
need excellent optical performance, but should also
be ultrasmall in size and free of extremely toxic
elements, such as Cd, Pb and Hg.25,26 However, it is
still challenging to prepare NIR °uorescent QDs
with ultrasmall size and low toxicity for bioimaging
applications. A few aqueous synthetic strategies for
water-soluble NIR °uorescent Ag2S QDs have also
been reported to avoid a further phase transfer
process for bio-application.27–30 Pang's group27

made the ¯rst attempt to synthesize water-soluble
carboxylic acid group terminated Ag2S QDs with
tunable emissions in ethylene glycol by a one-step
method, and directly injected the Ag2S QDs with the
emission at 910 nm into the subcutaneous tissue and
the abdominal cavity for small animal imaging.
However, previous methods for preparing water-sol-
uble Ag2S QDs still require high temperature, argon
gas protection and a nonaqueous solvent.27,28 Fur-
thermore, previous applications of Ag2S QDs were
also limited only for cell imaging29 and nontargeted
small animal imaging.27 Therefore, it is of great
interest to develop a mild and e®ective route for
preparing functionalized water-soluble NIR °uor-
escent Ag2S QDs for targeted tumor imaging in vivo.

Herein, a one-step synthesis of 2-mercaptopro-
pionic acid (3-MPA)-coated aqueous Ag2S NIRQDs
was demonstrated, and the bioconjugation of the
Ag2S QDs with a new developed peptide for targeted

cancer imaging in vivo.31 3-MPA-coated Ag2S QDs
are ¯rstly synthesized in aqueous solution via a simple
and mild synthetic route at 90�C and N2 gas pro-
tection. The resulting Ag2S QDs exhibit intense NIR
°uorescence, ultrasmall size and low in vivo toxicity,
which are favorable for bioimaging. 3-MPA not only
acts as a stabilizer, but also facilitates post-surface
modi¯cations with functional biomolecules. As the
peptide plays a role in tumor target and has enor-
mous potential as a diagnostic and prognostic bio-
marker of the disease status, further bioconjugation
of Ag2S QDs with peptide allows targeted imaging.
For potential biological uses, the cytocompatibility
of particles was investigated and in vitro imaging
using MCF-7 cell lines was demonstrated.32–39

2. Materials and Experiments

2.1. Materials

All reagents were analytical grade or highest purity.
Silver nitrate (AgNO3Þ was purchased from Sigma-
Aldrich. Sodium sul¯de (Na2S) was purchased
from Alfa-Aesar. 3-Mercaptopropionic acid (3-
MPA), acetic acid (CH3COOH), sodium hydroxide
(NaOH), phosphate bu®ered saline (PBS), dimethyl
sulfoxide (DMSO), and 4% paraformaldehyde were
purchased from Merck. LDS 798 near-IR laser dye
was purchased from Exciton Inc. Milli-Q water
(18mU) was used as the solvent. DMEM medium
(with 1.0 g/L glucose, stable L-glutamine, 3.7 g/L
NaHCO3 and phenol red, 10% fetal bovine serum
and trypsin-EDTA were purchased from Biochrom
AG, Germany. 1% penicillin–streptomycin antibiotic
solution was purchased from HyClone, USA.
Sodium30-[1-(phenylaminocarbonyl)-3,4-tetra-
zolium]-bis(4-methoxy-6-nitro) benzene sulfonic acid
hydrate (MTT) was purchased from Biological
Industries, Israel. 96-well plates were purchased from
Greiner Bio-One, Germany.

2.2. Preparation of Ag2S nanoparticles

Typically, 3-MPA was dissolved in 75mL of deoxy-
genated deionized water. The pH of the solution
was adjusted to 7.5 using NaOH and CH3COOH
solutions (2M). Then AgNO3 (42.5mg) was added,
the pH was readjusted to 7.5 and the solution was
brought to the desired temperature (30�C, 50�C or
90�C). About 25mL of deoxygenated aqueous Na2S
solution was then added slowly to the reaction
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mixture under vigorous mechanical stirring at
5000 rpm. During the reaction, samples were taken
at di®erent time points to follow the particle
growth. The product was stored in the dark at 4�C
for further analysis.

2.3. Characterization methods

The absorption spectra of Ag2S QDs were acquired
with Lambda 25 UV-Vis spectrophotometer (Perkin
Elmer, US). The corresponding °uorescence spectra
of the materials were measured at room temperature
using a LS 55 Fluorescence Spectrometer (Perkin
Elmer, US).

2.4. Cell culture

Culturing of human breast cancer cells (MCF-7)
was done according to ATCC recommendations.
Cells were cultured in DMEM medium with 1.0 g
glucose, stable L-glutamine, 3.7 g NaHCO3 and
phenol red. Full medium also contained 10% fetal
bovine serum and 1% penicillin–streptomycin anti-
biotic solution. Trypsin-EDTA was used for cell
detachment. Cells were incubated at 37�C under
5% CO2.

2.5. Evaluation of cytotoxicity

MTT assay was used for the evaluation of cyto-
toxicity. About 5000 cells per well in 96-well plates
were seeded. Following overnight incubation, after
treating the cells with di®erent concentrations (0.02
to l2.5�M) of Ag2S QDs, the cells were further
maintained at 37�C for 24 h. Each well was replaced
and the cells were washed three times with PBS (pH
7.0) before addition of 20�L of MTT solution
(5.0�g/mL). After incubating another 4 h, the
medium containing MTT was carefully removed
from each well and DMSO (150�L) was added to
each well to dissolve the purple crystals. The plates
were gently shaken for 10min at room temperature
beforemeasuring the absorbance. Spectrophotometric
readingswere taken at 500and650nm.Absorbance at
650nmwas subtracted from the absorbance at 500nm
which corrects the results for the QD absorbance. All
test samples were assayed in quadruplicate and the
cell viability was calculated using the following
formula: Cell viability= (Mean absorbance of test

wells � Mean absorbance of medium control wells)/
(Mean absorbance of untreated wells � Mean ab-
sorbance of medium control well) × 100%. We also
veri¯ed the low toxicity of Ag2S QDs through
animal experiment. The mice injected with Ag2S
QDs (1062.5�g/kg) did not show any abnormal
symptoms.

2.6. Cell imaging

Cellular uptake and localization of Ag2S QDs were
evaluated using MCF-7 cell. The cells were seeded
in laser confocal °uorescence microscope (LCFM)
culture dishes with a density of 4� 105 cells/well
and subsequently incubated at 37�C. When the
whole cells reached � 70–80% con°uency, 20�L of
QDs were added into di®erent dishes and then
incubated for 2 and 4 h. The cell a±nity of the QDs
was detected by LCFM (FV1000, Olympus, Japan).
The red °uorescence of Ag2S QDs was captured
under 488-nm light excitation. Intracellular uptake
of the di®erent probes was determined from the red
°uorescence intensity in the region of interest (ROI)
using Scion Image software.

3. Results and Discussion

3.1. Synthesis and characterization

of 3-MPA-coated Ag2S NIR QDs

3-MPA-coated Ag2S QDs were prepared in water
with slow addition of sul¯de to a mixture of 3-MPA
and silver salt. The color of the solution turned yel-
low with the addition of sul¯de ion and the resulting
colloidal QDs solution had a dark brown color. The
Ag2S QDs exhibit favorable optical properties. The
photoluminescence emission peak of the Ag2S QDs is
800 nm in the NIR region. The quantum yields of
synthesized Ag2S QDs was 37.9 %. The °uorescence
spectra show the emission peak centered at 800 nm
with an impressive full width at half maximum of
75nm, indicating a narrow size distribution of the
Ag2S QDs. The UV-vis spectra of the Ag2S QDs
show a feature around 450 nm [see Fig. 1(a)]. The
luminescence spectrum of the Ag2S QDs with emis-
sion at 800 nm was distinctly detected via the LS 55
Fluorescence Spectrometer [see Fig. 1(b)]. Emission
wavelength of Ag2S QDs could be tuned between 800
and 830 nm, which was shown in Fig. 1(c).
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3.2. Evaluation of cytotoxicity

The cytotoxicity of Ag2S QDs was tested on MCF-7
human breast cancer cells using MTT assay. The
Ag2S QDs did not show signi¯cant cytotoxicity at
concentrations up to 0.425mg/mL, with more than
90% of the cells retaining viability at 24 h after in-
cubation (see Fig. 2). The observed low cytotoxicity
could be attributed to several factors, especially
contributed by their low-toxic emental con-
sitituents. These results suggest that Ag2S QDs are
promising nanoparticles for bio-applications. We
also veri¯ed the low toxicity of Ag2S QDs through
animal experiment. The mice injected with Ag2S
QDs (1062.5�g/kg) did not show any abnormal
symptoms, and were still alive after 2 weeks.

3.3. Cell imaging

The cellular uptake and intracellular localization of
Ag2S was detected using confocal laser scanning
microscopy. MCF-7 cells were treated with 20�L of
QDs (0.425mg/mL) for 2 and 4 h. Ag2S NIR QDs

were e®ectively internalized and exhibited a punc-
tuated cytoplasmic distribution (see Fig. 3). QDs
emitted °uorescence ranged from UV region to IR
region were the research focus recently, and di®erent
kinds of QDs were applied for cell imaging and

(a) (b)

(c)

Fig. 1. (a) Absorption spectra of Ag2S QDs; (b) Fluorescence spectrum of Ag2S QDs; (c) Fluorescence spectra of the Ag2S QDs
with di®erent emission wavelength.

Fig. 2. Cell viability of the MCF-7 with di®erent concen-
tration of Ag2S QDs.
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animal imaging successfully. However, the existed
biotoxicity of the QDs prevented their further
clinical application. Ag2S QDs reported here aimed
at seeking more bio-safe contrast agent for bioima-
ging. The red °uorescence QDs in our study dis-
played low biotoxicity and fast cell internalization,
which provided a reference for the contrast agent
research in future.

4. Conclusion

Colloidally stable, highly cytocompatible and
highly luminescent aqueous Ag2S NIR emitting
QDs were successfully synthesized in water with
a 3-MPA coating. The size and therefore the
emission wavelength of these NIR QDs can be
tuned between 800 and 830 nm. These particles
possess signi¯cantly better quantum yield of 37.9%
compared to reported values in the literature. In
addition, these Ag2S NIR QDs showed dramati-
cally improved cytocompatibility in MCF-7 cell
lines. Cell imaging studies demonstrated that Ag2S
NIR QDs are excellent °uorescence probe for
bioimaging.
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