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ABSTRACT: Intracellular synthesis of near-infrared fluorescent silver sulfide quantum dots in HepG2 cancer cells is
demonstrated. By delivering quantum dot precursors into cultured hepatoma carcinoma cells (HepG2 cells), silver sulfide
quantum dots with emission efficiency qualified for in vivo imaging were successfully synthesized with the aid of endogenous

glutathione in the cells.

KEYWORDS: Ag,S quantum dots, near-infrared emission, synthesis, cancer cells

1. INTRODUCTION

In recent years, quantum dots (QDs) have attracted great
attention as biological labeling and imaging agents due to their
distinguished characteristics such as robust fluorescence
intensity, broad excitation wavelength range, narrow and
symmetrical emission spectra, great photostablility, etc.'™
Fluorescence in the near-infrared (NIR) region penetrates deep
in the body, with less scattering and absorption and reduced
autofluorescence of tissue and blood, which make it advanta-
geous for live animal imaging.s_8 However, the lack of
biocompatible fluorescent probes in the NIR region limited
the utilization of this highly sensitive spectral range for
bioimaging.g_11 Nanoscaled silver chalcogenides, which have
low toxicity and narrow band gaps, have been reported as
promising candidates for NIR fluorescent quantum dots.'*™">
Silver sulfide (Ag,S) nanocrystals with excellent optical
properties and negligible toxicity have been synthesized.'®"”
Moreover, the use of biological molecules for the synthesis of
Ag,S quantum dots results in biomolecule-conjugated NIR
fluorescent nanomaterials with bioactive surface and targeting
function.'®"”

Biosynthesis of semiconductor nanocrystals was first
reported in unicellular yeast, which was demonstrated to be
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able to produce cadmium sulphide (CdS) quantum dots subject
to challenge by a cadmium salt.*® Cd-containing quantum dots
have been synthesized using fungi, bacteria, or yeast.”' >
Glutathione often played a pivotal role in the intracellular
biosynthesis of the quantum dots, either as a reducing agent or
sulfur source or both. The optical properties of the
biosynthesized quantum dots are similar to those of their
chemically synthesized counterparts. Also, intrinsically toxic
PbS quantum dots emitting in NIR region was synthesized in
microorganisms.”” More recently, synthesis of CdTe quantum
dots has been successfully conducted in earthworms.”® These
interesting findings have inspired us to explore other
biosynthetic routes for fabricating photoluminescent nanocryst-
als. It is well-known that reduced glutathione (GSH) is an
abundant natural tripeptide found within almost all cells. In
cancer cells, the concentration of GSH (2—8 mM) is usually
much higher than that in normal cells.**™>' The unique
intracellular high GSH content provides an inbuilt advantage
for the synthesis of fluorescent quantum dots in cancer cells, as
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Scheme 1. Synthetic Strategy of Ag,S Quantum Dots in Cultured HepG2 Cancer Cells
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Figure 1. (a) Bright-field image and (b) NIR image of HepG2 cells immediately after uptake of silver nitrate and sodium sulfide. NIR images of
HepG2 cells at (c) 8, (d) 12, (e) 16, and (f) 20 h after uptake of silver nitrate and sodium sulfide. (h) TEM image of a HepG2 cancer cell containing
synthesized Ag,S quantum dots; (g, i) TEM images of the Ag,S quantum dots denoted by the red dashed boxes in h.

the GSH is an excellent surface stabilizer for the formation of
quantum dots.*>** Herein, we present unprecedented intra-
cellular synthesis of GSH-stabilized Ag,S quantum dots in
cultured cancer cells (Scheme 1). The quantum dot precursors,
silver nitrate and sodium sulfide, were internalized by cultured
hepatoma carcinoma cells (HepG2 cells) successively. The cell
temperature is able to drive the reaction between the
precursors, though the synthetic process needs prolonged
time compared with those under regular chemical synthesis
conditions. The endogenous GSH in the cells coordinates with
the nanoparticles during the reaction and prevents them from
coalescing to form bulk Ag,S crystals. The synthesized Ag,S
quantum dots were obtained by isolating them from the cells.
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We chose to work with HepG2 cells, a type of liver cancer cells
because they contain a high concentration of GSH that can
strongly favor the intracellular formation of Ag,S quantum dots.

2. RESULTS AND DISCUSSION

The cultured HepG2 cells containing quantum dot precursors
(Figure la) were monitored using an NIR-sensitive InGaAs
camera. The received NIR signals were processed and coded,
and expressed by pseudocolor in an image. There was no
detectable emission signal from the cells at the beginning of the
aging process (Figure 1b). After 20 h, NIR fluorescence
emission was observed (Figure 1c), the signal of which
increased with prolonged aging time of 16 h (Figure 1d, e).
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Figure 2. (a, b) High-resolution TEM images and (c) corresponding size distribution histograms of as-isolated Ag,S quantum dots. (d) EDX
spectrum of the Ag,S quantum dots. (e) SAED pattern of the Ag,S quantum dots and the assinged Miller indices.

In control experiments, blank HepG2 cells, and HepG2 cells
treated only with silver nitrate or sodium sulfide were imaged
and they all showed no observable NIR signals (Figure S1, see
the Supporting Information). The emission signal was a little
weaker at 20 h than that at 16 h (Figure 1f). The intensity of
total photons emitted from the cells was plotted as a function of
time (see Figure S2 in the Supporting Information). The
fluorescence intensity increased with time to a maximum at 16
h, and then leveled off. The quantum dots retained over 85% of
the maximum fluorescence intensity at 24 h postadministration
of the quantum dot precursors. TEM micrographs of a HepG2
cell show nanoparticle clusters in cytoplasm of the cells (Figure
1g—i), revealing the intracellular formation of Ag,S quantum
dots at 16 h postadministration of the quantum dot precursors.
The existence of Ag,S quantum dots in the cytoplasm was
further confirmed by EDX analysis of the precursors-containing
cells incubated for 16 h (see Figure S3 in the Supporting
Information). The quantum dot precursors reacted in the cells
over a period, during which an increasing number of quantum
dots formed. Measured via the enzymatic cycling method, the
GSH concentration in the cultured HepG2 cells was 30.9 + 4.6
mg/g pro, whereas the GSH concentration in cultured 1929
cells (mouse fibroblast cells) was only 7.7 + 2.2 mg/g pro,
indicating high GSH content in the HepG2 cells compared with
normal cells. We also measured the GSH concentration in the
precursors-containing HepG2 cells during the aging process,
giving 19.1 + 4.0, 16.8 + 3.8, 15.1 + 4.1, and 14.5 + 3.6 mg/g
pro at 8, 12, 16, and 20 h, respectively. In contrast, the GSH
concentration in blank HepG2 cells was 31.2 + 5.6, 30.2 + 5.2,
29.9 + 4.6 and 29.0 + 3.9 mg/g pro at the corresponding time
point. It is evident that GSH was consumed during the
synthesis of Ag,S quantum dots. The intracellular GSH keeps
the nanocrystals from coalescing and facilitates the formation of
quantum dots with narrow size distribution, because the GSH is
an effective stabilizer by terminating the quantum dots with
carboxylic acid groups. Fourier transform infrared (FTIR)
spectrum of the as-synthesized Ag,S quantum dots isolated
from the cells (see Figure S4 in the Supporting Information)
was recorded. The absorption peak at 2568 cm ™" is typical of
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free thiol group. The peak at 1708 cm™ is ascribed to the C=
O stretch vibration of carboxyl group, and the one at 1660 cm™"
corresponds to the C=0 stretching of amide (amide I). The
FTIR spectrum is characteristic of GSH, demonstrating that the
endogenous GSH coordinates with the biosynthesized Ag,S
quantum dots. It is noted that the Ag,S quantum dots formed
over 12 h’ aging of the cells, as reflected by the readily
observable NIR emission. Continued aging for another 4 h led
to even stronger emission, suggesting that the synthesis of
quantum dots proceeded up to extended time of 16 h. The
intracellular synthetic yield grew with time and hence the
fluorescence emission from the cells increased during the 16 h.
The emission intensity no longer increased as the cells were
further aged, indicating that 16 h is sufficient for the synthesis
of Ag,S quantum dots in the cultured HepG2 cells. The
cytotoxicity of the quantum dot precursors during the aging
process in the cells was evaluated by both MTT and trypan
blue assays (see Figure SS in the Supporting Information). At
12 h postadministration, more than 85% of the cells survived
relative to the control, suggesting that intracellular synthesis of
Ag,S quantum dots could be safely carried out. After 12 h, the
Ag,)S quantum dots formed, and the cell viability changed
slightly with time up to 24 h, as the Ag,S quantum dots are
extremely low toxic.

The morphology of as-synthesized Ag,S quantum dots was
observed by transmission electron microscopy (TEM) (Figure
2a, b). The high-resolution TEM micrograph (Figure 2b)
clearly indicates lattice fringes of the nanocrystals with an
interplanar spacing of ~0.25 nm, assigned to the (-1, 1, 2)
facets of a monoclinic a-Ag,S crystal. The size distribution
histogram obtained by measuring the diameter of 200
nanoparticles in a TEM image shows an average size of 5.45
nm (Figure 2c). Energy dispersive X-ray (EDX) analysis
(Figure 2d) gave an atomic ratio (Ag/S = 56.9/43.1)
comparable to the stoichiometry of bulk Ag,S, indicating the
presence of elements Ag and S in the samples. The higher
sulfur content is most likely due to the GSH coordinated to the
nanoparticle surface. The X-ray photoelectron spectroscopy
(XPS) results (see Figure S6 in the Supporting Information)
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Figure 3. (a) Absorption of as-isolated Ag,S quantum dots at 16 h postadministration of quantum dot precursors in the HepG2 cells (left). NIR
emission spectra of as-isolated Ag,S quantum dots at varied times postadministration of quantum dot precursors in the cells (right): 16, 20, and 12 h,
from top to bottom. (b) Fluorescence lifetime measurements of emission from as-isolated Ag,S quantum dots, exhibiting two emissive species:
biexponential fitting corresponding to 7, = 204.7 + 8.52 ns, 7, = 655.6 + 15.1 ns. (c) Bright-field and NIR fluorescence images of the Ag,S quantum
dots aqueous solution. (d) Photostability of the Ag,S quantum dots under irradiation of 758 nm laser and white light at the power of 100 W.
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Figure 4. Bright-field image, in vivo NIR fluorescence image, and the merged image of a nude mouse at 5 min after subcutaneous injection of the
intracellularly synthesized Ag,S quantum dots. The autofluorescence of the mice in the NIR region was fairly weak and was subtracted by the

imaging system.

indicate that the oxidation state of Ag ion was univalent in the
Ag,S quantum dots. Selected area electron diffraction (SAED)
image (Figure 2e) displayed diffraction rings characteristic of
Ag,S nanocrystals. The X-ray diffraction (XRD) results
confirmed the monoclinic nature of the Ag,S quantum dots
(see Figure S7 in the Supporting Information).

The synthesized Ag,S quantum dots at 16 h postadministra-
tion of the quantum dot precursors showed an absorption at
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744 nm with a band edge at ~820 nm (Figure 3a). The
emission peak was situated at 945 nm, the full width at half-
maximum (fwhm) of which was 66 nm. A large Stokes shift
(201 nm) means less disturbance of excitation light to the
fluorescence emission of the quantum dots. The emission
quantum yield (QY) was calculated to be 1.56 + 0.21% against
indocyanine green in DMSO (QY = 13%), similar to those of
chemically synthesized Ag,S quantum dots.'®** We also
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recorded the emission spectra of the nanoparticles isolated
from the HepG2 cells at 12 and 20 h postadministration of the
precursors (Figure 3 a). The emission peaks of the two samples
were located at 943 and 941 nm, respectively, similar to the
peak location of the sample at 16 h. The emission intensity of
the two samples relative to the sample at 16 h agreed well with
the results of the cell fluorescence images in Figure 1. The
fluorescence lifetime measurements of the quantum dots
(Figure 3 b) showed two decay components, a longer
component (655.6 ns) typical of Ag,S quantum dots'” and a
shorter one (204.7 ns) likely ascribed to nonradiative
recombination centers at the quantum dot surface or exciton
scattering. The NIR emission from the aqueous solution of the
quantum dots was observed by the NIR-sensitive camera
(Figure 3c). The photostability of the quantum dots was
examined (Figure 3d): 75.9 and 63.6% of the original
fluorescence intensity were retained after 4 h of continuous
irradiation of 758 nm NIR laser and white light, respectively,
indicative of excellent photostability of the quantum dots.

To demonstrate the in vivo imaging ability of the
intracellularly synthesized Ag,S quantum dots, small animal
imaging experiment was performed. Ag,S quantum dots were
administered into a group of anesthetized nude mice by
subcutaneous injection, respectively. The mice were then
imaged under 758 nm laser excitation. As indicated in Figure
4, the NIR fluorescence signals derived from the Ag,S quantum
dots were clearly observed in the injection region of the mice at
S min postadministration. The readily detectable signals
indicated the strong tissue penetrability of the NIR fluorescence
emitted by the Ag,S quantum dots. The high contrast of the
images resulted from the deep tissue penetration of NIR
fluorescence suggests the excellent imaging ability of the Ag,S
quantum dots.

3. CONCLUSION

In conclusion, we have synthesized the NIR fluorescent Ag,S
quantum dots in cultured HepG2 cancer cells. Quantum dot
precursors were delivered into the cells, where they reacted to
produce quantum dots under the action of endogenous GSH.
The high GSH content in the cancer cells favored the
intracellular synthesis of the quantum dots. The resultant
Ag,S quantum dots exhibited high emission efficiency and good
optical stability, with a quantum yield eligible for in vitro and in
vivo imaging. In consideration of the possible extension to
intracellular synthesis of various fluorescent quantum dots
using proper precursors, the addressed synthetic strategy offers
new insights for preparing bioimaging agents.
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