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ABSTRACT: A strategy is presented that involes
coupling Na2SeO3 reduction with the binding of silver
ions and alanine in a quasi-biosystem to obtain ultrasmall,
near-infrared Ag2Se quantum dots (QDs) with tunable
fluorescence at 90 °C in aqueous solution. This strategy
avoids high temperatures, high pressures, and organic
solvents so that water-dispersible sub-3 nm Ag2Se QDs can
be directly obtained. The photoluminescence of the Ag2Se
QDs was size-dependent over a wavelength range from
700 to 820 nm, corresponding to sizes from 1.5 ± 0.4 to
2.4 ± 0.5 nm, with good monodispersity. The Ag2Se QDs
are less cytotoxic than other nanomaterials used for similar
applications. Furthermore, the NIR fluorescence of the
Ag2Se QDs could penetrate through the abdominal cavity
of a living nude mouse and could be detected on its back
side, demonstrating the potential applications of these less
toxic NIR Ag2Se QDs in bioimaging.

Near-infrared (NIR) fluorescence facilitates bioimaging
and biodetection because it involves less interference

from blood and tissue autofluorescence and absorption.1,2

Semiconductor nanocrystals (quantum dots, QDs) with
fantastic optical properties, such as broad excitation, size-
dependent photoluminescence, unusual photochemical stabil-
ity, and single excitation/multiple emission, have attracted
much attention in bioimaging. So far, only the following QDs
are known to emit NIR fluorescence: (1) type-II nanomaterials
of CdTe/CdSe core−shell;3−5 (2) CdTeS, CdTexSe1−x, and
CdHgTe of alloy structure,6−9 both types of which contain
toxic heavy metals and are controversial for use in bioimaging
and biodetection; and (3) some relatively environmentally
friendly nanomaterials, including InAs/ZnSe,10 InAs/InP,11,12

InP/ZnS,13,14 Ag2S,
15 and Si QDs.16

Besides biocompatibility and nontoxicity, small size is also
important for labeling nanomaterials. In general, existing QDs
are close to or larger than most biological macromolecules in
size. Thus, use of QDs in biological labeling may be limited due
to their large size, which would interfere with both the
recognition between QD-labeled bioprobes and target mole-
cules due to steric hindrance and the movement of the
bioprobes.17 Therefore, it is still a big challenge to construct
new fluorescent QDs with less toxicity and small size for
bioimaging and biodetection.17

Ag2Se nanocrystals are less toxic and less explored nanoma-
terials, usually found in two different stable solid phases:
semiconducting β-Ag2Se, synthesized at low temperature with
an orthorhombic lattice and an energy gap of 0.07 eV at 0 K,
and metallic α-Ag2Se, synthesized at high temperature with a
body-centered cubic lattice and superionic characteristics.18a

Ag2Se has been extensively studied in different fields over the
past years.18a,19−24 However, NIR optical applications of this
environmentally friendly material25 that does not involve heavy
metals have been less investigated. Only the Heiss group has
reported on two fluorescent wavelengths, 1030 and 1250 nm, of
β-Ag2Se QDs synthesized in the organic phase,25 which need to
be transferred to the aqueous phase for bioimaging. In order to
avoid additional water solubilization, synthesizing nanocrystals
in aqueous phase is a direct strategy to obtain water-dispersible
nanocrystals for bioapplications. However, since the fluores-
cence is mainly controlled by the size of Ag2Se nanoparticles

25

and Ag2Se nanoparticles with small sizes are usually difficult to
obtain in the aqueous phase,18a no report on fluorescence-
tunable Ag2Se nanoparticles synthesized in the aqueous phase
has appeared so far.
Biochemical reactions and biosystems are powerful tools for

controllable synthesis of nanomaterials.26−28 Using a quasi-
biosystem, 1.3 nm Au clusters have been successfully
synthesized.28 Herein, we report a strategy to synthesize NIR
fluorescence-tunable, small size (sub-3 nm), and water-
dispersible Ag2Se QDs at 90 °C by mimetic biochemical
reactions. The fluorescence properties, cytotoxicity, and
potential ability for in vivo imaging using the as-prepared
Ag2Se QDs are demonstrated in this work.
The crucial point in preparing the Ag2Se QDs is to obtain Ag

and Se elements in the appropriate valence states. In previous
reports, selenite was reduced to low-valence selenium in yeast
cells,29,30 which can react with Cd2+ to form fluorescent CdSe
QDs in living yeast cells.26 This process of selenite reduction
from SeO3

2− to GSSeH was biomimicked, using glutathione
(GSH), reduced nicotinamide adenine dinucleotide phosphate
(NADPH), and glutathione reductase (GR) as described in
Figure 1. GSSeH, which can react with heavy metal ions,31 was
predesigned as the Se precursor for the synthesis of Ag2Se QDs.
The reduction of SeO3

2− with GSH was biomimicked to
obtain GSSeSG by mixing 20 μL of 0.1 M Na2SeO3, 2.1 mL of
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pH 7.1 Britton−Robison (BR) buffer, and 80 μL of 0.1 M GSH
and subsequently incubating for 1 min as previously reported.29

High-performance liquid chromatography coupled with mass
spectrometry (HPLC-MS) was used to monitor the designed
process of selenite reduction. GSSeSG obtained from the
reduction of Na2SeO3 by GSH in the first step of the reduction
(Figure 1a) is the key intermediate for the formation of desired
GSSeH. As confirmed by our HPLC results, there were three
organic components in the first reduction step (Figure S1a).
Mass spectra demonstrated that the three organic components
were GSH, GSSG, and GSSeSG (Figure S1b−d). The
hypothesized Se precursor (GSSeH) was also detected by
HPLC-MS. The mass spectrum (Figure S2b) confirmed that
the sample peak (41.97 min) in the HPLC chromatogram
(Figure S2a) represented GSSeH, indicating that the GSSeH
existed in the biomimetic process of selenite reduction. Hence,
the desired Se precursor GSSeH could be indeed obtained
according to our design.
Besides the Se precursor, an appropriate form of Ag

precursor is important in order to prepare the monodispersed
Ag2Se QDs. Alanine (Ala), which can form a Ag+-Ala
complex,32 was chosen as the stabilizer for Ag2Se QDs.
Therefore, we designed a strategy of coupling two biochemical
processes, Na2SeO3 reduction and binding of silver ions and
alanine, to construct a quasi-biosystem to realize the synthesis
of Ag2Se QDs in aqueous phase.
The freshly prepared Se precursors were injected into the

solution of the fresh Ag+-Ala precursors, and the mixture was
stirred for 10 min at 90 °C, giving Ag2Se QDs. All the
characteristic peaks in the XRD results (Figure 2b) matched
exactly with the standard JCPDS card (no. 24-1041).19 This
result suggested that the purified products synthesized by our
method at 90 °C were orthorhombic Ag2Se in the β form. The
high-resolution transmission electron microscopy (HRTEM)
image in Figure 2a shows that the lattice spacing (ca. 0.24 and
0.23 nm) agrees with the distances between adjacent facets
(013) and (031) of orthorhombic Ag2Se. Energy-dispersive X-
ray spectroscopy (EDX) characterization (Figure S3) of the
purified products proved that the products were composed of
Ag and Se elements. X-ray photoelectron spectroscopy (XPS)
was used to analyze the surface composition of the as-prepared
products. The survey-scan and narrow-scan spectra of the Ag
3d and Se 3d are shown in Figure S4. The binding energy XPS
data were referenced to the C 1s of aliphatic carbon at 284.9
eV. The peaks at 367.56 and 373.59 eV correspond to Ag 3d5/2
and 3d3/2, and the peak at 53.53 eV corresponds to Se 3d of
Ag2Se QDs. The binding energy obtained from XPS analysis is

consistent with a previous report.18a The above results indicate
that the products prepared by mimicking biochemical reactions
were indeed orthorhombic Ag2Se QDs.
Tuning the photoluminescence of NIR nanomaterials for

biolabeling is still a big challenge. Since the optical properties of
Ag2Se QDs are size-dependent,25 size control is crucial for
tuning the photoluminescence wavelength. However, it is
difficult to obtain Ag2Se QDs with small size due to the small
solubility product constant (KSP = 2.0 × 10−64) of the Ag2Se

18b

and the fast crystal growth.18a Hence, the NIR properties of this
environmentally friendly material without heavy metals are not
much investigated. Using this quasi-biosystem, ultrasmall Ag2Se
QDs can be obtained with varying sizes by changing the initial
Ag:Se molar ratio. The sizes were obtained by measuring at
least 300 individual Ag2Se QDs in transmission electron
microscopy (TEM) images. As shown in Figure 2c−e, by
tuning the molar ratio of Ag precursor to Se precursor (6:1, 5:1,
4:1), uniform sub-3 nm Ag2Se QDs can be synthesized with
varying sizes of 1.5 ± 0.4, 1.6 ± 0.4, and 2.4 ± 0.5 nm,
respectively. As the Ag:Se molar ratio decreased from 6:1 to 5:1
and to 4:1, the PL emission peak of the Ag2Se QDs gradually
shifted from 700 to 730 nm and to 820 nm (Figure 2f) with

Figure 1. Scheme for SeO3
2− reducing process including (a) reduction of SeO3

2− with GSH and (b) reduction of GSSeSG with NADPH and GR.

Figure 2. (a) HRTEM image, (b) XRD pattern, (c−e) TEM images of
monodispersed Ag2Se QDs with different sizes (synthesized at a 6:1
(c), 5:1 (d), and 4:1 (e) molar ratio of Ag precursor to Se precursor),
(f) PL emission spectra, (g) absorption spectra, and (h) photostability
curve of Ag2Se QDs.
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quantum yields 1.00%, 1.01%, and 3.09%, respectively, and the
absorption peaks of the products in the UV−vis spectra (Figure
2g) red-shifted. It is worth noting that the full width at half-
maximum (fwhm) of the PL emission peak (90−120 nm) of as-
prepared Ag2Se QDs is obviously narrower than those of the
previously reported HgTe QDs,33a CdHgTe QDs,33b and
Ag2Se QDs25 (about 200 nm).
The photostability of the as-prepared Ag2Se QDs was

characterized by continuous irradiation by an Hg lamp with a
power of 50 W (Figure 2h). A widely used NIR organic dye,
indocyanine green (ICG), was chosen as the control for the
Ag2Se QDs. The ICG was completely photobleached after 120
min of continuous irradiation, whereas Ag2Se QDs retained
65% of its fluorescence after 300 min of continuous irradiation
(Figure 2h). These results indicate that the as-prepared Ag2Se
QDs have good photostability.
Ag2X (X = S, Se, Te) QDs without heavy metals are

considered as more environmentally benign alternatives for
infrared-active nanocrystal materials.25 However, the toxicity of
this kind of QDs has not been studied. Thereby, 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assay, a standard cell viability assay, was used to test the
cytotoxicity of the as-prepared Ag2Se QDs. MTT is a water-
soluble tetrazolium salt and can be converted to an insoluble
purple formazan by succinate dehydrogenase in the mitochon-
dria of living cells, while dead cells cannot convert the MTT.
MDCK cells (normal kidney cells of a cocker spaniel), Vero
cells (normal kidney cells of an African green monkey), and
A549 cells (lung carcinoma cells) were exposed to Ag2Se QDs
at different concentrations from 0 to 47.4 μg/mL to test the
influence of Ag2Se QDs on cell viability. As shown in Figure 3a,

97% of MDCK cells, 96% of Vero cells, and 100% of A549 cells
retained viability after being exposed to the Ag2Se QDs for 24
h. These results imply that the Ag2Se QDs are relatively less
cytotoxic and more environmentally friendly NIR nanomateri-
als.
The NIR fluorescence penetrability of the as-prepared Ag2Se

QDs in vivo was also demonstrated. The Ag2Se QDs prepared
by the above method are water-dispersible and thus can be used
in biosystems without phase transfer from organic to aqueous
phase. Ag2Se QDs with PL emission at 820 nm were chosen for
the living nude mouse imagin: 100 μL of Ag2Se QDs in PBS
buffer (1.5 mg/mL) were injected into the abdominal cavity of

a mouse (∼16 g) anesthetized with diethyl ether. As shown in
Figure 3b−f, the NIR images could be obtained on the back
side of the mouse after injection of Ag2Se QDs into the
abdominal cavity. The thickness of the mouse body was 2 cm,
and the penetration depth of the as-prepared Ag2Se QDs was at
least 1 cm. The background spectrum of a nude mouse and the
fluorescence spectrum of Ag2Se QDs in vivo are shown in
Figure S5. The fluorescence wavelengths from the nude mouse
with and without Ag2Se QDs were separated by about 80 nm.
Furthermore, autofluorescence of the nude mouse was hardly
observed, as shown in Figure 3b, thereby not influencing the in
vivo imaging with Ag2Se QDs. It should be emphasized that
Ag2Se QDs with >1% quantum yield can be used for NIR
imaging. These results show that the NIR Ag2Se QDs
synthesized by coupling Na2SeO3 reduction with the binding
of silver ions and alanine implies a promising future for their
application of bioimaging.
In summary, we have coupled Na2SeO3 reduction with the

binding of silver ions and alanine to successfully realize the
synthesis of NIR fluorescence-tunable, small-size (sub-3 nm),
less cytotoxic, and water-dispersible Ag2Se QDs at 90 °C. By
tuning the molar ratio of Ag precursor to Se precursor, sub-3
nm Ag2Se QDs of varying sizes can be synthesized. The PL
emission peak of Ag2Se QDs has been tuned from 700 to 730
nm and to 820 nm, corresponding to sizes from 1.5 ± 0.4 to 1.6
± 0.4 nm and to 2.4 ± 0.5 nm with quantum yields above 1%.
The NIR fluorescence of the as-prepared Ag2Se QDs can
penetrate through a living nude mouse. Ag2Se QDs may have
promising applications in bioimaging.
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