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Abstract
Ag2S quantum dots (QDs) emitting in the second near-infrared region (NIR-II, 1.0~1.4 μm) are
demonstrated as a promising fluorescent probe with both bright photoluminescence and high
biocompatibility for the first time. Highly selective in vitro targeting and imaging of different cell
lines are achieved using biocompatible NIR-II Ag2S QDs with different targeting ligands. The
cytotoxicity study illustrates the Ag2S QDs with negligible effects in altering cell proliferation,
triggering apoptosis and necrosis, generating reactive oxygen species (ROS), and causing DNA
damage. Our results have opened up the possibilities of using these biocompatible Ag2S QDs for
in vivo anatomical imaging and early-stage tumor diagnosis with deep tissue penetration, high
sensitivity, as well as elevated spatial and temporal resolution owing to their high emission
efficiency in the unique NIR-II imaging window.
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Fluorescent imaging in the second near-infrared window (NIR-II, 1.0~1.4 μm) is appealing
due to minimal autofluorescence and negligible tissue scattering in this region, affording
maximal penetration depth for deep tissue imaging with high feature fidelity.1–4 Simulations
and modeling studies suggested that fluorophores with emission in the 1000 – 1320 nm
NIR-II region could significantly improve signal-to-noise ratio compared to those emitting
at 750~850 nm (NIR-I).5 Recent efforts have been devoted to identifying NIR-II emitting
agents for in vivo imaging applications. Quantum dots (QDs) such as PbSe6, PbS7, and
CdHgTe8 with NIR emission have been successfully developed. However, the highly toxic
nature of Pb, Cd and Hg is of concern for in vivo applications.9 Therefore, highly
biocompatible NIR-II fluorescent probes that do not contain Cd, Pd or Hg will facilitate
biological imaging in this beneficial spectral region.9–17

Recently, single-walled carbon nanotubes (SWNTs) have been demonstrated as promising
candidates for biological imaging and sensing with unique fluorescence in the NIR-II
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region.1–3,10–12 The Dai group has shown that SWNTs can be used as sensitive NIR-II
fluorescence probes for imaging both in vitro and in live mice.1–3,13–17 High imaging
contrast was achieved at a relatively low dose (3.4 μg) for whole-body mouse imaging as
well as intravital small vessel imaging inside tumors on tumor-bearing mice.1 Furthermore,
real-time video rate imaging of SWNT circulation through different mouse organs, including
the lungs, kidneys, spleen, liver and pancreas, can be clearly observed for detailed
anatomical information during intravenous injection of SWNTs.2 However, a pitfall is that
the fluorescence quantum yield (QY) of SWNTs is relatively low, a few percent at the
best.18,19 There is an urgent need to develop brighter fluorophores in the NIR-II window for
imaging in this beneficial region.

More recently, we first reported a new type of NIR QDs, Ag2S QDs, with emission in the
NIR-II region.20,21 Ag2S QDs should be more biocompatible owing to the absence of any
toxic metals such as Cd, Pb, and Hg. In addition, Ag2S exhibits an ultralow solubility
product constant (Ksp = 6.3 × 10−50), which ensures the minimum amount of Ag ion
released into the biological surroundings. In this work, for the first time, molecular imaging
of live cells with Ag2S QDs as an NIR-II probe was achieved and the cytotoxicity of Ag2S
QDs was comprehensively studied. These results demonstrated that Ag2S QD is an attractive
NIR-II fluorescence nanoprobe with high quantum efficiency and decent biocompatibility.

RESULTS AND DISCUSSION
Ag2S QDs were prepared according to our previous reports20,21 with some modifications. In
a typical reaction, 0.1 mmol of (C2H5)2NCS2Ag was added into 10 g of 1-dodecanethiol
(DT) in a three-necked flask (100 mL) at room temperature. The slurry was vacuumed for 5
min to remove oxygen under vigorous magnetic stirring. The solution was then heated to
210 °C at a heating rate of 15 °C/min and kept for 1 h under N2 atmosphere. Hydrophobic
Ag2S QDs with an average diameter of 5.4 nm coated with DT as the surface ligand were
obtained. It was noticeable that the Ag2S QDs obtained by merely using DT as both covalent
ligand and solvent afforded the brightest photoluminescence (PL), in comparison to previous
reports20,21. More importantly, we observed an interesting phenomenon that the emission of
Ag2S QDs did not depend on the size. As shown in Figure 1, three samples of Ag2S QDs
with different sizes of 5.4 nm, 7 nm and 10 nm exhibited similar NIR spectra with identical
peak position, except for the decrease of PL intensity as particle sizes increased. The 5.4
nm-sized Ag2S QDs were used for all the following experiments of cell staining and
cytotoxicity assessment.

To rationalize the unusual size-independent emission of Ag2S QDs, we proposed that it was
the DT molecules that played a key role in determining the optical properties of Ag2S. In our
previous report,20 Ag2S QDs were synthesized by pyrolysis of (C2H5)2NCS2Ag in a mixture
of oleic acid, octadecylamine and 1-octadecane, where an extraordinarily narrow full width
at half maximum (FWHM) of 21 nm with emission peak at 1058 nm was found for Ag2S
QDs with oleic acid and octadecylamine as surface capping ligands.20 Instead, the Ag2S
QDs obtained in this study were prepared through thermal decomposition of
(C2H5)2NCS2Ag with DT as covalent ligand and solvent and were exclusively coated with
DT molecules, which might be involved in the reaction as partial sulfur source and the only
capping ligand. This different recipe for making the Ag2S QDs resulted in this new
observation. Nevertheless, full understanding of this mechanism is still under investigation.

Ligand-exchange of DT with dihydrolipoic acid (DHLA) was processed to render Ag2S
QDs hydrophilic with carboxylic acid group for further biomolecular conjugation. Ag2S
QDs stayed monodisperse with narrow size distribution and considerable stability before and
after the ligand exchange process (Figure 2A and 2B; Figure S1 and S2). Their average
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diameter was 5.4 ± 0.3 nm, based on statistical analysis of ~100 nanoparticles. Figure 2C
exhibited the PL spectra of the as-prepared DT-Ag2S QDs and DHLA-Ag2S QDs under the
excitation of a 658 nm laser diode. A 30-nm red shift in the PL peak position and a 43-nm
widened FWHM were observed in the spectrum of DHLA-Ag2S QDs compared to that of
DT-Ag2S QDs, which could be attributed to the change of refractive index of the coating
layer. A PL image taken in the 1100 – 1700 nm spectral range was shown in Figure 2C for
the DHLA-Ag2S QDs excited by an 808 nm laser (power density: 0.25 W/cm2, exposure
time: 10 ms), which exhibited the bright fluorescence of DHLA-Ag2S QDs. The QY of
DHLA-Ag2S QDs was characterized to be 5.8%, with an NIR standard dye IR-26 as the
reference (QY = 0.5%).22 Poly(ethylene glycol) (PEG) was further used to encapsulate and
stabilize the DHLA-Ag2S QDs via ethyl (dimethylaminopropyl) carbodiimide/N-hydroxy-
succinimide (EDC/ NHS) chemistry between the –COOH groups of DHLA and –NH2
groups of amine functionalized six-armed PEG. The PEGylated-DHLA-Ag2S QDs were
measured to retain higher QY of 15.5%, which could be attributed to better encapsulation
and protection of PEG on the Ag2S surfaces than DHLA only. As expected, the negatively
charged DHLA-Ag2S QDs became neutral after PEGylation (Figure S3 and S4). In
comparison to SWNTs, DHLA-Ag2S QDs and PEGylated-DHLA-Ag2S QDs were 2.1 times
and 5.6 times brighter than the reported cholate-suspended SWNTs1.

To demonstrate the feasibility of these bright Ag2S QDs as effective NIR-II emissive
probes, targeted cell imaging was carried out in the 1100 - 1700 nm range using the intrinsic
NIR-II fluorescence of the DHLA-Ag2S QDs (Figure 3). Two cell lines, human breast
cancer cell line (MDA-MB-468) and human glioblastoma cell line (U87 MG), were
specifically chosen for cell targeting experiment, since they represented two cell types with
very different levels of expression of two membrane receptors, epidermal growth factor
receptor (EGFR) and αvβ3 integrin. Cetuximab (Erbitux®) protein and cyclic arginine-
glycine-aspartic acid (RGD) peptide were selected for their specific targeting to EGFR and
αvβ3 integrin,1,23 respectively, and they were conjugated to the carboxyl groups of DHLA
ligands on Ag2S QD surfaces via the EDC/NHS coupling chemistry. All cell staining
experiments with Ag2S QDs were conducted in phosphate buffered saline (PBS) at 4 °C for
2 h. The EGFR-positive MDA-MB-468 cell line treated with the DHLA-Ag2S QD/Erbitux
conjugate (Figure 3A) showed high NIR PL signals (red-white), whereas the EGFR-negative
U87 MG cell line (Figure 3C) showed very little signal. Furthermore, the αvβ3-positive U87
MG cell line treated with the DHLA-Ag2S QD/RGD conjugate (Figure 3G) also showed
high NIR PL signals (red-white), whereas the αvβ3-negative MDA-MB-468 cell line (Fig.
3E) did not. As an additional negative control, the labeling experiment was executed with
the uncoated DHLA-Ag2S QDs, and very little NIR-II fluorescence was observed for both
cell lines (Figure S5). These observations demonstrated that (1) Ag2S QDs can be used for
selective cell targeting and imaging as a new type of NIR-II nanoprobe with high PL
intensity; and (2) Ag2S QDs can be functionalized to obtain either biologically active or
inert surface coatings for specific targets.

It is worth noting that both the DHLA-Ag2S QD/Erbitux conjugates and DHLA-Ag2S QD/
RGD conjugates were incubated with the MDA-MB-468 cells and U87 MG cells at 4 °C.
Such a low temperature blocked the endocytosis of Ag2S QDs and avoided any non-specific
active cell uptake of Ag2S QDs.14,24 The Ag2S QDs were simply bound to the cell
membrane receptors through the specific recognition of the ligands conjugated on the QD
surfaces and thus truly reflected the level of membrane receptor expression. As a result, 4 °C
incubation helped improve the specificity of cell staining since higher temperature would
have caused non-specific uptake by the negative cell lines. As for the round shape of the
cellular morphology shown in the white light optical images in Figure 3, it was due to the
shape changes induced by trypsinization before cell staining, and not from the cell damage
caused by Ag2S QDs. The reason for using trypsinized, round-shaped cells instead of
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adherent cells was the size of Ag2S QDs used here for staining. Unlike small molecules such
as membrane staining dyes that could perfuse freely on the membrane, QDs had difficulties
to access the bottom contact area of adherent cells for obtaining uniform staining on the cell
membrane. Cells had to be detached from the culture substrate to afford the maximum
accessible surface area with enough exposed receptors for conjugated QDs to bind to. After
staining at 4 °C, the Ag2S QD-labeled U87-MG cells as shown in Figure 3G were incubated
at 37 °C, and the low-temperature-induced shape change was observed to be gradually
reversed,25 as shown in Figure S7. Figure S7 also illustrated the Ag2S QDs with high
physical stability and retained PL intensity over 4 h incubation with cells, which further
supported the possible in vitro/in vivo applications of Ag2S QDs in the future.

Although Ag2S QDs have shown their promise as a new type of NIR-II probe, their
biocompatibility is critical for their potential in vitro applications. Hence, we systematically
studied the cytotoxicity of Ag2S QDs, including cell proliferation, cell apoptosis/necrosis,
production of reactive oxygen species (ROS), and comet test for DNA damage detection, to
examine the biocompatibility of Ag2S QDs in vitro. Mouse fibroblast L929 cell line was
chosen for the cytotoxicity study. Since our goal was to study how the Ag2S QDs would
affect the cellular behaviors in general, L929 cells without over-expressed or under-
expressed receptors will be more objective in assessing the cytotoxicity of Ag2S QDs,
instead of U87 MG or MDA-MB-468 cell lines with over-expressed membrane receptors.

Cell proliferation reflects an increase in cell numbers as the result of cell growth and
division, which is a fundamental method for assessing the impact of toxicant on cell health
and genotoxicity. Figure 4 shows the proliferation of L929 cells after 72 h exposure to five
different concentrations: 6.25 μg/mL, 12.5 μg/mL, 25 μg/mL, 50 μg/mL, and 100 μg/mL of
Ag2S QDs. It was observed that the cell proliferation was dose-independent, where both the
total number of cells (stained with Hoechst) and the number of cells with newly synthesized
DNA (stained with EdU) presented no statistically significant difference. This observation
suggested that Ag2S QDs did not interfere with the cell proliferation, which was good for
their use of in vitro labeling. In the meantime, the effects of PEGylated-DHLA-Ag2S QDs
and the popular 3-mercaptopropionic acid (MPA)-capped CdSe@ZnS QDs on L929 cell
proliferation were further studied as references. As shown in Figure 4, there is no statistical
difference of the cell proliferation performance between the DHLA-Ag2S QDs and
PEGylated-DHLA-Ag2S QDs. However, the proliferation of L929 cells was severely
disturbed with the CdSe@ZnS QDs. These observations illustrated that the biocompatible
nature of Ag2S without side effect on the cell proliferation.

Annexin V-FITC staining and propidium iodide (PI) incorporation were performed to study
the cell apoptosis and cell necrosis induced by Ag2S QDs. The flow cytometry data as
shown in Figure 5 demonstrated that the Ag2S QDs had negligible cytotoxicity in terms of
induced apoptosis and necrosis on L929 cells after 72 h treatment. In the fluorescence
activated cell sorting (FACS) dot plot, each dot represented an individual cell. The cells
appearing in the lower left quadrant (Q3) stood for the normal cells, and the cells appearing
in the upper left quadrant (Q1) denoted the necrosis cells. While those appearing in the
upper right quadrant (Q4) and lower right quadrant (Q2) represented the cells in the early
and late apoptotic stages, respectively. With the concentration of Ag2S QDs at 6.25 μg/mL,
12.5 μg/mL, 25 μg/mL, 50 μg/mL, and 100 μg/mL, the populations of L929 cells that
underwent apoptosis and necrosis remained constant without statistically significant
difference in comparison to those of the control experiment without Ag2S QDs. These
results illustrated the high biocompatible nature of the DHLA-Ag2S QDs.

Oxidative stress is usually defined as an index of redox imbalance in cells resulting from the
increased intracellular ROS.26 The formation of ROS induced by addition of DHLA-Ag2S
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QDs was measured via monitoring the fluorescence intensity of 2’, 7’-dichlorofluorescein
(DCF). The ROS assay employed the cell-permeable fluorogenic probe DCFH-DA which
diffused into cells and was hydrolyzed by cellular esterase into the non-fluorescent DCFH.
In the presence of ROS, DCFH is rapidly oxidized to highly fluorescent DCF. The flow
cytometry results (Figure 6) demonstrated that L929 cells treated with Ag2S QDs in a wide
range of 6.25 to 100 μg/mL for 72 h produced negligible amount of ROS, which had no
statistically significant difference in comparison to that of the negative control (0 μg/mL). It
has been well documented that the formation of ROS caused by the presence of
nanoparticles is considered to be the major cause of spontaneous damage to DNA, followed
by the cell apoptosis and necrosis.27 Taking into account both apoptosis/necrosis and ROS
results, we believed that Ag2S QDs was highly biocompatible since both the apoptosis/
necrosis and ROS results presented negligible toxicity of Ag2S QDs at concentrations up to
100 μg/mL.

To gain further understanding of the biocompatibility of Ag2S QDs, we conducted the
single-cell gel electrophoresis assay (comet assay) to detect the genotoxicity induced by
Ag2S QDs. Comet assay has been considered as a well-established, simple, versatile, and
sensitive tool to quantitatively assess DNA damage in individual cell populations.28 The
head is composed of intact DNA, while the tail consists of damaged or broken pieces of
DNA. The brighter and longer the tail is, the higher the level of damage. As shown in Figure
7, there were no statistically significant differences in both tail length and tail moment when
L929 cells were treated with Ag2S QDs in a series of concentrations ranging from 0, to 6.25,
12.5, 25, 50, 100 μg/mL for 72 h, respectively. The percentage of DNA content in the comet
tail also did not show notable changes when the Ag2S QDs concentration was raised, which
is consistent with the results of DNA tail length and tail moment. These results illustrated
the Ag2S QDs with negligible genotoxicity.

CONCLUSION
In summary, we have demonstrated that Ag2S QDs can be used as a promising NIR-II probe
with both bright photoluminescence and high biocompatibility. Through the bioconjugation
of Ag2S QDs with specific ligands, targeted labeling and imaging of different cell lines were
achieved. The cytotoxicity study has illustrated the Ag2S QDs with negligible toxicity in
terms of cell proliferation, apoptosis and necrosis, ROS, and DNA damage. We envisage
this new type of NIR-II QDs with great potential in in vivo anatomical imaging, disease
detection and cancer diagnosis, where a systematic investigation of the in vivo
biodistribution, degradation, and clearance of the Ag2S QDs in addition to their in vivo
imaging capabilities is needed and currently under way.

METHODS
Chemicals and cell lines

For purpose of surface functionalization, the following chemicals were used: 1-
dodecanethiol (DT, 98%, aladdin), dihydrolipoic acid (DHLA, 98%, Alfa Aesar),
poly(ethylene glycol) (PEG, 90%, SunBio), ethyl (dimethylaminopropyl) carbodiimide
(EDC, commercial grade, Sigma), N-hydroxy-succinimide (NHS, 98.5%, Sigma). Other
chemicals including AgNO3 (AR), dimethyl sulfoxide (DMSO, AR),
(C2H5)2NCS2Na·3H2O (Na(DDTC)), ethanol (AR), and cyclohexane (AR) were purchased
from Sinopharm Chemical Reagent Company. All chemicals were used as received without
further purification. Biological materials used in this study are listed as follows: Mouse
fibroblast L929 cell line (The Cell Bank of Type Culture Collection of Chinese Academy of
Sciences), human malignant glioma U87 MG cell line (The Cell Bank of Type Culture
Collection of Chinese Academy of Sciences), human breast cancer MDA-MB-468 cell line
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(ATCC), Erbitux (DrugBank), cyclo-RGDfK (cyclic arginine-glycine-aspartic acid,
Biomol). CdSe@ZnS QD530 powder was purchased from Ocean NanoTech. Water
solubilization with mercaptopropionic acid (MPA) and concentration determination were
carried out using reported methods29.

Preparation of (C2H5)2NCS2Ag
In a typical synthesis, 0.1 mol of AgNO3 and (C2H5)2NCS2Na·3H2O were firstly dissolved
in 80 mL of distilled water, respectively. Then, the two solutions were mixed with stirring in
a 200 mL beaker. After sitting at constant ambient condition for 2 h, the resultant yellow
precipitate was filtered, washed with distilled water, and dried in air at 60 °C.

Synthesis of hydrophobic Ag2S QDs with different size distributions
A typical procedure is described as follows: a given amount of Ag(DDTC) (0.1 mmol) was
added into 10 g DT in a three-necked flask (100 mL) at room temperature. Then, oxygen
was removed from the slurry with vigorous magnetic stirring under vacuum for 5 min. The
solution was heated to different temperatures including 210 °C and 230 °C at a heating rate
of 15 °C/min and kept at a constant temperature for 1 h under N2 atmosphere. Then it was
allowed to cool down to room temperature naturally. Subsequently 50 mL of ethanol was
poured into the solution, and the resultant mixture was centrifugally separated with a
centrifugal force of 6729 g for 20 min and the products were collected. Note that 210 °C
resulted in Ag2S QDs with an average size of 5.4 nm, and 230 °C gave 7 nm-sized Ag2S
QDs. For the synthesis of 10 nm Ag2S QDs, its procedure is same to that of 5.4 nm-sized
Ag2S QDs except the employed silver source AgNO3 (0.1 mmol).

Preparation of hydrophilic Ag2S QDs
A mixture of as-prepared Ag2S sample (0.05 mmol), cyclohexane (15 mL), ethanol (15 mL)
and DHLA (0.15 g) were stirred at room temperature for 48 h. The product was then isolated
by centrifugation with a centrifugal force of 26916 g for 20 min, washed with deionized
water, and re-dispersed in deionized water. The pH of the solution was adjusted to 7.2 by
adding NH4OH solution. The DHLA-Ag2S QDs with carboxylic acid groups on the surface
were ready for conjugation with biomolecules via EDC/NHS chemistry.

Characterizations
The sizes of as-prepared Ag2S QDs were examined by a Tecnai G2 F20 S-Twin
transmission electron microscopy (TEM, FEI, USA) operated at 200 kV. The absorption
spectra of Ag2S QDs were recorded with a Perkin Elmer Lambda 25 UV-Vis spectrometer.
The NIR-II fluorescence spectra of Ag2S QDs were collected on an Applied
NanoFluorescence Spectrometer (USA) at room temperature with an excitation laser source
of 658 nm. The hydrodynamic sizes and size distributions, as well as the zeta potentials of
the Ag2S QDs were measured using a Malvern Nanosizer.

Conjugation of DHLA-Ag2S QD with Erbitux and RGD
0.1 mg of Ag2S QDs was first dissolved in 200 μL of DMSO, and then 1.15 mg (0.01mmol)
of NHS dissolved in 50 μL of DMSO was added into QD solution while keeping stirring.
1.91 mg (0.01mmol) of EDC was dissolved in 50 μL of DMSO and was added into the QD-
NHS/DMSO solution. Reaction was allowed to last for 1 h in dark with stirring. The surface
activated Ag2S QDs were centrifuged and washed with DMSO for twice and further
dispersed in DMSO solution. 2 × 10−9 mol of Erbitux protein and 2 × 10−9 mol of cyclo-
RGDfK (RGD-lysine) in PBS buffer were then conjugated with the EDC/NHS-activated
DHLA-Ag2S QDs, respectively. The conjugated products of ~100 μg/mL were further used
for staining trypsinized MDA-MB-468 cells (positive to Erbitux and negative to RGD) and
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U87 MG cells (positive to RGD and negative to Erbitux) for 2 h at 4 °C. Labeled cells were
washed three times using 1× PBS to remove unbound QDs.

High magnification NIR-II photoluminescence cell imaging
5 μL of stained U87-MG or MDA-MB-468 cell suspension was transferred to 200 μL of 1×
PBS, placed into an 8-well chamber slide (Lab-Tek™ Chambered Coverglass, 1.0
Borosilicate). The chamber slide was kept in a temperature controlled chamber (BC-260W,
20/20 Technology, Inc.) for epifluorescence imaging. Temperature was kept at 4 ºC by heat
exchanger (HEC-400, 20/20 Technology, Inc.), and the CO2 gas flow was kept at 1 L/min
by a gas purging system (GP-502, 20/20 Technology, Inc.). Targeted cell imaging was done
using a 658-nm laser diode excitation with an 80 μm diameter spot focused by a ×100
objective lens (Olympus). The resulting NIR-II photoluminescence was collected using a
liquid-nitrogen-cooled, 320 × 256 pixel, two-dimensional InGaAs camera (Princeton
Instruments) with a sensitivity ranging from 800 to 1,700 nm. The excitation light was
filtered out using a 900 nm long-pass filter and an 1100 nm long-pass filter (both Thorlabs)
so that the intensity of each pixel represented light in the 1,100 – 1,700 nm NIR-II range.
The NIR photoluminescence images were taken at a fixed exposure time of 3 s. For bright
field white light images, a fiber optic illuminator (Fiber-Lite) was used for illuminating the
sample in the trans-illumination mode and the images were taken using the same filters at a
fixed exposure time of 2 ms. Matlab 7 was used to process the images for any necessary flat-
field correction.

Cells Culture
All culture media were supplemented with 10 % fetal bovine serum, 100 IU/mL penicillin,
100 μg/mL streptomycin. U87 MG cells were cultured in Low Glucose Dulbecco’s
Modified Eagle Medium (DMEM), with 1 g/L D-glucose and 110 mg/L sodium pyruvate at
37 °C, 5% CO2. MDA-MB-468 cells were cultured in Leibovitz’s L-15 medium at 37 °C,
CO2 free. L929 cells were cultured in RPMI 1640 medium at 37 °C, 5% CO2-humidified
environment. All the experiments related to cells were conducted under 80% confluency.

Cell Proliferation Assay
The effect of Ag2S on cell proliferation was measured by 5-ethynyl-20-deoxyuridine (EdU)
incorporation assay using EdU assay kit (Ribobio). Briefly, L929 cells were cultured in 96-
well plates. After starvation overnight, the cells were incubated with 200 μL of 6.25 μg/mL,
12.5 μg/mL, 25 μg/mL, 50 μg/mL, and 100 μg/mL of Ag2S QDs for 72 h at 37 °C. And
then the cells were exposed to 50 μM/L of EdU (Ribobio) for additional 4 h at 37°C. The
cells were fixed with 4% formaldehyde for 30 min at room temperature and treated with
0.5% Triton X-100 for 20 min at room temperature for permeabilization. After being washed
with PBS for three times, the cells were allowed to react with 1× Apollo® reaction cocktail
(Ribobio, 100 μL/well) for 30 min. Subsequently, the DNA contents were stained with
Hoechst 33342 (5 μg/mL, 100 μL/well) for 30 min and visualized under a fluorescent
microscope. The EdU positive cells (red cells) were counted using Image-Pro Plus (IPP) 6.0
software (Media Cybernetics, Bethesda, MD, USA). The EdU incorporation rate was
expressed as the ratio of EdU positive cells to total Hoechst33342 positive cells (blue cells).
All experiments were done in triplicate and three independent repeating experiments were
performed.

Apoptosis and Necrosis Assay
L929 cells were plated into 6-well plate at a density of 2×105 cells per well overnight, and
then treated with different concentrations of Ag2S QDs for 72 h at 37 °C. The cells were
harvested, washed twice with PBS, and incubated with anti-annexin V-fluorescein

Zhang et al. Page 7

ACS Nano. Author manuscript; available in PMC 2013 May 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



isothiocyanate (FITC) and propidium iodide (PI). Single-cell suspensions were analyzed by
FACS. 0.1 μM of acinomycin D and 1 mM of H2O2 were employed as the apoptosis
positive control and necrosis positive control, respectively.30

ROS Assay
L929 cells were plated into 6-well plate at a density of 2×105 cells per well overnight, and
then treated with different concentrations of Ag2S QDs for 72 h at 37 °C.. Then cells were
harvested, washed twice with PBS, and incubated with 1 μL of 40 μM dichlorofluorescein
(DCFH-DA) diluted in PBS. After incubation at 37 °C for 30 min, cells were washed twice
with PBS. In the positive control Rosup group, cells were treated with 50 μg/ml Rosup for
30 min at 37 °C, and then incubated with 1 μL of 40 μM dichlorofluorescein (DCFH-DA)
diluted in PBS. After incubation at 37 °C for 30 min, cells were washed twice with PBS.
The fluorescence of oxidized DCFH was measured immediately by FACS.

Alkaline Single-Cell Gel Electrophoresis (Comet Assay)
Alkaline single cell gel electrophoresis (Comet assay) detects DNA damage through
electrophoresis and subsequent staining in propidium iodide (PI). L929 cells were treated
with different concentrations of Ag2S QDs for 72 h at 37 °C.. Each slide was prepared by
coating with 100 μL of 0.5 % normal melting agarose and stored at 4 °C. Then, 1×105 cells
were harvested, washed twice with PBS, resuspended with 75 μL of 0.7 % low melting
agarose and added to the bottom layer agarose. Subsequently, the cells were lysed under
alkaline conditions in 2.5 M NaCl, 10 mM Tris, 100 mM EDTA-Na2 at pH 10 with 1%
Triton X-100 and 10% DMSO added just prior to use for 2 h. After cell lysis, the slides were
equilibrated for 60 min in a jar containing alkaline buffer (300 mM NaOH, 1 mM EDTA,
pH >13; 4 °C), transferred into an electrophoresis unit with alkaline buffer, and subjected to
an electric field of 0.8 V/cm and 200 mA for 20 min at 4 °C. Following electrophoresis, the
microgels were neutralized in 0.4 M Tris (pH 7.5), and were stained with 2.5 μg/mL
propidium iodide. Fifty cells were scored per sample. Tail length and tail DNA% were
measured using casp 1.2.2. The effects of Ag2S QDs treatment on DNA migration were
analyzed with the Friedman test using the SPSS 13.0 program.

Data analysis
Statistical analysis of all data was limited to Analysis of Variance (ANOVA). The
statistically significant difference was considered to be P < 0.05.

Long Time in situ Imaging
It was observed that the morphologies of our stained cells were spherical, while their natural
shape should be fusiformis. This morphology change was not due to the cytotoxicity of
Ag2S QDs. It was caused by the trypsinization of cells before staining at 4 °C. To reverse
the change of cellular morphology and to test the cell viability after staining at 4 ºC, the
chamber temperature was increased from the initial temperature of 4 ºC and stabilized at 37
ºC. The camera then monitored the change of cell morphology and PL intensity by taking
images at 2 h and 4 h. When the cells were incubated at 37 °C, the morphology changing
from sphere to fusiformis was observed. This observation further illustrated the negligible
cytotoxicity of Ag2S QDs.

Transmission Electron Microscopy (TEM) of Ag2S QDs Treated Cells
Cells were treated with 0 ug/ml, 12.5 ug/ml and 100 ug/ml Ag2S QDs for 72 h. At the end of
the incubation period, cells were washed twice by PBS to get rid of the excess Ag2S QDs,
then fixed by 2.5% glutaraldehyde for 2 h at 4 °C and scraped together. Post-fixation
staining was done using 1% osmium tetroxide for 1 h at room temperature. Cells were
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washed well and dehydrated in alcohol (40, 50, 70, 80, 90, 95, and 100% ethanol) and
treated twice with propylene oxide for 30 min each, followed by treatment with propylene
oxide, spurr’s low viscosity resin (1:1), for 18 h. Cells were further treated with pure resin
for 24 h and embedded in beem capsules containing pure resin. Resin blocks were hardened
at 70 °C for 2 days. The sections were stained with 1% lead citrate and 0.5% uranyl acetate
and analyzed under HITACHI H-7000FA.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
TEM images (A–C) and PL spectra (D) of three DT-Ag2S QDs with different sizes. A: 5.4
nm; B: 7 nm; C: 10 nm.
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Figure 2.
TEM images of DT-Ag2S QDs (A) and DHLA-Ag2S QDs (B), and their NIR PL spectra (C)
(black line: DT-Ag2S QDs; red line: DHLA-Ag2S QDs). Inset shows a photoluminescence
image of DHLA-Ag2S QDs suspension under an 808 nm excitation.
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Figure 3.
In vitro targeted cellular imaging. NIR-II PL images (1100 – 1700 nm) of MDA-MB-468
and U87 MG cells treated with DHLA-Ag2S QD/Erbitux conjugates (A, C) and their
corresponding optical images (B, D); NIR-II PL images (1100 – 1700 nm) of MDA-MB-468
and U87 MG cells treated DHLA-Ag2S QD/RGD conjugates (E, G) and their corresponding
optical images (F, H). Erbitux ligand specifically binds to MDA-MB-468 cells and RGD
peptide ligand specifically binds to U87 MG cells. NIR-II images were taken with exposure
time of 300 ms and optical images with exposure time of 2 ms. Scale bars are 25 μm.
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Figure 4.
Effect of DHLA-Ag2S QDs on the L929 cell proliferation after 72 h treatment. Top:
Representative images of EdU assay of Hoechst stained cells and EdU add-in cells incubated
with different concentrations of DHLA-Ag2S QDs; Bottom: Quantification of EdU-positive
proliferating cells treatment were counted by collecting more than 200 cells. PEG-DHLA-
Ag2S QDs and MPA-capped CdSe@ZnS QDs were chosen as references under the same
conditions (*: P < 0.05).
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Figure 5.
Apoptosis and necrosis of L929 cells caused by DHLA-Ag2S QDs after 72 h treatment. A:
apoptosis positive control of acinomycin D at a concentration of 0.1 μM; B: necrosis
positive control of H2O2 at a concentration of 1 mM; C–H: FACS plots with Ag2S QD
concentrations at 0, 6.25, 12.5, 25, 50 and 100 μg/mL, respectively. I: quantitative flow
cytometry results.
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Figure 6.
ROS induced by DHLA-Ag2S QDs after 72 h treatment. A–F: FACS plots with Ag2S QD
concentrations at 0, 6.25, 12.5, 25, 50 and 100 μg/mL, respectively. G: Quantitative flow
cytometry results. P2 indicates the cell population that produces ROS. Positive stands for the
positive control of Rosup at a concentration of 50 μg/mL.
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Figure 7.
Effect of DHLA-Ag2S QDs on DNA damage in L929 cells with respect to tail length/tail
moment and DNA% in tail after 72 h treatment. A–F: Comet assay images with Ag2S QD
concentrations at 0, 6.25, 12.5, 25, 50 and 100 μg/mL, respectively. G: comet assay results.
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