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Two-photon fluorescenct (TPF) molybdenum disulfide quantum
dots (MoS; QDs) were synthesized through a facile and one-step
solvothermal approach. The MoS; QDs exhibit small size and high
stability. Because of low toxicity and TPF ability, the MoS, QDs are
successfully applied in the two-photon fluorescence bio-image.

INTRODUCTION

With the development of two-photon microscopy, two-photon
fluorescence imaging has become a powerful tool for research
in biological areas because of its unique advantages, such as
low tissue autofluorescence, large penetration depth, reduced
photobleaching and so on.1* Fluorescence probes with two-
photon excitation have been widely applied in TPF imaging,>®
and which can simultaneously absorb two less-energetic
photons to reach the excited state of fluorophores. The TPF
probes for cellular imaging should possess large two-photon
absorption cross section, low toxicity and low photobleaching.
Nowadays, great successes have been made on the synthesis
of TPF probes, including organic dyes, semiconductor quantum
dots, rare earth ions doped nanoparticles and carbon-based
materials (carbon dots and graphene quantum dots (GQDs)).
However, the poor photobleaching and little two-photon
absorption cross section of organic dyes’ and unavoidable
toxicity of heavy metal of semiconductor quantum dots®
overwhelmingly limit their positive applications for cellular
imaging. Although carbon dots and GQDs do not exist these
problems, and have been extensively used as TPF probes,? 10
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searching for stable and non-toxic alternatives obtained by a
facile synthesis route is still an intense challenge.

Recently, as a kind of typical layered transition-metal
dichalcogenide, molybdenum disulfide (MoS;) has drawn great
attention, for it can be easily exfoliated from molybdenite
compound. The crystal structure is consisting of covalently
bonded S-Mo-S single layers interacting by Van der Waals
forces.11. 12 Compared with MoS, nanosheets, MoS, QDs have
stronger quantum confinement and edge effects, which will
make them show unique and extra electrical/optical properties.
So far, MoS, QDs have been used in fluorescent sensor,!3
hydrogen evolution reaction?* and bioimaging.’®> General
methods for the synthesis of MoS, QDs can be classified into
two types: bottom-up and top-down. For the former, MoS;
QDs were synthesized through the hydrothermal route by
using molybdate salt and thiol-containing small molecules as
precursors.13. 16 The final product was obtained by the time-
consuming dialysis process. For the latter, MoS, QDs were
prepared by a variety of methods, such as mechanical and
chemical exfoliation,# 17-19 electrochemically induced Fenton
reaction,2% thermal ablation method?! and so on. For instance,
Shaijumon’s group reported to prepare MoS; QDs using a
liquid exfoliation technique involving bath sonication followed
by ultrasound probe sonication of MoS, flakes.1* Li and co-
workers demonstrated that electrochemically induced Fenton
reaction could be used to generate QDs by etching MoS;
nanosheets.20 Recently, Wu et al. prepared MoS, QDs though
thermal ablation of MoS, nanosheets in N, N-
dimethylformamide (DMF) which has a high boiling point.2!
Despite the great success with the synthesis of MoS; QDs, it is
urgently to develop a simple approach for the preparation of
MoS; QDs with stable fluorescence.
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Herein, we report the design and synthesis of MoS, QDs for
TPF cellular imaging. The MoS,; QDs were prepared by a facile,
environmental-friendly, top-down, ethanol-thermal route from
bulk MoS,. These QDs exhibit stable TPF, high dispersibility,
small size, non-toxicity and good biocompatibility.
Furthermore, TPF imaging for cellular nucleus is successfully
realized using MoS, QDs as probe. We believe the MoS, QDs
are the kind of promising probe for the applications in vitro
and vivo TPF bio-imaging.

RESULTS AND DISCUSSION

MoS, QDs were prepared by the combination of the
ultrasonication and ethanol-thermal treatment. The as-
prepared MoS, QDs exhibit bright blue fluorescence. Uniform
MoS, QDs without aggregation are observed from the TEM
image (Fig. 1a). The lateral size distribution of MoS, QDs
ranged from 1.2 to 4.2 nm, and the average size is about 2.9
nm. The suitable size distribution ensures them with the
possibility to enter the cellular nucleus. Because of the low
boiling point of ethanol, the as-prepared MoS, QDs do not
agglomerate after removing the solvent by vacuum distillation
and re-dispersing in water. The highly crystalline structure of
the QDs with hexagonal lattice are visualized on the high-
resolution TEM (HRTEM) image (Fig. 1b) and the lattice fringe
spacing is 0.27 nm deriving from the (100) lattice of M0S2.22.23
As shown in Fig. 1c, the thickness of MoS, QDs varies from 1.4
to 2.8 nm, which is comparable with the interlayer space of
few-layer MoS; nanosheets.?% 2>

XRD pattern of MoS; QDs is then investigated, and the bulk
MoS; is used as a reference. It shows a strong diffraction peak
at 20= 14.41° and three lower peaks at 26=32.71°, 39.56°, and
49.82° for bulk MoS, (Fig. 1d, red line).These peaks were
attributed to the (002), (100), (103) and (105) planes of MoS,,
respectively. For MoS; QDs (Fig. 1d, black line), only two peaks
can be detected at 26=14.37° (002), 39.57° (103), and the
signal of the (002) obviously decreased with the disappearance
of most of other peaks, indicating the formation of mono-or
few-layered MoS, QDs. Besides, Raman spectra of MoS, QDs
exhibited two typical phonon modes of in-plane vibration of
Mo and S atoms (Ely) and out-of-plane vibration of S atoms
(A1g) at 379.2 cm* and 403.9 cm?, with a frequency difference
of 24.3 cm (Fig. S1).% 26 According to the “frequency
difference-thickness relation” of exfoliated MoS, nanosheets,
the frequency difference could be corresponded to that of
few-layered MoS; QDs,?* which is consistent with the AFM
measurement. To explore the changes of chemical
composition, XPS of the QDs is characterized. As shown in Fig.
S2a and S2b, Mo 3d3/2, Mo 3d5/2, S 2s, S 2p1/2, S 2p3/2
peaks are observed at 232.9, 229.7, 226.9, 163.8, 162.6 eV,
which belong to the dominant 2H MoS, phase of the as-
prepared MoS, QDs.27-28 The characteristic peaks arising from
Mo 3d3/2, Mo 3d5/2 corresponded to the +4 oxidation of Mo,
and the S 2p3/2 at 162.6 eV ascribed to the -2 oxidation state
of S.22 Low intensity peak at 236.0 eV may result from slight
oxidation of Mo during solvothermal reaction. These results
demonstrate that the MoS; QDs are successfully prepared.
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Fig. 1 (a) TEM, (b) HRTEM, and (c) AFM images of MoS, QDs, (d) the XRD patterns
of MoS, QDs (black) and bulk MoS, (red). The inset in (a) and (c) shows the lateral
size distribution and the height profile along the line overlaid on the image.

UV-vis spectrum of the MoS,; QDs shows a shoulder peak at
about 277 nm (black line in Fig. 2a), which could be attributed
to blue-shifted convoluted Z, C, and D excitonic peaks.23 30
Under the irradiation of 365 nm, MoS, QDs solution displays a
strong blue fluorescence (blue line in Fig. 2a and inset in the
Fig. 2a). Fig. 2b exhibits the fluorescence emission spectra of
MoS, QDs at excitation wavelengths ranging from 300 to 380
nm. It can be seen that the emission peak shows a red-shift
(from ca. 400 nm to 460 nm) as the excitation shifts towards
longer wave wavelengths. The excitation-dependent
fluorescence property has been widely reported, such as
GQDs3?, carbon dots32, MoS; QDs2% 21, and so on. Although the
exact origin of excitation-dependent photoluminescence of
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Fig. 2 (a) UV-vis spectrum (black) and fluorescence spectrum (blue) of MoS, QDs (inset:
photograph of MoS, QDs under irradiation of 365 nm), (b) emission spectra of MoS,
QDs at different excitation wavelengths ranging from 300 to 380 nm, (c) fluorescence
lifetime of MoS, QDs by monitoring the emission at 410 nm (Ex: 340 nm), (d)
photostability of MoS, QDs under excitation of 345 nm.
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Fig. 3 (a) Two-photon fluorescence of the MoS, QDs (Ex: 690 nm), (b) TPF image
of solid MoS, QDs (Ex: 690 nm, scale bar: 5 um).

these QDs are still under debate, it might be attribute to the
polydispersity or the surface state of MoS, QDs33. The
fluorescence intensity decreases remarkably with the increase
of the excitation wavelengths, which is consistent with MoS,
QDs or fluorescent MoS, nanoflakes prepared by other
methods.13: 20,34 |n addition, the fluorescence quantum yield
was measured using quinine sulfate as the standard, and it was
about 3.1%, which was comparable to those of the reported
MoS, QDs and GQDs.13:35.36 The fluorescence lifetime of MoS;
(Fig. 2c) was Tave= 11.0 ns, suggesting that the MoS, QDs were
suitable for biological and optoelectronic applications.3?

The stability of fluorophores is crucially important for
bioimaging application. Significantly, the MoS, QDs display
excellent photostability. The QDs retain almost the original
fluorescence intensity after irradiation for 2 h (Fig. 2d). The
effect of pH on the performances of QDs was further
investigated. As shown in Fig. S3a, the as-prepared MoS, QDs
exhibit higher fluorescence intensity under acidic condition
than that of alkaline condition. As the pH was switched
repeatedly between 2 and 12, the fluorescence intensity could
(Fig. S3b). the

semiconductor quantum dots, results

be varied reversibly Compared with
the
indicate that the pH hardly affects the fluorescence properties
of the MoS, QDs.

The TPF properties of the MoS, QDs were further evaluated.

conventional

As shown in Fig. 3a, the as-prepared MoS; QDs show the
maximum TPF emission at 428 nm with the excitation
wavelength at 690 nm. From TPF imaging of MoS, QDs (Fig. 3b),
it can be seen that MoS, QDs display blue fluorescence under
Song’s group reported
synthesis of water-soluble monolayer MoS, QDs through

excitation of 690 nm. Recently,

bottom-up route with N-acetyl-L-cysteine (NAC) as capping
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Fig. 4 Cell viability by MTT assay of MDA-MB-468 Cells. (The concentrations of MoS,
QDs are 0, 25, 50, 75, 100, 120, 150 ug/mL, respectively)
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Fig. 5 TPF images of MDA-MB-468 cells incubated with MoS, QDs (50 pg/mL) for 0
min to 3 h. (a: 0 min, b: 10 min, ¢: 30 min, d: 1 h, e: 2 h, f: 3h)

reagent?®, and the QDs show upconversion fluorescence due
to the two successive energy transfer from capping reagent
NAC to MoS; QDs accompanied with the depletion of
intermediate excited state by the upconversion process. With
regard to our strategy, MoS, QDs were obtained through a
top-down route without surface ligand, therefore, the TPF
mechanism might be that two photons arrive QDs
simultaneously and combine their energies to promote MoS;
in ground states to an excited states, and then proceed along
the normal fluorescence-emission pathway. As it has been
well-recognized, the two-photon action cross section is an
essential attribute for two-photon excited materials. By using
rhodamine B as the reference, the two-photon absorption
cross-section of MoS, QDs is estimated to be 9500500 GM
(Goeppert-Mayer unit, with 1 GM = 10-°° cm#s/photon), which
is much larger than that of the organic dyes and compatible to
that of semiconductor quantum dots and graphitic-CsNg
quantum dots38 39,

Toxicity assessment importance for the
biological application. In this work, MTT assay was used to
evaluate the cytotoxicity of MoS, QDs using MDA-MB-468 cells
as model. As shown in Fig. 4, low concentrations of MoS, QDs
are little toxic for these cells. Moreover, the cells maintained
about 80% viability after incubated with QDs as high as 150
ug/mL. In addition, the cells incubated with different
concentrations of MoS, QDs were stained with Hoechst 33342
and Pl (Fig. S4). It is well known that Hoechst 33342 can
penetrate the cell membranes and label the cell nucleus with
blue fluorescence, while Pl is commonly used for identifying
dead cells. It can be seen that the cell viability is very well even
the concentration of MoS; QDs is up to 150 pg/mL. Almost no
dead cells are found because the living cells can’t be stained by
Pl. These data indicate that the MoS, QDs might be promising
probe in cellular imaging.

To demonstrate the MoS, QDs utility for TPF bioimaging, we
further employ QDs for in vitro cell imaging. Fig. 5 and Fig. S5
show the TPF images of MDA-MB-468 cells incubated with
MoS, QDs for different time. It can be observed that weak
fluorescence appears in the cells within 10 min. The

is also critical
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fluorescence intensity is enhanced gradually with incubation
time, and maintains a constant intensity after 2 h. To confirm
the distribution of MoS; QDs in the cells, the TPF images were
further investigated by culturing MDA-MB-468 and Hela cells
with QDs (50 pug/mL) for 2 h. It can be observed in Fig. S6 that
MoS, QDs are able to label the cell nucleus of MDA-MB-468
cells and Hela cells, which is similar with that of graphitic-C3N4
QDs reported by Xie et al.3®. There may be some specific
interactions between MoS; QDs and DNA (main components
of chromatin). As shown in Fig. S7, with the addition of DNA,
the fluorescence intensity of the solution of MoS, QDs
increases. Although the mechanism is not clear, it might be
associated with its charge-transfer excited states that are
sensitive to external environment. Liu et al reported a water-
soluble nanodot with an average diameter of 3.3 + 0.5 nm for
TPF imaging of cellular nucleus*. They find the enhanced
fluorescence with the addition of DNA, and ascribe the
phenomenon to the significant increment hydrophobicity of
nanodots with interaction with DNA. As a control, scarcely any
fluorescence could be found in the cells without the MoS, QDs
(Fig. S8). What’s more, the fluorescence intensity of the MoS2
QDs within cells almost keeps unchanged after irradiation
under 690 nm for 2 h (Fig. S9). The results imply that the QDs
have the great potential in applications of the TPF bioimaging.

CONCLUSIONS

In summary, a facile, top-down, one-step ethanol-thermal
route has been developed to synthesize MoS, QDs with TPF
behaviour. The QDs exhibit small size, high dispersibility, low
cytotoxicity and excellent photostability. Most importantly, the
as-prepared MoS, QDs are well suitable for staining cellular
nucleus, which are more adaptable for the further study of TPF
bioimaging. Such MoS, QDs are promising probes for the
applications of biological and deep-tissue imaging.
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MoS; quantum dots with two-photon fluorescent feature are synthesized through a
one-step solvothermal approach and successfully used for cellular bioimaging.



