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ABSTRACT: MoS, nanosheets with polydispersity of the
lateral dimensions from natural mineral molybdenite have
been prepared in the emulsions microenvironment built by the
water/surfactant/CO, system. The size, thickness, and atomic
structure are characterized by transmission electron micros-
copy (TEM), atomic force microscopy (AFM), and laser-
scattering particle size analysis. Meanwhile, by the analysis of
photoluminescence spectroscopy and microscope, the MoS,
nanosheets with smaller lateral dimensions exhibit extraordi-
nary photoluminescence properties different from those with
relatively larger lateral dimensions. The discovery of the

excitation dependent photoluminescence for MoS, nanosheets makes them potentially of interests for the applications in
optoelectronics and biology. Moreover, we demonstrate that the fabricated MoS, nanosheets can be a nontoxic fluorescent label

for cell-targeted labeling application.
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1. INTRODUCTION

Layered two-dimensional (2D) nanomaterials'~” have been
extensively studied in the field of nanoscience. Due to the
similar structure with graphene,” significant developments
have likewise been spearheaded by research into molybdenum
disulfide (MoS,),® which has manifested unique physical and
chemical properties®®™"> compared to their bulk forms,
spurring intense scientific interests. In principle, each 2D
crystal layer of MoS, consists of two planes of hexagonally
arranged sulfur atoms separated by an intermediate plane of
hexagonally arranged molybdenum atoms, with the covalently
bonded S—Mo—S atoms in a trigonal prismatic arrangement
forming a hexagonal crystal structure.'>™'> As with graphite,
these adjacent MoS, layers stack into 3D crystals via weak van
der Waals interactions, which makes it possible to fabricate the
single- or few-layer MoS, nanosheets through different top-
down exfoliation methods including micromechanical exfolia-
tion,>® liquid-phase exfoliation,"”” ™! ion intercalation techni-
que. 27

These as-fabricated MoS, nanosheets show great promise for
potential applications in photoelectronic devices,”*>™>" sen-
sors,>%° energy storage devices,*® and catalysis.m’32 Several
recent studies have shown that MoS, enable an indirect-to-
direct bandgap transition due to the hybridization between p,
orbitals of S atoms and d orbitals of Mo atoms, when its
thickness is thinned to monolayer. This transition results in the
giant enhancement of its photoluminescence (PL) efficiency in
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MoS, monolayers, which makes it very interesting for many
optoelectronic applications.**>® Meanwhile, the direct nature
of the band gap opens a realm of electronic and photonic
possibilities that allows fabrication of MoS, transistors,
photodetectors, and even LEDs.” In addition, recent study
also proves that it could be as a promising candidate for the
catalyst of the hydrogen evolution reaction (HER).”~**
Predictably, the success of MoS, in these fields opens up new
prospects for technological breakthroughs and encourages the
exploration of MoS, for new research fields, for example,
biology including biomedicine, biosensors, and cell-targeted
labeling.** However, up to now, there have been only a limited
number of reports*' ~* using MoS, in the field of biology.

In this work, we explored the potential of the functionalized
MoS, nanosheets as a promising cell-targeted labeling in the
biological applications. MoS, nanosheets are synthesized in the
emulsions microenvironment built by the water/surfactant/
CO, system.%’47 CO, can assist surfactant—water solutions in
building the emulsions microenvironment as the continuous
phase, and the phase behavior of emulsions microenvironment
can be manipulated by tuning the physical properties of
supercritical CO,,*™*® which might be critical to achieve the
exfoliation of MoS,. The surfactant used in the system is
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Figure 1. (a, b) SEM images of the starting MoS, powder and the sediment collected after centrifugation. (c, d) Low-magnification TEM image and
SAED pattern of MoS, nanosheets. (e—i) High-magnification TEM images of MoS, nanosheets. The insets are the SAED patterns of the
corresponding MoS, nanosheets. (j, k) AFM images of exfoliated MoS, nanosheets on Si/SiO, substrate. (I—n) HRTEM images of a few-layer MoS,
nanosheet. (0) A filtered image of part of the region enclosed by the white square of (n).

polyvinylpyrrolidone (PVP), which is a nonionic, nontoxic,
water-soluble, and biocompatible polymer surfactant. As a
branched polymer, PVP, with the excellent wetting property
and 2D plane structure, can adsorb on the surface of MoS,
nanosheets and increases their physiological stability and
biocompatibility.”® Moreover, the selected MoS, nanosheets
with smaller lateral dimensions exhibit extraordinary photo-
luminescence properties different from those with relatively
larger lateral dimensions. The discovery of the excitation
dependent photoluminescence of the MoS, nanosheets makes
them potentially of interests for the applications in optoelec-
tronics and biology. By analysis of the toxicity of functionalized
MoS, nanosheets with smaller lateral dimensions to cells, we
demonstrated that the functionalized MoS, nanosheets show
the negligible toxicity to cell, indicating the great potential of
implementing MoS, as a novel type of fluorescence labeling in
biological systems. More importantly, the PL modulation of
functionalized MoS, nanosheets in cancer cells provides the
prospects of using 2D MoS, nanosheets for optically
monitoring biological systems.

2. EXPERIMENTAL SECTION

2.1. Materials. Commercially available MoS, Powder was
purchased from Sigma-Aldrich (Fluka, Product Number 69860).
According to the description of products, the starting MoS, powder
has representative lateral particle sizes in the range of 6—40 um.
Polyvinylpyrrolidone (PVP) was purchased from STREM CHEM-
ICALS (Fluka, Product Number: 07-1815). Ethanol used in all
experiments was purchased from Sinopharm Chemical Reagent Co.,
Ltd. (China) and used without further purification since the reagent is
of analytical grade. Aqueous solution was prepared with double-
distilled water.

2.2. Preparation of MoS, Nanosheets with Controllable
Lateral Dimensions. All chemical reagents were of analytical grade
and were used without further purification. MoS, powder was added at
a concentration of 25 mg/mL to 10 mL of the water/ethanol (1:1)
mixtures, in which 200 mg PVP was added beforehand, and then the
mixture was sonicated in an ice bath for 2 h. The dispersion was

quickly added into the supercritical CO, apparatus composed mainly
of a stainless steel autoclave (S0 mL) with a heating jacket and a
temperature controller. The autoclave was heated to 313.2 K, and CO,
was then charged into the autoclave to the desired pressure (16 MPa)
under stirring. After a reaction time of 3 h, the gas was released.
Finally, the as-produced dispersion was sonicated for an additional 3 h,
and then the dispersion was centrifuged at 3000 rpm for 15 min to
remove aggregates. The supernatant (top three-quarters of the
centrifuged dispersion) was collected by pipet. For the MoS,
nanosheets with smaller lateral dimensions, the resulting products
were collected by centrifugation at 11000 rpm for 30 min.

2.3. Characterization of As-Prepared Materials. The mor-
phologies of MoS, powder and sediment were characterized by field-
emission SEM (JEOR JSM-6700F). Tapping-mode AFM (Nanoscope
IIIA), HRTEM (JEOL JEM-2100F), and TEM (JEOL JEM-2100)
were used to study the morphology of the nanomaterials. UV—vis
spectra (Shimadzu UV-240/PC) were measured to evaluate MoS,
dispersions concentration. The PL properties of MoS, nanosheets
were investigated by PL spectra (Horiba Fluorolog-3) and
fluorescence microscope (Olympus IX81).

2.4. Assay of Cell Proliferation Capacity after MoS,
Treatment. The 3-(4, 5)-dimethylth-iahiazo(-z-y1)-3,5-diphenytetra-
zoliumromide (MTT) assay is considered to evaluate cell proliferation
for testing cytotoxicity.”* We performed a standard MTT method to
assess the proliferation capacity of the U251 glioblastoma cells treated
with MoS,. MoS, nanosheets used in the assay are these nanosheets
with smaller lateral dimensions (below 120 nm) collected by
centrifugation at 11000 rpm. After reaching the exponential growth
phase, the U251 glioblastoma cells were harvested to prepare cell
suspension. Then, the cells were seeded at a density of 1 X 10* cells/
well in a 96-well microwell plates, after incubation 12 h, the MoS, were
added to the microwell plates, and the final concentrations of the
MoS, were from 25 pg/mL to 500 pg/mL. The culture medium was
removed after incubating for 48 h, and 200 uL of the MTT solution
(final concentration: 0.5 mg/mL; Sigma-Aldrich Co.) was added. The
cells were then incubated for 4 h, and 150 uL of dimethyl sulfoxide
(DMSO) was added, the plates were incubated for another 15 min.
Finally the absorbance was measured at 570 nm on a microplate
spctrophotometer (Bio Tek Instrument Inc, USA). All experiments
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were performed three times, and the U251 glioblastoma cells without
MoS,, treatment were served as controls.

2.5. Assay of Cell Viability after MoS, Treatment. MoS,
nanosheets used in the assay are these nanosheets with smaller lateral
dimensions (below 120 nm) collected by centrifugation at 11000 rpm.
The cell viability of the U251 glioblastoma cells treated with MoS, was
assessed using a fluorescein diacetate (FDA) (Sigma-Aldrich Co., St.
Louis, MO, USA) and propidium iodide (PI) (Sigma-Aldrich Co.)
double-staining protocol.>® The U251 cells were seeded at a density of
2 X 10* cells/well in a 24-well plate, after incubation 12 h, MoS, were
added to the 24-well plate, and the final concentrations of the MoS,
varied from 25 pg/mL to 500 ug/mL. Subsequently, FDA solution
with a final concentration of 1 pg/mL and PI solution with a final
concentration of 20 pg/mL were successively introduced into the
culture plates after being cultured for 48 h. The cellular viability was
then analyzed by counting the live and the dead cells after incubation
for 10 min at room temperature. The samples were analyzed with an
inverted fluorescence microscope (Eclipse TE 2000-U, Nikon, Kyoto,
Japan) equipped with a high-resolution CCD camera (CV-$3200, JAI
Co., Japan). The living cells were stained green by FDA, whereas the
dead cells were stained red by fluorescent dye PI. The U251 cells
without MoS, treatment served as controls.

2.6. Fluorescent Staining of Apoptotic Cells. To visualize
apoptotic cells, the cells treated with MoS, with smaller lateral
dimensions below 120 nm were fixed with 4% paraformaldehyde for
15 min, and then stained with bisbenzimide dye Hoechst H33258
solution (concentration: 2 yg/mL) for 10 min at room temperature.
The stained cells were rinsed with PBS for three times, and then
observed via an inverted fluorescence microscope equipped with a
high-resolution CCD camera. The cells without MoS, treatment were
used as controls.

2.7. Cell-Targeted Labeling. Two pieces of round cover glass (13
mm diameter, VWR International) were placed in a 12-well plate with
1 cover glass and 1 mL of DMEM culture medium per well. A total of
2 X 10" cells were plated in each well of that 12-well plate. The cells
were incubated at 37 °C overnight to adhere on the cover glass. MoS,
with smaller lateral dimensions below 120 nm were added in culture
medium, and then the cells were incubated at 37 °C for 24 h. After
incubation, the cells on two cover glasses were washed with 1 mL of 1
X PBS separately. Cells were fixed using 4% paraformaldehyde at room
temperature for S min. Then cells on cover glasses were washed with 1
mL of 1 X PBS and mounted with Vectashield antifade mounting
media. Cellular images were taken using the Olympus IX81 inverted
research microscope equipped with the Olympus DP70 Color/Black
and White camera (Olympus, America). An Olympus U-RFL-T power
supply unit with a mercury lamp was used as the fluorescence light
source.

3. RESULTS AND DISCUSSION

The 2D MoS, nanosheets were fabricated from MoS, bulk
crystals in the emulsions microenvironment built by the CO,/
PVP/water system. Compared with the initial MoS, powder
(Figure 1a), the sediment (Figure 1b) separated after
centrifugation contains sheets with the smaller lateral
dimensions and thicknesses, which make it possible to infer
that the smaller and thinner MoS, nanosheets can be tore from
the crystallites via this fabrication procedure. Transmission
electron microscopy (TEM) analysis was performed to
demonstrate that a large quantity of ultrathin nanosheets with
lateral dimensions varying from tens to hundreds of nanome-
ters exist in MoS, supernatant collected via centrifugation at
3000 rpm, showing the polydispersity of their lateral
dimensions (Figure lc—i). These MoS, nanosheets turn
slightly transparent to the electron beam because of its ultrathin
structure. The corresponding selected area electron diffraction
(SAED) patterns of the 2D MoS, nanosheets indicate their
typical 6-fold symmetry of highly crystalline structure and that

individual sheets consist of a single crystal domain. In addition,
atomic force microscopic (AFM) characterization also con-
firmed that these as-prepared MoS, nanosheets were
polydisperse in lateral dimensions. By the analysis based on
AFM measurement, these MoS, nanosheets have different
thicknesses with the majority in the range of 2—S nm,
confirming that bulk MoS, crystals were exfoliated into
ultrathin nanosheets.

Further examination of the nature of the nanosheets was
performed by high-resolution transmission electron microscopy
(HRTEM), providing more detailed structural information.
Significant nonuniformities on the plane of MoS, can be seen in
Figure 11, probably becaus of the stack of free PVP in
dispersions on the plane of the 2D MoS, in the process of
preparing HRTEM samples. However, as shown in Figure 1m,
these redundant PVP can be removed by the repeating the
washing and centrifugation steps.’® Figure 1n shows the
hexagonally symmetric lattice structure of a bilayer MoS,,
presenting two dark fringes with a space of 0.62 nm, in good
agreement with the interlayer distance of MoS,. The inset
depicts a Fast Fourier transform (FFT) of this image, which is
equivalent to an electron diffraction pattern. The filtered image
of part of the region indicated by the white square in Figure 1n
is shown in Figure lo. This filtered image is of atomic
resolution and clearly illustrates the hexagonal nature of MoS,
with the lattice spacing of 0.27 nm ((100) plane) and 0.16 nm
((110) plane), which is consistent with the typical atomic
structure of MoS, composed of hexagons with Mo and S,
atoms alternately located at six corners.

The analyses of morphology and dimension of MoS,
nanosheets demonstrate the polydispersity of their lateral
dimensions. It makes possible to achieve the controllable
selection in the lateral dimension by adjusting the centrifuga-
tion rate.'” As shown in Figure 2a, the MoS, nanosheets with
the smaller lateral dimensions below 120 nm were successfully
selected at the centrifugation rate of 11000 rpm. Apart from the
nanosheets with the dimension at tens nanometres, a small
quantity of extremely small MoS, nanosheets below 10 nm are
observed in Figure 2b, c. Meanwhile, the analysis of lateral

Intensity/ %
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Figure 2. (a—c) TEM images of MoS, nanosheets with smaller lateral
dimensions collected by centrifugation at 11000 rpm. (d) The lateral
dimension distribution of these MoS, nanosheets. () A HRTEM
image of a sample area on a corner of a MoS, nanosheet with smaller
lateral dimensions. The inset is a filtered image of part of the image e
and Fast Fourier transform of the image e, respectively. (f) AFM
images of MoS, nanosheets with smaller lateral dimensions.
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dimension distribution in Figure 2d also shows the polydisperse
feature of their lateral dimensions, which range mainly between
30 and 120 nm, and are below 10 nm only in very small
amounts. HRTEM is utilized to reveal the crystal structure of
the MoS, nanosheets with smaller lateral dimensions. Figure 2e
shows the HRTEM image of a MoS, nanosheet shown in
Figure 2c, in which the structural uniformity on the plane of
MoS, is observed and a lattice fringe spacing of 0.27 nm ((100)
plane) is clearly identified. The inset in Figure 2e shows a near
perfect planar 2H-MoS, and depicts the Fast Fourier transform
of this region, which confirms the hexagonal honeycomb
structures. AFM is used for assessing the lateral dimensions and
thicknesses of these MoS,. Figure 2f shows the typical AFM
image of MoS, nanosheets with smaller lateral dimensions. The
products consist of small individual particles. AFM line analysis
of some MoS, suggests that these nanosheets with smaller
lateral dimensions are thin to around 2 nm corresponding to 3
or 4 monolayers of MoS,. Meanwhile, the thickness obtained
from Figure 2f is representative considering the very similar
contrast between the selected dots and other dots.

Compared with the black green MoS, supernatant collected
by centrifugation at 3000 rpm (Inset in Figure 3a), the as-
prepared supernatant at 11000 rpm containing a high
concentration of smaller MoS, nanosheets appears to be
amber in color, as shown in the inset image in Figure 3b. These
supernatants were very stable, and precipitation was scarcely
observed over period of several months. Further investigation
on the optical properties of the prepared MoS, nanosheets was
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Figure 3. (a) Absorption spectra of MoS, supernatants collected by
centrifugation at 3000 rpm. (b) Absorption spectra of MoS,
supernatants collected by centrifugation at 11000 rpm. (c) PL spectra
of as-prepared MoS, supernatants at 11000 rpm under excitation
wavelengths of 320—500 nm. The fluorescent images of dried MoS,
sheets at broadband excitation light sources of (d) UV (300—400 nm),
(e) blue (400—500 nm), and (f) green (500—600 nm).
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performed by measuring their UV—vis absorption spectra. The
UV—vis spectrum of MoS, supernatant at 11000 rpm exhibits
four optical absorption peaks at 390, 440, 60S, and 660 nm,
which are in accordance with the characteristic peaks of
exfoliated MoS, with smaller lateral dimensions.**™>* The weak
excitonic peaks at 605 and 660 nm are ascribed to the K point
of the Brillouin zone in 2D MoS, with larger lateral
dimensions.**** The weak features of these peaks are due to
the small concentration of the relatively larger 2D sheets in the
supernatants (as evidenced in Figure 2d). Besides the two weak
peaks, an obvious peak at 390 nm and a less prominent
shoulder peak at 440 nm could be assigned to the direct
transition from the deep valence band to the conduction
band.'"** In addition, we also found a strongly blue shift in the
optical absorption in comparison to those of MoS, nanosheets
with relatively larger lateral dimensions (Figure 3a), arising
from the quantum size effect of MoS, nanosheets with smaller
lateral dimensions.

Since the PL properties of 2D MoS, sheets are a strong
function of their lateral dimensions because of the quantum size
effect,”* for the MoS, nanosheets below 120 nm, their PL
properties are supposed to differ from those with relatively
larger lateral dimensions of micrometers.** > The PL spectra
using fluorescence spectroscopy at various excitation wave-
lengths ranging from 320 to 500 nm are measured to provide
the PL properties of the 2D nanosheets with smaller lateral
dimensions. Compared with the PL peaks of MoS, nanosheets
with relatively larger lateral dimensions,> >* these PL peaks
shown in Figure 3c occur the strongly blue shifts, which are in
accordance with those of low-dimensional liquid exfoliated
MoS, sheets with smaller lateral dimensions,® > possibly
because of the quantum size effect. It is also observed that the
increase in the excitation wavelength from 320 to 500 nm leads
to a red shift in the PL spectra of the nanosheets over emission
wavelengths ranging from 480 to 540 nm. This observation
suggests that the excitation dependent PL is associated with the
polydispersity of the 2D MoS, nanosheets. For the excitation
wavelength of 320 nm, besides a strong emission peak at 480
nm, a shoulder emission at 420 nm appears and generates a red
shift with the excitation wavelengths from 320 to 380 nm. In
addition, by the analysis of fluorescence microscope, similar
phenomena were observed in our dried MoS, sheets consisting
of small-size MoS, nanosheets that the as-fabricated MoS,
exhibit the blue, green, and red emission under the excitation of
the light sources of UV, blue, and green, respectively (Figure
3d—f).

The extraordinary PL properties of MoS, nanosheets with
smaller lateral dimensions (below 120 nm) make it have great
potential in optoelectronic and biological applications.
However, for the biological applications including cell-targeted
labeling, cell tracking and gene technology, it is important to
ensure the good biocompatibility and nontoxicity of nanoma-
terials. Human U251 glioblastoma cells are used as the model
to evaluate the cytotoxicity, cell viability and programmed cell
death after incubation. Figure 4 shows that the U251
glioblastoma cells treated with MoS, nonosheets with smaller
lateral dimensions (blow 120 nm) ranging from 25 to 500 ug/
mL generally exhibited a comparable proliferation activity in
contrast with the cells untreated with MoS,, which indicates
that low doses of MoS, nanosheets (25—500 yg/mL) were
nontoxic to these cells and the proliferation capacity of the
U251 glioblastoma cells is not affected by MoS, nanosheets at
the testing concentrations with prolonged exposure times. In
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Figure 4. Cell viability assay with human U251 glioblastoma cells
treated with different concentrations of MoS, nanosheets with smaller
lateral dimensions below 120 nm. The bars represent cell counts and
the error bars represent standard errors of the mean (SEM).

Figure §, it is also observed that the U251 glioblastoma cells
treated with MoS, nanosheets exhibited intact viability
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Figure S. Assays of cell viability and apoptosis of the treated U251
glioblastoma cells with MoS, nanosheets with smaller lateral
dimensions. The untreated U251 cells are used as controls (A, a)
and the images (B—F, b—f) are the treated U251 glioblastoma cells
with MoS, nanosheets of various concentrations (including 25, 50,
100, 250, S00 pg/mL).

compared with the U251 cells without MoS, treatment.
Simultaneously, as shown in Figure S, the nuclear fragmenta-
tion and chromatin condensation were not detected in the cells
treated with at the testing concentrations of MoS, nonosheets,
clearly indicating that the treatment of MoS, nanosheets does
not induce programmed cell death in U251 glioblastoma cells.

To explore the potential in cell-targeted labeling applications,
MoS, nanosheets with smaller lateral dimensions below 120 nm
used as fluorescent labels to perform cellular labeling. The
cellular imaging of these MoS, nanosheets with smaller lateral
dimensions was performed on lung cancer cells. Before labeling,
cells were incubated with MoS, nanosheets with smaller lateral
dimensions at 37 °C for 24 h. More detailed preparation
methods can be found in the Experimental Section. In the lung
cancer cells stained with MoS,, the nanosheets with smaller
dimensions were taken up by the cells and agglomerated in the

cells. Figure 6a—c shows the fluorescent images of lung cancer
cells stained with MoS, nanosheets with smaller dimensions at

Figure 6. Fluorescent images of lung cancer cells stained with MoS,
nanosheets with smaller lateral dimensions at broadband excitation
light sources of (b) UV (300—400 nm), (c) blue (400—500 nm), and
(d) green (500—600 nm). (a) The overlay image of panels a, b, and ¢
and bright-field image.

broadband excitation light sources of UV (300—400 nm), blue
(400—500 nm), and green (500—600 nm), exhibiting the blue,
green, and red emission, respectively. In Figure 6d, the overlay
image clearly shows that the strongly fluorescent MoS,
nanosheets were taken up by the cytoplasm but did not
penetrate the cell nuclei, and the boundary between cells,
nuclei, and cytoplasm is clear. It suggests that MoS, nanosheets
with smaller lateral dimensions can be used in high contrast
cell-targeted labeling and will be well-suited for other
biomedical applications.

4. CONCLUSIONS

In summary, polydisperse MoS, nanosheets have been
synthesized from natural molybdenite in the emulsions
microenvironment built by the water/surfactant/CO, system.
By adjusting the centrifugation rate, the MoS, nanosheets with
various dimensional sizes can be successfully selected. The
nanosheets with small size are thin to around 2 nm
corresponding to 3 or 4 monolayers can be successfully
achieved. Because of their quantum size effect, the obtained
MoS, nanosheets exhibit extraordinary photoluminescence
properties. Further evaluation indicates their good biocompat-
ibility and nontoxicity to cells. By the cell staining assay and the
fluorescence microscope, we successfully demonstrate the
employment of PL properties of MoS, nanosheets with smaller
lateral dimensions in cell-targeted labeling applications.
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TEM images of MoS, nanosheets with smaller lateral
dimensions and AFM image of MoS, and Raman spectra of
the few-layer and bulk MoS,. All these information are available
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