High-Throughput Synthesis of Single-
Layer MoS, Nanosheets as a Near-
Infrared Photothermal-Triggered Drug
Delivery for Effective Cancer Therapy
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ABSTRACT We report here a simple, high-yield yet low-cost approach to design single-
layer MoS, nanosheets with controllable size via an improved oleum treatment exfoliation
process. By decorating MoS, nanosheets with chitosan, these functionalized MoS,
nanosheets have been developed as a chemotherapeutic drug nanocarrier for near-infrared
(NIR) photothermal-triggered drug delivery, facilitating the combination of chemotherapy
and photothermal therapy into one system for cancer therapy. Loaded doxorubicin could be
controllably released upon the photothermal effect induced by 808 nm NIR laser
irradiation. In vitro and in vivo tumor ablation studies demonstrate a better synergistic
therapeutic effect of the combined treatment, compared with either chemotherapy or
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photothermal therapy alone. Finally, MoS, nanosheets can also be used as a promising contrast agent in X-ray computed tomography imaging due to the

obvious X-ray absorption ability of Mo. As a result, the high-throughput oleum treatment exfoliation process could be extended for fabricating other 2D

nanomaterials, and the NIR-triggered drug release strategy was encouraging for simultaneous imaging-guided cancer theranostic application.
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ue to the multilevel complexities and
D variability, cancer remains one of the

most challenging health problems to
human beings."? To date, chemotherapy has
been clinically accepted as one of the main
approaches for cancer treatment.®> However,
the commonly available chemotherapeutic
agents involve inevitable drawbacks of in-
sufficient water-solubility, low cellular uptake
efficiency, many side effects, and nonspecific
delivery.* Compared with the conventional
chemotherapy, a stimuli-responsive system
employing “smart” nanoparticles as drug
carriers has become a promising modality
for improving the efficacy of the chemother-
apy due to the ability of controlling drug
release spatially/temporally as well as concur-
rently enhancing the drug uptake by cancer
cells>~'° Recently, a near-infrared (NIR) light-
induced photothermal-responsive system
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has gained acceptance as an elegant and
efficient stimuli-responsive strategy for on-
demand drug delivery in consideration of
the noninvasive modality to tumor treatment
and high spatial resolution of NIR laser as well
as minimal damage to normal tissues.'’ '3
Importantly, this system exhibits synergistic
cancer therapy associated with NIR-mediated
hyperthermia and heat-induced local drug
release."*'® Thus, great effort is being de-
voted to fabricate a NIR photothermal-
responsive drug delivery system with low
cost and encouraging cancer therapy effects.

Graphene, a single atomic layer of carbon
atoms packed into a two-dimensional (2D)
honeycomb lattice,'” has attracted tremen-
dous interest in a wealth of fields, such as
electrics, energy storage, catalysis, and bio-
medical field due to the novel physical and
chemical properties.'® 2" Because of these
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Scheme 1. Schematic illustration of the high-throughput
synthesis of MoS,-CS nanosheets as a NIR photothermal-
triggered drug delivery system for efficient cancer therapy.
(a,b) oleum treatment exfoliation process to produce single-
layer MoS, nanosheets and then modified with CS, (c) DOX
loading process, and (d) NIR photothermal-triggered drug
delivery of the MoS, nanosheets to the tumor site.

outstanding properties, some effort has been devoted
to explore another ultrathin 2D layered graphene
analogue.?>?3 Single-layer MoS,, as one of the typical
layered metal dichalcogenides, has been widely
studied and applied in many applications, including
nanoelectronics and catalysis.>*"?” Besides, for the
biomedical application, alternatively, Chou et al. first
demonstrated the possibility of using single-layer
MoS, sheets as a novel NIR absorbing agent, which
showed higher absorbance in the NIR region than that
of both graphene and gold nanorods.?® Therefore,
MoS, sheets would be endowed with great potential
for a NIR-triggered drug delivery system in the biome-
dical field due to their advantages including strong
NIR photothermal absorption and unique 2D structure.
Unfortunately, the exploration of the single-layer MoS,
sheet in the area of biomedicine is still in its infancy,
mainly suffering from the complicated synthesis pro-
cess, low yield of single-layer MoS,, and undesired
micrometer sizes.’>*° Consequently, the development
of a simple, high-throughput yet low-cost method to
obtain single-layer MoS; nanosheets with controllable
sizes remains a formidable challenge which imposes
great limitation on the use of the MoS, nanosheets for
effective biomedical application.

Here, we report a simple, high-throughput, and
low-cost method for synthesis of single-layer MoS,
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Figure 1. (a) Zeta-potential of MoS,-CS and DOX in water
with different pH values. (b) Digital photographs of MoS,-CS
aqueous dispersions in water with different pH values (con-
centration = 500 xg/mL). (c) Digital photographs for the dis-
persion status of commercial MoS, flakes (left) and MoS,-CS
nanosheets (right) at least 1 week. Concentration = 1 mg/mL.
(d) Digital photographs of MoS,-CS nanosheet dispersions
with a concentration of 30 «g/mL in PBS buffer (1), cell culture
medium RPMI 1640 (1), and FBS (lll) at least 1 week.

nanosheets with controllable sizes via a modified
oleum treatment exfoliation process (Scheme 1a). Toim-
prove the physiological stability and biocompatibility
of MoS, nanosheets, chitosan (CS), a naturally occur-
ring linear cationic polysaccharide with widespread
bioapplications, is introduced during the exfoliation
process (Scheme 1b). The chitosan-functionalized
MoS, (MoS,-CS) nanosheets can be engineered as a
highly effective NIR stimuli-responsive system for si-
multaneous chemo-photothermal therapy, and the
synergy is demonstrated by the results of the tumor
ablation study (Scheme 1c¢,d). Remarkably, an effective
healing of pancreatic cancer under a NIR-controlled
drug release system is observed. In addition, we first
investigate the X-ray attenuation ability of the Mo-
based MoS, nanosheets and approve that these nano-
sheets can also serve as a promising contrast agent in
X-ray computed tomography (CT) imaging. As a result,
the single-layer MoS, nanosheets not only provide a
novel nanoplatform for cooperative therapy system
construction, resulting in a higher antitumor efficacy,
but also encourage further potential investigation for
imaging-guided biomedical applications.

RESULTS AND DISCUSSION

Scheme 1 demonstrates the synthesis process of
single-layer MoS, nanosheets and the NIR-triggered
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Figure 2. Characterization of MoS,-CS nanosheets. (a,b,d,e) AFM images of a typical single-layer MoS, and MoS,-CS
nanosheets in sizes and with topographic heights of 0.8—1.0 and 4—6 nm, respectively. (c,f) Histograms of MoS, and
MoS,-CS nanosheet lateral sizes, respectively. (g) Raman spectra of commercial MoS; and MoS,-CS. (h) Concentration of
MoS,-CS nanosheets after centrifugation (2000 rpm) as a function of initial MoS, concentration.

release of drug from the MoS, nanocarrier for cancer
therapy. First, commercial MoS, flakes were ground
with NaCl and treated with oleum at 90 °C under
stirring. After removing oleum, we then sonicated
the oleum-treated MoS, solution to form a grayish
dispersion. Low-speed centrifugation was then applied
to remove the unexfoliated MoS, flakes. Moreover,
CS was introduced alternatively to functionalize MoS,
nanosheets before sonication treatment. Finally, a
homogeneous and water-soluble black dispersion
of MoS,-CS was obtained. The surface charge (zeta-
potential) of the MoS,-CS nanosheets indicates that
they are highly positively charged when dispersed in
water with various pH values, which can form stable
MoS,-CS dispersions (Figure 1a,b). As expected, com-
pared with the commercial MoS, flakes, the MoS,-CS
nanosheets exhibit a well-dispersed state in deioni-
zed water even at the concentration up to 1 mg/mL
(Figure 1c). Alternatively, the MoS,-CS nanosheets
could also be easily stored in various physiological
solutions for at least 1 week and showed good stability
(Figure 1d).

Atomic force microscopy (AFM) images reveal that
the thickness of MoS,-CS nanosheets (Figure 2d,e) with
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uniform shapes increases to 4—6 nm compared to
the nonfunctionalized single-layer MoS, nanosheets
(0.8—1.0 nm) (Figure 2a—c), mainly due to the attach-
ment of CS on both planes of MoS, nanosheets. The
average size of MoS,-CS is ~80 nm (n &~ 120 sheets)
(Figure 2f), in good agreement with the observation of
transmission electron microscopy (TEM) measurement
(Supporting Information Figure S1). Furthermore, single-
layer MoS, nanosheets with an average diameter of
160 nm were also prepared with only 1 h sonication. The
result suggests that the size of MoS, nanosheets could
be tuned by changing the sonication time (Figure S2).
The presence of CS is further proven by the results of
Fourier transform infrared (FT-IR) spectroscopy (Figure
S3) and thermal gravimetric analysis (TGA) (Figure S4).
Raman spectra of MoS,-CS nanosheets show the well-
known in-plane E,;' and out-of-plane A,y peaks of
layered 2H-MoS, (Figure 2g). However, owing to the
sonication treatment and functionalization, broadening
and shifting of the Raman bands are observed com-
pared to the bulk MoS,.>'

A low yield of single-layer MoS, nanosheets is one of
the problems that seriously hinders their biomedical
application. Therefore, we further carried out a series of
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Figure 3. Photothermal profile of MoS,-CS nanosheets. (a) Temperature increase of water and MoS,-CS dispersions with
different concentrations as a function of irradiation time. (b) Plot of temperature change over a period of 10 min versus MoS,-CS
concentration. Inset: Infrared thermal images of MoS,-CS dispersion when irradiated for 0 min (left) and 10 min (right), and the
joint spider stand for the irradiated spot of NIR. (c) Photothermal effect of the irradiation of MoS,-CS dispersion with the NIR
laser. The laser was shut off after irradiation for 10 min. (d) Plot of cooling period (after 600 s) versus negative natural logarithm
of driving force temperature. Time constant (z,) for heat transfer from the system is determined to be 202.75 s.
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Figure 4. Drug loading and photothermal-triggered release properties of MoS,-CS nanosheets. (a) Schematic of the loading
of DOX onto the MoS,-CS surface. (b) Photographs of a comparison of free DOX (left, orange color, 300 M) and MoS,-CS-DOX
(DOX =300 M) solutions (right, black color) after centrifugation (i) and sonication (ii). (c) Plots of loading ratio of DOX onto
MoS,-CS nanosheets versus the concentration of DOX at different pH values. (d) Release profile of DOX in PBS buffer (pH 5.00)

in the absence and presence of 808 nm NIR laser.

experiment parameters to obtain an efficient method
for high-throughput synthesis of single-layer MoS,
nanosheets. In our experiment, the presence of CS
not only improves the biocompatibility and stability
of MoS; nanosheets but also increases the stripping
efficiency by preventing the rapid reaggregation dri-
ven by the large surface energy of MoS,.3? Based on
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the CS-modified MoS,, two strategies can be used to
increase the yield of MoS,-CS nanosheets. One strategy
is to increase the initial MoS, concentration. As shown
in Figure 2h, a linear increase in the yield of single-layer
MoS, nanosheets is obtained for the initial concentra-
tion of MoS, increase from 0.29 to 1.43 mg/mL. How-
ever, the yield then reaches a plateau even with the
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initial concentration of MoS; as high as 2.9 mg/mL. The
maximum yield of single-layer MoS;, nanosheets can
reach up to ~62%, which is much higher than that of
the surfactant exfoliation method.* A large amount of
(100 mL, ~1.0 mg/mL) MoS,-CS dispersion prepared by
the method can be obtained and is well-dispersed in
deionized water for long-term (Figure S5). The other
strategy is to control the ultrasonic power. For exam-
ple, the yield of single-layer MoS,-CS nanosheets could
increase from 62 to 70% with the probe sonication
power increasing from 320 to 400 W. Compared with
the traditional lithium ion intercalation method, which
was conducted in high temperature using dangerous
n-butyllithium, our method is simple, quick, safe,
and the whole process can be carried out in ambient
conditions.?

To verify the potential of using MoS,-CS in photo-
thermal-controlled release of antitumor drugs, NIR
absorbance by MoS,-CS was measured. It can be found
that the MoS,-CS reveals a broad NIR absorption band
even at a low concentration of 25 ug/mL (Figure S6a).
Then, MoS,-CS aqueous solution with different con-
centrations was irradiated with an 808 nm NIR laser
to investigate the photothermal heating effects. In
marked contrast to the water sample, the MoS,-CS
solution shows a concentration-dependent tempera-
ture increase (Figure 3a,b). To further investigate the
photothermal transduction ability of MoS,-CS aqueous
solution, we recorded the temperature change of
the sample (100 ug/mL) as a function of time under
the 808 nm laser (1.0 W/cm?) for 600 s (Figure 3c,d).
According to the obtained data (Figures 3c,d and S6b),
the photothermal conversion efficiency of MoS,-CS
can reach ~24.37% (Supporting Information).

Another advantage of MoS,-CS nanosheets is their
application for drug delivery due to the 2D nature.
We loaded a commonly used chemotherapeutic drug,
doxorubicin (DOX), on the MoS,-CS nanosheets to
obtain the MoS,-CS-DOX (Figure 4a). DOX is noncova-
lently loaded onto MoS,-CS by simple mixing under
controlled pH values (5.50, 7.00, and 8.00). After remov-
ing unbound drug molecules by centrifugation, DOX
loaded on the surface of MoS,-CS is proven by the dark
red color of the MoS,-CS-DOX dispersion (Figure 4b),
which is further confirmed by FT-IR (Figure S3) and
UV—vis spectroscopy (Figure S6a). The close to color-
less solution of B in Figure 4b after centrifugation
indicated that DOX was effectively loaded onto MoS,-
CS compared with the orange color of free DOX. After
sonication (C), the MoS,-CS-DOX can be well-dispersed
without obvious aggregation. Furthermore, because
the fluorescence of DOX can be quenched by MoS,-
CS nanosheets (Figure S8), the UV—vis spectrograph of
the liquid supernatant after centrifugation was em-
ployed to quantify the DOX attached to the MoS,-CS
from the absorbance at 480 nm. Figure 4c shows that
the saturated loading efficiency gradually increases
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Figure 5. Viabilities of (a) KB cells and (b) Panc-1 cells
incubated with MoS, and MoS,-CS with different concentra-
tions for 24 h. (c) Hemolytic percent of RBCs incubated with
MoS,-CS at various concentrations for 3 h, using deionized
water (+) and PBS (—) as positive and negative controls,
respectively. Inset: Photographs for direct observation of
hemolysis, suggesting that MoS,-based nanosheets exhibit
good biocompatibility.

with the increase of pH values and reaches up to
~32% at pH 8.00. The DOX release profile was exam-
ined by monitoring the increasing absorbance at
500 nm at known time intervals. As shown in
Figure 4d, without laser irradiation, only ~6% DOX is
released within 60 min at room temperature. Impor-
tantly, the release of DOX is sharply increased to 12.4%
when MoS,-CS-DOX is irradiated for 10 min (0.8 W/cm?),
whereas only 0.2% of DOX is released during the
subsequent 60 min of incubation without exposure to
the NIR laser. Finally, the accumulated release of DOX
over the whole course approaches 38%, which is much
higher than that of DOX released from the control.
Moreover, DOX released from MoS,-CS-DOX is demon-
strated in a power-dependent manner. About 80% of
DOX is released when the power reaches 1.4 W/cm?.
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Figure 6. (a) Fluorescence images of KB cells treated with free DOX, MoS,-CS-DOX, and MoS,-CS-DOX under 808 nm NIR
irradiation (inset: high magnification of the rectangle area). Cytotoxicity of (b) KB cells and (c) Panc-1 cells treated with MoS,-
CS with different concentrations, with or without irradiation (power = 1.0 W/cm?). Cytotoxicity assays of (b) KB cells and (c)
Panc-1 cells in the presence of saline, MoS,-CS, DOX, MoS,-CS upon NIR irradiation, and MoS,-CS-DOX without or with

irradiation (power = 1.0 W/cm?).

These results distinctly indicate that the NIR-light-in-
duced local hyperthermia can act as a stimulus for the
on—off control of DOX release from MoS,-CS-DOX. The
remarkable spatial/temporal resolution profile may
open up a new possibility for a better on-demand drug
delivery system which can enhance antitumor efficacy.

Biocompatibility is an essential concern when it
comes to the development of nanomaterials for bio-
medical application. Herein, viabilities of two kinds of
cells, KB (human epithelial carcinoma cell line) and
Panc-1 (pancreatic carcinoma, epithelial-like cell line),
were measured after exposed to MoS, and MoS,-CS,
respectively. Figure 5a,b shows that MoS,-CS is more
biocompatible than MoS,, demonstrating the signifi-
cance of the CS functionalization process. In addition,
we also investigated the influence of MoS,-CS on
hemolytic behavior of red blood cells (RBCs) to further
evaluate its biocompatibility, where deionized water
and phosphate buffered saline (PBS) were denoted as
positive and negative controls, respectively. It is found
that negligible hemolysis of RBCs is detected,

YIN ET AL.

indicating that MoS,-CS possesses admirable blood
compatibility (Figure 5c).Therefore, the low cytotoxi-
city and hemolytic activity demonstrate that MoS,-CS
exhibits good biocompatibility and thus can act as a
promising nanoplatform for cancer treatment.

Having established that the drug release system is
NIR-controllable, cellular uptake of DOX upon 808 nm
NIR irradiation was further evaluated by fluorescence
microscopy. With KB cells as an example, in a typical
experiment, the MoS,-CS-DOX samples with the
same concentration were incubated with KB cells in
three different culture dishes. After incubation with
MoS,-CS-DOX for 2 h, we observe that DOX fluores-
cence signals are distributed inside cells, indicating the
efficient uptake of MoS,-CS-DOX by cells (Figure 6a).
After NIR irradiation, the red fluorescence signals inside
cells become much higher, clearly suggesting that
more free DOX molecules are released from the intra-
cellular MoS,-CS-DOX. Furthermore, the colocalization
of DOX and Hoechst signals in the overlay images
shows that more DOX molecules penetrate into nuclei

AR
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Figure 7. Comparative investigation of inhibiting tumor effectiveness in vivo. (a) Infrared thermal images of Panc-1 tumor-
bearing mice injected with saline, MoS,-CS+NIR, and MoS,-CS-DOX+NIR laser. (b) Tumor growth curves of tumors after
various treatments for five groups. (c) Photograph of tumors from the control group, MoS,-CS group, DOX group, MoS,-
CS+NIR group, and MoS,-CS-DOX+NIR group. (d) Photographs of the typical mice of tested groups corresponding to
saline+NIR (i), MoS,-CS (ii), DOX (iii), MoS,-CS+NIR (iv), and MoS,-CS-DOX (v) after observation for 24 days. (e—g) Histological
images of tumors collected from the groups of saline (e), saline+NIR (f), and MoS,-CS-DOX-+NIR (g).

after NIR irradiation. In contrast, less DOX molecules
accumulate inside nuclei in both the free DOX group
and MoS,-CS-DOX group without NIR laser. As a result,
MoS,-CS plays a significant role in regulating the
release of DOX molecules and then enhancing their
nuclear accumulation under NIR irradiation. To further
demonstrate the therapeutic efficacy of the NIR photo-
thermal-responsive drug delivery system, the relative
cell viabilities of KB and Panc-1 cells treated with MoS,-
CS, free DOX, and MoS,-CS-DOX with or without
NIR irradiation were determined (Figure 6b,c). After
being incubated with various treatments, there is a
significant difference of the cell-killing effect between

YIN ET AL.

MoS,-CS-DOX+NIR laser and MoS,-CS-DOX alone.
Herein, the MoS,-CS+DOX and MoS,-CS-DOX+NIR
groups have an equivalent DOX dosage to that of the
free DOX group. For the KB cells, MoS,-CS-DOX+NIR
shows higher potency against KB cells at all the tested
concentrations than the chemotherapy and photo-
thermal therapy alone (Figure 6b). For example, when
KB cells were incubated with MoS,-CS-DOX+NIR (DOX
concentration = 50 ug/mL, 1.0 W/cm?), the cell viability
is remarkably reduced to 5%, which is evidently lower
than that of the MoS,-CS-DOX alone and the MoS,-
CS+NIR. For the Panc-1 cells, neither the MoS,-CS-DOX
nor MoS,-CS+NIR shows obvious cytotoxicity with
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Figure 8. Relative tumor growth ratio (a), tumor growth inhibition ratio (b), tumor weight (c), and body weight (d) of mice
from the control group, MoS,-CS group, DOX group, MoS,-CS+NIR group, and MoS,-CS-DOX+NIR group, respectively. (e,f)
Photographs of the test mouse on the 24th day. This result showed that the tumor treated with MoS,-CS-DOX under 808 nm
NIR irradiation regressed completely, became scar tissue after 10 days, and finally vanished. Moreover, no tumor regrowth
was observed again in this treated group until the study finished.

a concentration up to 50 ug/mL, while MoS,-CS-
DOX+NIR displays remarkable cell-killing ability at
each concentration, confirming the superior therapeu-
tic efficacy in synergistic fashion of hyperthermia and
chemotherapy (Figure 6¢). As a result, MoS,-CS-DOX
exhibits photothermally enhanced antitumor activities
when irradiated with an 808 nm NIR laser. The greatly
improved therapeutic effect may be attributed to the
combination of hyperthermia of MoS,-CS with che-
motherapy, which can effectively enhance the sensi-
tivity of the delivery and release of DOX into cells and
then enhance cell-killing ability, corresponding to the
result in Figure 6a.

To shed more light on the therapeutic effects of
MoS,-CS nanocarriers on cancer cells, comparative
studies of inhibiting tumor effectiveness in vivo was
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further investigated. Since pancreatic cancer remains
one of the most difficult-to-treat cancers with a 5 year
survival rate of less than 6%,** the Panc-1 cell was sel-
ected to evaluate the effect of the treatment. Five
groups of Panc-1 tumor-bearing nude mice were set
up as follows: control group, MoS,-CS group, DOX
group, MoS,-CS+NIR group, and MoS,-CS-DOX+NIR
group. After samples were injected via intratumoral
injection, infrared thermal images were recorded at
different time points under 808 nm NIR irradiation
(0.9 W/cm?) (Figure S9). This indicated that the tem-
perature of the tumors on the MoS,-CS-DOX injected
mice quickly increased and could readily reach a level
(AT = 22.5 °C) which could induce hyperthermia and
heat-induced drug release to kill the tumor (Figure 7a
and Figure S10). However, the tumor temperature of
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the control group treated with saline shows insignif-
icant change (AT = 3 °C). The tumor volumes of each
group were measured and were then plotted as a
function of time (Figure 7b). Compared with the con-
trol group, efficient inhibition of tumor growth is
observed for the group treated with MoS,-CS under
NIR laser irradiation (Figure 8a,b). Especially, the mean
tumor volume in the MoS,-CS-DOX+NIR group is the
smallest among all treated groups, which demon-
strates that MoS,-CS-DOX can effectively inhibit tumor
growth under the NIR laser irradiation.

After 24 days, all the mice were sacrificed, and
then tumors were excised and weighed. The tumor
photographs and mean tumor weights in each group
are shown in Figure 7c and Figure 8c, respectively. The
mean tumor weight in the MoS,-CS-DOX+NIR group is
the lightest among all the groups, further indicating
that MoS,-CS-DOX can more effectively inhibit tumor
growth under 808 nm NIR irradiation. The reason could
be attributed to (i) the combination of photothermal
with chemotherapy therapy, both of which were
activated simultaneously by 808 nm laser, and (ii)
enhanced on-demand release of DOX from MoS,-CS-
DOX after laser irradiation, ultimately inhibiting tumor
growth. Moreover, due to high toxicity always leading
to a significant weight loss, the body weight of these
mice were measured during the treatments, and no
obvious weight loss was observed (Figure 8d), indicat-
ing the low toxicity of the treatments in vivo. Signifi-
cantly, one of the tumors on the three mice handled
with MoS,-CS-DOX+NIR presented a black scar after
3 days, then diminished gradually, and finally fell
off after another 10 days (Figure 7d and Figure 8ef).
This result indicates that the NIR photothermal effect
enhancing drug delivery can even cause tumor destruc-
tion without recurrence. Histological examinations of
tumors further clarify the evolution of the MoS,-CS-
DOX-treated cancer cells with increasing temperature
(Figure 7e—f and Figure S11). Compared with the
control groups (Figure 7ef), when AT = 14 °C (laser
power = 0.5 W/cm?), part of tumor tissue exhibits
significant swelling, and others show organized vacuo-
lar degeneration, which mainly was caused by photo-
thermal ablation. However, there is no obvious signal of
necrosis in Figure S11a. After AT reaches 17 °C (laser
power = 0.7 W/cm?), most of DOX releases from MoS,-
CS-DOX, and thus the structure of tumor tissue begins
vacuolar degeneration and part of the signal of necrosis
is observed (Figure S11b). However, when AT = 22.5 °C
in Figure 7g (laser power = 0.9 W/cm?), most of
tumor tissues die from necrosis, including eosinophilic
cytoplasm, abundant karyorrhectic debris, and nuclear
damage compared with the control group and con-
trol+-NIR group. These results demonstrate that, at low
temperature, photothermal ablation plays a significant
role in inhibiting tumor growth; however, at high tem-
perature, the synergistic effect of photothermal and
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Figure 9. (a) CT image of the aqueous suspension MoS,-CS
at varied concentrations and (b) the HU values of MoS,-CS
and lopromide 300 aqueous solution. Deionized water with
0.5% agarose was the reference.

chemotherapy is activated and devoted to killing can-
cer cells. Taken together with the good biocompatibility
in vivo of this treatment (Figure 8d), MoS,-based nano-
sheets have great potential as an ideal nanoplatform for
simultaneous control of drug release and induction
of photothermal ablation of cancer cells in vivo via
NIR irradiation.>*

Besides the versatile NIR photothermal-triggered
drug release of MoS,-based nanosheets for tumor
treatment application, we then investigated whether
these Mo-based MoS,-CS nanosheets could act as a
contrast agent for CT imaging, a widely used imaging
technique in diagnostic medicine due to advantages
such as deep tissue penetration and high resolution,
since many reports have demonstrated that nanoma-
terials containing high atomic number elements such
as Yb, Bi, and Ta have excellent X-ray attenuation
ability.3®*” Figure 9a showed the X-ray CT image of
Mo-containing MoS,-CS nanosheets, exhibiting ob-
vious signal enhancement with the concentration in-
crease of the agents. To further confirm the efficiency
of the MoS,-CS nanosheets, the CT values, called
Hounsfield Units (HU), were investigated. As shown in
Figure 9b, the slope of the CT value for MoS,-CS was
about 14.2, which was slightly higher than that of the
commercially used lopromide 300 contrast agent, in-
dicating that the MoS,-CS nanosheets have the poten-
tial as a new CT contrast agent.

CONCLUSION

In summary, MoS,-CS nanosheets with controllable
sizes were prepared from commercial MoS, flakes via a
safe, yet simple oleum treatment exfoliation method.
The maximum yield of single-layer MoS,-CS nano-
sheets can reach to ~62—70%, which is much higher
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than that of the surfactant exfoliation method. The
as-made MoS,-CS nanosheets are well-dispersed in
water and other physiological buffers, exhibiting high
stability and biocompatibility. The MoS,-CS nano-
sheets have high absorption in the NIR region and
can effectively convert absorbed NIR light to heat with
photothermal conversion efficiency of 24.37%. After
being loaded with DOX molecules, controllable drug
release responsive to 808 nm NIR laser is demon-
strated. Furthermore, the MoS,-CS-based drug delivery
system can be used for synergistic cancer therapy
associated with NIR-mediated hyperthermia and

EXPERIMENTAL SECTION

Materials. Molybdenum(IV) sulfide (MoS,, 99%) was purchased
from Alfa Aesar. Chitosan was purchased from J&K Chemical Ltd.
Doxorubicin (DOX, 99%) was provided by Beijing Huafeng United
Technology Co., Ltd. Other reagents were obtained from Beijing
Chemical Reagent Co. All the chemicals were used as received
without further purification. Deionized water was obtained by an
18 MQ (SHRO-plus DI) system. CS stock solution (0.05 wt %) was
prepared by dissolving CS in glacial acetic acid.

Preparation of Chitosan-Functionalized Single-Layer MoS, Nanosheets.
Chitosan-functionalized MoS, nanosheets (denoted as MoS,-
CS) were prepared from commercial MoS; flakes via a safe yet
simple liquid-phase exfoliation method. In brief, commercial
MoS, flakes (~20 mg) were ground with NaCl for 60 min.
Ground MoS; flakes were separated and collected by dissolving
NaCl with deionized water and then centrifugation. After being
dried at 60 °C for 24 h, the ground MoS; flakes were immersed
into 20 mL of oleum. Then the mixture was heated to 90 °C for
8 h under a water bath. After free acid was completely removed
by centrifugation and repeated washing, the oleum-treated
MoS, flakes were dispersed into 20 mL of deionized water,
and 10 mL of chitosan solution (0.05 wt %) was then added
dropwise to the obtained dispersion under bath sonication
treatment. After bath sonication for another 40 min, the mixture
was further probe-sonicated at the power of 320 W for 2 h.
MoS,-CS thus obtained was collected by centrifuging and
washed thoroughly several times with deionized water.

Characterization. The topologies of single-layer or functiona-
lized MoS, nanosheets were examined by atomic force micro-
scopy (AFM, Agilent 5500, Agilent, USA) under ambient conditions.
The morphologies of the samples were further obtained by field-
emission scanning electron microscopy (FE-SEM, S-4800, Hitachi
High Technologies, Japan) and transmission electron microscopy
(TEM, Tecnai G 20 S-TWIN operated at 200 kV). The micro-Raman
spectroscopy (RenishawinVia Raman spectroscope) experiments
were carried out under ambient conditions with 514 nm excitation
from an argon ion laser. Fourier transform infrared spectra were
obtained from a micro-Fourier transform infrared spectrophot-
ometer (iN10-1Z10, Thermal Fisher). Ultraviolet—visible (UV—vis)
spectrophotometer (Hitachi U-3900 spectrophotometer) was used
for UV—vis absorbance measurements. Zeta-potential analyses
were performed using zeta-potential analyzer (Nicomp380 ZLS
plus ZETAD;i, PSS, USA), and all data were averaged over three
measurements. To measure the photothermal heating effects of
MoS,-CS, an 808 nm NIR laser was oriented perpendicular to
a quartz cuvette containing aqueous dispersions (1 mL) of MoS,-
CS nanosheets with various concentrations. An infrared thermal
imager (E40, FLIR) was then used to simultaneously obtain the
infrared thermal images of dispersions and record their tempera-
ture one time per 20 s.

Drug Loading. Briefly, MoS,-CS was dispersed into phosphate
buffered saline and then mixed with free DOX with different
concentrations under different pH values (pH 5.50, 7.00, and
8.00). Then, the mixtures were stirred at room temperature for
24 h.Unbound excess DOX was then removed by centrifugation
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heat-induced local drug release in vitro and in vivo.
An effective treatment of pancreatic cancer in vivo
under NIR irradiation is obtained, indicating that synergis-
tic efficacy of hyperthermia and chemotherapy is better
than hyperthermia or chemotherapy alone. Additionally,
we first find that the Mo-based MoS, nanosheets can be
used as a contrast agent in CT imaging. Therefore, we
anticipate that the 2D MoS,-based on-demand drug
delivery system will turn out to be a promising cancer
therapy agent, which will implicate increased opportu-
nities for simultaneous imaging diagnosis and efficient
therapy in the biomedical field.

and repeatedly washed with PBS. The resulting MoS,-CS-DOX
was redispersed and stored at 4 °C. All supernatants were
collected, and the amount of free DOX was determined by
the absorbance peak of DOX at 480 nm. DOX loading efficiency
was calculated with the following equation:

1000MV(Co — Ce) ¥ 100% (1)

loading efficiency (%) =
where V (L) is the volume of supernatant, C, (mol/L) and C.
(mol/L) are the initial and equilibrium concentrations of DOX in
PBS buffer, respectively, M (g/mol) is the molar mass of DOX,
and m (g) is the mass of MoS,-CS.

Photothermal-Triggered Release of DOX from MoS,-CS-DOX. The re-
lease studies were performed at room temperature. In a typical
measurement, a solution of MoS,-CS-DOX (10 mg) in PBS (pH
5.00) was placed in a bottle and repeatedly irradiated with an
808 nm NIR laser at a power density of 1 W/cm? over a period
of 10 min, followed by 1 h intervals with the laser turned off.
At certain time intervals, 3 mL of treated dispersion was taken
out and centrifuged at 12000 rpm for 10 min. The released DOX
was then quantified by UV—vis spectra. Finally, the measured
dispersion as well as the precipitation was returned to the
original dispersion.

In Vitro Cytotoxicity of MoS,-CS Nanosheets toward Cancer Cells. The
in vitro cytotoxicity was measured using the Cell Counting Kit-8
(CCK-8) assay in KB and Panc-1 cells. First, KB and Panc-1 cells
were seeded into a 96-well cell culture plates at the densities
of 2 x 10® and 3 x 10° cells/well, respectively, in RPMI 1640
containing 10% FBS at 37 °C in a humid atmosphere of 95% air
and 5% CO, for 24 h. Afterward, the MoS;, and MoS,-CS disper-
sions were diluted with medium to the desired concentrations
and then added to each well to replace the original culture
medium. After another 24 h, the culture medium was removed
and replaced by 10 uL CCK-8 reagent in serum-free media. When
incubated for 1 h at 37 °C, the optical densities of each well were
read at 450 nm on a microplate reader (SpectraMax M2MDC,
USA). Six replicates were done for each treatment group.

In Vitro Hemolysis Assay. To evaluate the in vitro biocompat-
ibility, 1 mL of blood samples (obtained from mice), which were
stabilized by ethylenediaminetetracetic acid, was added to 2 mL
of PBS, and red blood cells were separated from serum by
centrifugation at 2000 rpm for 10 min, washed several times with
PBS, and then diluted into 10 mL of PBS. Then, 0.2 mL of diluted
RBC suspension was taken out to mix with (i) 0.8 mL of PBS as a
negative control, (i) 0.8 mL of deionized water as a positive
control, and (iii) 0.8 mL of MoS,-CS dispersions at concentrations
ranging from 0 to 800 ug/mL. Afterward, all the mixtures were
vortexed and kept at room temperature for 4 h and centrifuged at
12000 rpm for 5 min. The absorbance of supernatants at 541 nm
was measured by UV—vis spectrography. The hemolysis percent
of RBCs was calculated using the following equation:

A —A i
hemolysis percent (%) = Zsample  Pnegative . 100%  (2)
Apositive - Anegative
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where Agmpier Anegativer @Nd Apogisive are the absorbance of
samples, the negative control, and positive control, respectively.

In Vitro Photothermal Ablation of MoS,-CS for Cancer Cells. KB and
Panc-1 cells were first seeded in a 96-well plate at the densities
of 5 x 10° and 5 x 10> cells/well for 24 h at 37 °C, respectively.
Thereafter, the culture medium was changed, and cells were
incubated with a serial of MoS,-CS diluents at concentrations of
0—100 ug/mL. After 4 h of incubation, excess unbound nano-
sheets were removed and fresh complete medium was added
to the wells. The cells were then exposed to an 808 nm laser at
different output power densities for 8 min. After irradiation
treatment, cells were incubated again at 37 °C for 24 h. Finally,
CCK-8 assay was used to evaluate the cell viabilities. Four
replicates were done for each treatment group.

Study of In Vitro Anticancer Effects of MoS,-(S-DOX. Cells were
divided into five groups: group 1 with cells only; group 2 with
added MoS,-CS only; group 3 incubated with DOX; group 4
incubated with MoS,-CS+NIR; and group 5 incubated with
MoS,-CS-DOX+NIR. After 4 h of incubation, the culture medium
was removed and cells were rinsed three times with PBS. Fresh
complete medium was then added to the wells. The cells of
groups 4 and 5 were exposed to an 808 nm laser at a power
density of 1.0 W/cm? for 7 min. All the cells were then incubated
again at 37 °C for another 24 h. After this treatment, CCK-8 assay
was tested to evaluate the cell viabilities.

In Vivo Infrared Thermal Imaging. Male BALB/c nude mice (5—7
weeks old) were purchased from Cancer Institute and Hospital,
Chinese Academy of Medical Sciences. All animals were handled
following the protocol approved by the Institutional Animal Care
and Use Committee. The nude mice were inoculated subcuta-
neously with Panc-1 cells (2 x 10° in the side of the backside.
Tumor size was measured periodically using calipers, and the
tumors were allowed to grow to 10 mm in diameter. Afterward,
the tumor-bearing nude mice were anaesthetized by pentobarbital
(0.3%) at a dosage of 45 mg/kg body weight and then injected with
40 uL of saline, MoS,-CS dispersion in saline (2.0 mg/kg), and MoS,-
CS-DOX (2.0 mg/kg) in saline, respectively, via intratumoral injec-
tion. Afterward, mice were imaged with an 808 nm continuous-
wave NIR laser (0.5, 0.7, and 0.9 W/cm?) for 7 min. The temperature
of irradiated area was recorded one time per 20 s. All the experi-
ments were carried out at room temperature of 20 °C. After 7 min of
NIR irradiation, the temperature changes of the irradiated regions
reached 14, 17, and 20.5 °C for the mice irradiated with the power
density of 0.5, 0.7, and 0.9 W/cm?, respectively.

Study of /n Vivo Anticancer Effects of M0S,-(S-DOX. When the mean
tumor reached approximately 10 mm in diameter, the mice
were divided into five groups (three mice in each group),
minimizing the differences of weights and tumor sizes in each
group. The mice were administered with (1) saline (40 uL)+NIR,
(2) MoS,-CS (40 uL, 2.0 mg/kg), (3) DOX (40 uL, 0.95 mg/kg), (4)
MoS,-CS (40 uL, 2.0 mg/kg)+NIR, and (5) MoS,-CS-DOX+NIR
(in terms of DOX, ~0.95 mg/kg; and in terms of MoS,-CS,
2.0 mg/kg) through intratumoral injection. After 5 min, the tumor
regions of groups 4 and 5 were irradiated with an 808 nm laser
(0.9 W/cm?, 7 min). The tumor sizes were measured by a caliper
and calculated as follows:

V== (3)

where V (mm?®) is the volume of the tumor and a (mm) and
b (mm) are the tumor length and tumor width, respectively.
The experiments were finished, and after 24 days, the mice were
sacrificed and the tumors were collected and weighed.
Relative tumor growth ratio (G) was calculated as follows:

V-V

0

G (%) x 100% 4

where V, and V are the tumor volume of the control group and
experiment group, respectively.

Tumor growth inhibition rate (IR) was calculated with the
following equation:

IR(%) = g x 100% (5)
Go
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where G and G, are the relative tumor growth ratio of the
control group and experiment group, respectively.

Hematoxylin and Eosin (H&E) Staining Analysis. To characterize the
evolution process of the MoS,-CS-DOX-treated tumors with
increasing temperature and the synergistic effect of hyperther-
mia and chemotherapy under different power 808 nm irradia-
tion, the tumor-bearing mice were divided into five groups:
(1) saline, (2) saline+NIR, (3) MoS,-CS-DOX+NIR (0.5 W/cm?),
(4) M0S,-CS-DOX-+NIR (0.7 W/cm?), and (5) MoS,-CS-DOX+NIR
(0.9 W/cm?). After the experiments were finished, the mice
were sacrificed, and the tumors were removed, embedded in
paraffin, and cryosectioned into 4 um slices. Furthermore,
the frozen slides of tumors were stained with H&E. The slices
were examined under an inverted fluorescence microscope
(Nikon E200), and images were captured with a digital camera
(Canon450D).

(T Signal Measurement. To assess CT contrast efficiency, the
commercial contrast agent, lopromide 300, was set as the
reference agent. The lopromide 300 (commercially clinical CT
agent) and MoS,-CS nanosheets were dispersed in water con-
taining 0.5% agarose with different concentrations over the
range from 0, 2, 5, 10, 20, to 40 mg/mL. After careful preparation,
the Eppendorf tubes were scanned in a XM-Tracer-130 CT
imaging system (Institute of High Energy Physics, CAS), with
the following parameters: tube voltage 70 kV, tube current
100 uA. The X-ray attenuation values of the samples were cal-
culated in Hounsfield Units by averaging over the 3D-based
region of interest.
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