
OPEN

ORIGINAL ARTICLE

Molybdenum disulfide/graphene oxide nanocomposites
show favorable lung targeting and enhanced drug
loading/tumor-killing efficacy with improved
biocompatibility

Yun Liu1,2, Jian Peng3, Shunhao Wang1,4, Ming Xu1,4, Ming Gao1,4, Tian Xia5, Jian Weng3, An Xu2 and
Sijin Liu1,4

Selective targeting plus optimal biocompatibility is still a big challenge in nanomedicine. Although many nanomaterials including

graphene oxide (GO) and molybdenum disulfide (MoS2) have been tested for this purpose, these materials possess both favorable

features and drawbacks, which hampers their further development. Herein, we prepared MoS2/GO nanocomposites that

manifested excellent dispersity in aqueous solutions and revealed acceptable biocompatibility in vitro and in vivo. Importantly,

MoS2/GO displayed a novel feature to selectively target the lung. In other words, MoS2/GO manifested a pronounced tendency of

localization towards the lung comparable to GO, offering a ‘guided missile’ effect in targeting the lung. Furthermore, MoS2/GO

composites possessed enhanced drug loading capacity together with reinforced tumor-killing efficacy against cancer cells that

have the propensity to metastasize to the lung. Importantly, MoS2/GO composites remarkably repressed metastatic tumor growth

of B16 murine melanoma cancer cells in lungs of mice. Mechanistically, MoS2/GO was demonstrated to reveal compromised

reactions towards macrophages at the nano-bio interface relative to GO, which is accountable for the interaction and the uptake

of nanosheets by macrophages associated with phagocytosis and macrophagic activation. Considered together, our findings

established new MoS2/GO nanocomposites with multi-functionalities including selective lung targeting, favorable drug loading

capacity, elevated tumor killing efficacy and improved biocompatibility. Our study opens an avenue for MoS2/GO nanocomposites

in cancer nanotheranostics.
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INTRODUCTION

Lung cancers and metastatic cancers to the lung from other primary
sites account for the largest number of cancer deaths, considerable
morbidity and huge healthcare burden.1–4 Thus, lung targeting is a
long-searched solution to the therapeutics for lung cancers and
metastatic cancers to the lung, while nanotechnology is undoubtedly
integrating unprecedented science and technologies in facilitating this
goal.5 Certainly, effective delivery of nanomaterials to the homing sites
is of great importance in improving the accuracy and efficacy of
nanomedicine.6 Nowadays, the main approaches to realize the goal of
selective targeting are modifications on nanomaterials with specific
antibodies (Abs), short peptide (for example, Arg-Gly-Asp (RGD)

peptide), small molecules that possess targeting function (for example,
folic acid (FA)) and magnetic targeting with the aid of exotic magnetic
field.6–8 However, few nanomaterials could be used to target specific
interest organs except liver dependent on the nanoparticles themselves
thus far. Of note, unlike other nanomaterials, graphene oxide (GO) is
able to localize in the lung through various exposure routes (for
example, intravenous (i.v.) administration),9–12 being ascribed to the
formation of GO-protein complexes that were readily caught by lung
capillary vessels.13–15 GO’s selective localization in the lung distin-
guishes it from other types of nanomaterials (mostly in liver and
spleen),16,17 offering a ‘guided missile’ to target the lung. Nonetheless,
many studies have shown that under certain conditions, GO is highly
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toxic because of its reactive surface groups.18–21 For instance, our
recent reports revealed an active interaction between GO and
macrophages, inducing macrophagic pro-inflammatory responses,
necrosis, cellular injuries and fibrosis.9,10,22 Therefore, improving
GO’s biocompatibility becomes a crucial prerequisite prior to expand-
ing its bio-applications.
Molybdenum disulfide (MoS2) nanomaterials are gaining mounting

popularity with prospective application potentials in various fields due
to their unique physicochemical properties,23–25 such as their utiliza-
tion as an exceptional platform for diverse modifications and drug
loading.26,27 Despite recent progresses, there are still considerable
scientific and technical challenges for MoS2 nanomaterials in biome-
dical applications. For example, pristine MoS2 materials are poorly
dispersible in aqueous solutions,28,29 which greatly restrains their bio-
applications. Meanwhile, more work needs to be done to achieve
diversified functionalization and selective targeting together with
optimal biocompatibility. To this end, researches on bulk and simply
functionalized MoS2 layers have been done extensively; however, the
development for MoS2-centered biomedical applications is still in its
infancy. Thus, more imperative strategies are needed to improve MoS2
functionalities for bio-applications.
Chemotherapeutic agents that harbor ample groups including

hydroxyl and amino, such as doxorubicin (DOX), are inclined to
form coordinate linkage with Mo,30,31 which renders MoS2 as a
desirable vehicle for drug delivery. In the meantime, given the poor
dispersity of bulk MoS2 and the inability to target specific tissue sites,
more improvement therefore becomes very necessary for its biological
applications, especially for targeted cancer nanotheranostics.28,32 In
contrast, GO is highly soluble in aqueous solutions with a pronounced
ability to target the lung.9,10,21 Emerging evidence reports the
applications of MoS2/GO nanocomposites in bioscience.33–35 For
instance, MoS2/GO nanocomposites revealed a greater antibacterial
activity,33 and enhanced selectivity and sensitivity in detecting glucose
and hydrogen peroxide (H2O2).

34,35 Other than these, no further
studies on other applications and biocompatibility have been
conducted.
Thus, we brought about the idea of creating MoS2/GO nanocom-

posites, where they were constructed in order to combine the merits
for both materials and shield the mutual weaknesses. To this end, the
primary objective of the current study was to build up MoS2/GO
nanocomposites that will show improved biocompatibility plus more
desirable properties. Our results turned out that MoS2/GO nanocom-
posites manifested multi-functionalities including selective lung target-
ing, enhanced drug loading capacity, elevated tumor killing efficacy
in vitro and in vivo, and improved biocompatibility as well. This study
would open a new path that may lead to extensive use of MoS2/GO
nanocomposites in cancer therapeutics.

MATERIALS AND METHODS

Preparation of GO, MoS2/GO nanocomposites and MoS2
derivatives
GO materials were prepared, as previously reported.36,37 Lysine (Lys) and FA
were purchased from Sangon Biotech (Shanghai, China). All MoS2 samples
were prepared from an original batch of the bulk materials. To prepare MoS2/
GO nanocomposites and MoS2 derivatives, the bulk MoS2, purchased from Alfa
Aesar (Tianjin, China), was dispersed in stock solutions of 0.5 mg ml− 1 GO,
Lys, and FA (pH= 7) in deionized water by sonication for 40 h, respectively. As
control, bulk MoS2 was sonicated alone in deionized water. These mixtures
were left to stand for 48 h to allow unstable big aggregates to sediment. The
dispersions were then centrifuged at 3000 r.p.m. for 20 min. The supernatant
was collected and further centrifuged at 12 000 r.p.m. for 20 min. The resulting

precipitate was collected into new vials and dispersed in deionized water for
further characterization and other experiments.

Characterization of nanomaterials
H-7500 transmission electron microscopy (TEM) (Hitachi Scientific Instru-
ments, Tokyo, Japan) and atomic force microscopic 5500 in the contact mode
(Agilent Technologies, Inc., Palo Alto, CA, USA) were used for characterizing
the morphology, lateral size and thickness of synthesized nanomaterials.
Dynamic light scattering and ζ-potential of nanomaterials in deionized water
and cell culture medium containing 10% fetal bovine serum (FBS) were
determined using a Zetasizer (Malvern Nano series, Malvern, UK). Raman
spectra were recorded using an InVia Raman microscope (Renishaw, London,
UK) with a laser at the excitation wavelength of 532 nm. Fourier transform
infrared (FTIR) spectra of nanomaterials were recorded on a Nicolet 6700 FTIR
spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA), and
obtained from the KBr pellet samples. Thermal gravimetric analysis was carried
out on a SDT-Q600 instrument (TA, New Castle, PA, USA) at a heating rate of
10 °C min− 1 under nitrogen atmosphere. Scanning transmission electron
microscopy-energy dispersive spectrometer (STEM-EDS) spectra for elemental
mapping of MoS2/GO nanocomposites were performed on a JEM-2100 F
electron microscope (JEOL, Tokyo, Japan). A DU-800 ultraviolet-visible (UV-
vis) spectrophotometer (Beckman, Fullerton, CA, USA) was used for UV-vis
absorbance measurement.

Animal experimentation and in vivo biodistribution of
nanomaterials
Male Balb/C mice (6–7 weeks old with body weight around 20 g) were
purchased from the Vital River Laboratories (Beijing, China). All animals were
maintained and used in accordance with the Guidelines of the Animal Ethics
Committee at the Research Center for Eco-Environmental Sciences, Chinese
Academy of Sciences. For in vivo biodistribution and biocompatibility evalua-
tion, mice were administrated with various nanomaterials via a single intratail
vein injection in a total volume of 200 μl at indicated concentrations. For the
control group, mice received saline only. Next, 24 h after administration, mice
were killed. The main organs (including the heart, liver, spleen, lung, kidney,
brain, testis, muscle, bone marrow and peripheral blood) and blood serum
were collected. Organs were weighed and digested overnight in nitric acid
solution. Tissue Mo mass was quantified using an Agilent 7500 instrument
(Agilent, Palo Alto, CA, USA).

Fluorescent imaging of nanomaterials in mice
For the fluorescent imaging of materials in vivo, an equal amount (100 μg) of
bulk MoS2, MoS2/GO, GO and FA-MoS2 were incubated with 100 μg
indocyanine green (ICG) for 24 h at room temperature. The ICG loading
capacities were measured following the method for DOX loading, as described
above. Afterwards, 16 μg free ICG and ICG-labeled nanomaterials (all contain-
ing 16 μg ICG) were administrated into mice via i.v. administration. After 24 h,
mice were killed, lungs were collected and imaged to determine ICG
fluorescence using a Xenogen IVIS spectrum (Caliper Life Sciences, Hopkinton,
MA, USA). ICG fluorescence was recorded at 800 nm using an excitation
wavelength of 745 nm. The ICG fluorescence density was quantified by
calculating the average radiant efficiency ([p/s/cm2/sr]/[μW/cm2]).

Drug loading capacity
The drug loading capacities of different nanomaterials were detected using a
UV-vis spectrophotometer (Beckman, Fullerton, CA, USA), as reported by Yin
et al.32 In brief, 0.1 mg ml− 1 MoS2/GO, 0.058 mg ml− 1 GO, 0.042 mg ml− 1

bulk MoS2, Lys-MoS2 and FA-MoS2 nanomaterials were mixed with free DOX
at different concentrations (0.05 and 0.1 mg ml− 1) in phosphate-buffered
saline (PBS) containing 2% FBS (to avoid MoS2 and GO aggregation with salt
ions). The mixtures were stirred for 24 h at room temperature. Unbounded
DOX was washed away by centrifugation and repeated washing with PBS. The
resulting precipitates were re-dispersed and stored at 4 °C. All the supernatants
obtained from each wash were collected and used to determine the amount of
excess free DOX at the absorbance peak of 480 nm. DOX loading capacity was
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calculated using the following equation:

Loading efficiency %ð Þ ¼ MVðC0 � CeÞ
m

´ 100%

In the above equation, M (g mol− 1) is the molar mass of DOX; V (l) is the
volume of supernatant; C0 (mol l− 1) and Ce (mol l− 1) are the initial and
equilibrium concentrations of DOX in PBS buffer, respectively; m (g) is the
mass of nanomaterials.

Cell culture
Murine macrophage cell line J774A.1, mouse Lewis lung carcinoma cell line,

mouse melanoma cell line B16, original mouse breast cancer cell line 4T1 and

human breast cancer cell line MDA-MB-231 were obtained from the Shanghai

Cell Bank of Type Culture Collection of China. The 4T1 subline with strong lung

metastasis was created by our own laboratory.38 Cells were cultured continuously

at 37 °C and 5% CO2 in Dulbecco’s modified Eagle medium or RPMI-1640

medium (Gibco BRL Life Technologies Inc., Waltham, MA, USA) with 10% FBS

and 100 units ml− 1 penicillin/streptomycin (Invitrogen, Waltham, MA, USA).

Figure 1 Physicochemical characterization of nanomaterials. (a) Representative TEM images of bulk MoS2, MoS2/GO nanocomposite, GO and Lys-MoS2 and
FA-MoS2. (b) Representative AFM topography. (c) The size distribution and (d) the height profiles of materials based on the AFM analysis. (e) Raman spectra
of various materials. TEM, transmission electron microscopy; MoS2, molybdenum disulfide; GO, graphene oxide; AFM, atomic force microscopy.
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In vitro tumor-killing capability assay
First, an equal amount (100 μg) of diverse nanomaterials were incubated with
50 μg DOX for 24 h at room temperature. DOX-loaded nanomaterials were
then purified with repeated centrifugation and PBS washing. Thereafter, MoS2/
GO@DOX, GO@DOX, Lys-MoS2@DOX and FA-MoS2@DOX complexes were
exposed to different types of tumor cells. After 24 h, cell morphologies were
imaged on an Axiovert 40 CFL microscope (ZEISS, Oberkochen, Germany),
and cytotoxicity was determined using a cell counting kit (CCK)-8 (Solarbio,
Beijing, China) following the manufacturer’s instructions.

In vivo anti-tumor evaluation in mice
To establish the mouse model, male C57BL/6 mice (6–7 weeks old) were
randomly divided into six groups (n= 6–7), and were then injected with B16
cells (2× 105 cells per mouse) via i.v. administration on day 1. Mice thereafter
received treatments with DOX (1.5 mg kg− 1 body weight), or DOX-loaded
nanomaterials (with an equal amount of DOX) through i.v. injection every
3 days beginning on day 3. Mice were killed for examination of metastatic
tumors on day 18. Blank control mice received saline only. Body weight of all
mice was monitored every other day.

Blood biochemistry assay
The activities of aspartate aminotransferase in mouse sera were assayed using a
kit from Nanjing Jiancheng Bioengineering Institute, Nanjing, China. The
concentrations of interleukin-6 and tumor necrosis factor (TNF)-α, either in
mouse sera or in cell culture media, were quantitatively assessed using kits from
R&D Systems Inc., Minneapolis, MN, USA. The concentrations of monocyte
chemotactic protein (MCP)-1, MCP-3, and macrophage inflammatory protein-
1α in cell culture media, were quantitatively assessed using kits from Wuhan
USCN Business Co., Ltd, Wuhan, China and Neobioscience Technology
Company, Beijing, China.

Histological examination, Masson’s trichrome and
immunehistochemical staining
For the biocompatibility assay, 0.84 mg kg− 1 body weight bulk MoS2, Lys-
MoS2 and FA-MoS2, 1.16 mg kg− 1 body weight GO and 2 mg kg− 1 body
weight MoS2/GO were administrated in mice. When mice were killed, organs
were immediately collected and fixed with 10% formalin in PBS. Tissues were
embedded in a paraffin block and then sliced into thick sections (5 μm) onto
glass slides. Following the standard protocols, hematoxylin and eosin, Masson’s
trichrome and immunehistochemical staining were performed. An Ab against
CD68 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used to recognize
macrophages in immunohistochemistry. Slides were observed and imaged with
an Axio Scope A1 optical microscope (CarlZeiss, Inc., Oberkochen, Germany).

Cell number counting
Cells were first seeded at a density of 7× 104 cells per well in 24-well plates and
were then cultured for 24 h. Cells were afterwards treated with different
concentrations of nanomaterials for another 24 h. After treatment, cells were
then harvested for counting the number of live cells using a NovoCyte 1040
flow cytometer (ACEA BIO, Hangzhou, China).

Reactive oxygen species detection
Cells were first seeded in 96-well plates overnight. Cells were then treated with
different materials for 1, 6 and 24 h. After treatment, medium was removed and
cells were washed with PBS. After incubation with a 10 μM 2',7'-dichlorofluor-
escin diacetate (DCF-DA) probe molecules for 30 min at 37 °C, cells were
washed with PBS for three times. DCF-DA fluorescence was recorded at
525 nm using an excitation wavelength at 488 nm on a Vakioskan flash plate
reader (Thermo Scientific, Waltham, MA, USA). For the dynamic reactive
oxygen species (ROS) detection within a short time period, DCF-DA probes
were first added into cells and incubated for 30 min at 37 °C, and cells were
then washed with PBS for three times. DCF-DA fluorescence was recorded
immediately after cells were treated with nanomaterials within 1 h at an interval
of every 5 min.

Cellular localization of nanomaterials through TEM
Cells were seeded in 6 cm plates at a density of 2× 106 per plate and were
cultured for 24 h. Cells were then exposed to materials for 24 h, followed by cell
collection. The harvested cells were fixed with 2.5% glutaraldehyde solution and
embedded with epoxy resin. The TEM samples were prepared, as previously
reported.39 Areas containing cells were block mounted and cut into ultrathin
sections (70 nm). The ultrathin cell specimens were placed on the grids, stained
with 1% lead citrate and 0.5% uranyl acetate and finally examined. Subcellular
localization of nanomaterials was detected using a high-resolution JEOL JEM
2010F transmission electron microscope (Hitachi Scientific Instruments,
Tokyo, Japan).

Quantitative reverse transcription–polymerase chain reaction assay
of gene expression
Quantitative reverse transcription–polymerase chain reaction (qRT-PCR)
analysis was performed to characterize the expression levels of interest genes.
Briefly, after cellular treatment, total RNAs were isolated from cells using Trizol
(Life Technologies, Waltham, MA, USA). qRT–PCR analysis of the mRNA
levels for various chemokines was performed using SYBR Green qPCR mix
(Promega Inc., Madison, WI, USA) on an Mx3005P qRT-PCR instrument
(Bio-Rad, Hercules, CA, USA). The primer sequences for PCR reactions are
listed in Supplementary Figure S1. GAPDH was used as the internal control for
normalization.

Statistical analysis
All data were represented as the mean± standard deviation (s.d.). Statistical
analysis was performed using independent t-test or one-way ANOVA test. P-
value less than 0.05 (Po0.05) was considered statistically significant.

RESULTS AND DISCUSSION

Synthesis and characterization of MoS2/GO nanocomposites
To prepare MoS2 and GO hybrid materials, GO monolayer sheets
were doped on MoS2 layers to form few-layer nanocomposites. The
thermal gravimetric analysis unveiled that the component ratio for
MoS2 and GO was 42 vs 58% within the MoS2/GO composites
(Supplementary Figure S2). Pristine MoS2 materials are poorly
dispersible and tend to dramatically aggregate in water and physiolo-
gical solutions,26,28,29 which prevents the biomedical applications. Lys
and FA are two main types of small molecules with excellent
biocompatibility and are often used to modify nanomaterials.40,41 To
this end, apart from bulk MoS2, simply functionalized MoS2 materials
including Lys- and FA-modified MoS2 were also synthesized using the
same batch of bulk MoS2 materials as additional controls alongside
MoS2/GO nanocomposites. Meanwhile, the same batch of GO sheets
used for MoS2 hybrid was also used here for comparison. Thereafter,
our synthesized materials were extensively characterized. Figure 1a
shows the morphologies and structures of all materials, as character-
ized by TEM. Consistent with previous observations,28,42 bulk MoS2
materials were not well dispersed in aquatic solutions and formed
agglomerates, as evidenced by the TEM images (Figure 1a). By
contrast, GO exhibited a single-layer sheet-like structure, while
MoS2/GO composites, Lys-MoS2 and FA-MoS2 all appeared in a
few-layer sheet-like structure without agglomeration (Figure 1a).
Atomic force microscopic analysis further confirmed the structures
and morphologies of GO, MoS2/GO, Lys-MoS2 and FA-MoS2
(Figure 1b). The statistical analysis of atomic force microscopic results
showed that more than 90% sheets of GO, MoS2/GO, Lys-MoS2 and
FA-MoS2 had a similar lateral size ranging from 50 to 350 nm
(Figure 1c). Atomic force microscopic data demonstrated that the
average thickness of GO sheets was approximately 1.0 nm (Figure 1d),
indicative of single-layer graphene sheets.43 Lys-MoS2 and FA-MoS2
also revealed a similar thickness ranging from 2.5 to 5.5 nm, whereas
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the formation of composites significantly increased the thickness to 5–
11 nm for MoS2/GO (Figure 1d).
Afterwards, Raman and FTIR spectroscopy were employed to verify

the structure and functional groups on the materials. As shown in
Figure 1e, Raman spectra indicated that bulk MoS2, MoS2/GO, Lys-
MoS2 and FA-MoS2 revealed two typical peaks: E12g and A1g,
suggestive of the vibrations (in-plane) of 2S atoms with the Mo atom,
and the vibrations (out of plane) of S atoms in opposite directions,
respectively.44,45 Of note, after functionalization, a blue shift for peak
E12g and A1g was found in the spectra of MoS2/GO, Lys-MoS2 and FA-
MoS2, demonstrating the successful synthesis of these materials
(Figure 1e). FTIR spectra verified the successful modification on
MoS2 by GO, Lys and FA, as MoS2/GO, Lys-MoS2 and FA-MoS2
displayed similar typical stretching peaks to their original modification
materials, respectively (Supplementary Figure S3). Additionally,
STEM-EDS was performed for the purpose of elemental mapping
on MoS2/GO materials. As shown in Supplementary Figure S4, the
distribution of Mo, S, C and O elements displayed a constant overlay
in STEM imaging, confirming the synchronized integration of MoS2
and GO into the composites.

Moreover, the dispersity of these materials was thoroughly inves-
tigated. As shown in Supplementary Figure S5, bulk MoS2 did not
disperse in water and culture medium plus 10% FBS with the
hydrodynamic size from 720 to 850 nm. In contrast, GO was well
dispersed in water and culture medium with the hydrodynamic size
from 200 to 270 nm (Supplementary Figure S5), consistent with
previous reports.9,10,46 Owing to the abundant oxygen-containing
functional groups on its surface, GO exhibits excellent dispersity in
water, which is a crucial prerequisite for its biomedical applications.21

As a result, MoS2/GO manifested great dispersity in water and cell
culture medium with 10% FBS, similar to Lys-MoS2 and FA-MoS2,
and the hydrodynamic size was considerably reduced to 140–160 nm
in water and 180–270 nm in culture medium, respectively
(Supplementary Figure S5, Po0.05). It is worthwhile noting that
the hydrodynamic size became larger in culture medium with FBS
than that in water for all materials (Supplementary Figure S5,
Po0.001), due to the formation of protein corona on their
surface.10 Further, the polydispersity index data overall supported
the finding of enhanced dispersity for MoS2/GO, Lys-MoS2 and FA-
MoS2 relative to bulk MoS2 (Supplementary Figure S5, Po0.05).
Additionally, the ζ-potential data showed that all materials were
negatively charged in water and cell culture medium with FBS
(Supplementary Figure S5). Together, these results demonstrated that
MoS2/GO nanocomposites were successfully prepared with improved
dispersity, and, for the purpose of comparison, Lys-MoS2, FA-MoS2
and GO materials were also well prepared.

Preferential lung accumulation of MoS2/GO nanocomposites
To improve the therapeutic efficacy, the accuracy of selective targeting
is of great importance.5 To achieve enhanced tissue targeting,
tremendous attempts have been made through versatile strategies,
including 3S′ optimization (that is, size, shape and surface), surface
coating with chemical and/or biological molecules and targeting
ligands.47,48 Nonetheless, emerging evidence also suggests that the
nanomaterials themselves could be refined for specific tissue accumu-
lation and thus targeting through either a passive or active
mechanism.49,50 GO materials were uncovered to preferentially
localize in the lung upon in vivo administration,9–12 pointing out
the rationale of using GO for lung targeting. To this end, we
synthesized the MoS2/GO nanocomposites for the purpose of lung
targeting. First, the lung targeting effect was determined by assessing
the biodistribution of these materials in mice after i.v. administration.
The relative distribution was described as percentage (%) of injected
dose, denoting the proportion of materials in each whole organ of the
total injected mass. Similar to the distribution profile of most
nanomaterials,17,51 these materials predominantly accumulated in
liver, with much less amount in spleen, lung and kidney and
neglectable amount in other places, such as heart, brain, testis, muscle,
bone marrow and peripheral blood (Figure 2a, Po0.001). Most
distinctively, MoS2/GO composites displayed differential localization
from bulk MoS2, Lys-MoS2 and FA-MoS2, as MoS2/GO composites
exhibited preferential accumulation in the lung with nine times greater
than bulk MoS2 and 50 times greater than Lys-MoS2 and FA-MoS2
(Figure 2a, Po0.001). This finding was consistent with the inclined
deposition of GO in the lung upon in vivo administration.9–11 To
further substantiate these results, mass concentration for each organ
was calculated. As shown in Figure 2b, mass concentration profiles for
organs showed a similar pattern to that of the total amount in
according organs.
To corroborate the preferential tendency of MoS2/GO composites

to deposit in the lung, in vivo localization of these materials was

Figure 2 In vivo biodistribution of various materials in mice. The Mo
contents were examined in mice 24 h post i.v. injection. The results from
ICP-MS determination were shown as (a) % of injected dose and (b) μg g−1.
There were six mice per group (n=6). Asterisk (*) indicates Po0.05 and
pound sign (#) denotes Po0.001, compared to bulk MoS2-treated group.
Dash (− ) indicates not detectable. MoS2, molybdenum disulfide.
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visualized through labeling with a Food and Drug Administration-
approved fluorescence dye, ICG. Here, bulk MoS2, GO, MoS2/GO
composites and FA-MoS2 with the same amount of ICG conjugation
were subjected to in vivo imaging through the ICG fluorescence. As
reported previously,52,53 the mechanisms for loading ICG onto MoS2/
GO nanocomposites mainly reside in the π–π stacking interaction and
hydrophobic effect. As shown in Figure 3a, a much higher level of
fluorescence was observed in lungs from mice administrated with
GO@ICG and MoS2/GO@ICG than that in lungs from mice admini-
strated with bulk MoS2@ICG and FA-MoS2@ICG. Quantitative data
further verified the enrichment of ICG fluorescence in lungs of mice
treated with GO@ICG and MoS2/GO@ICG, compared to bulk
MoS2@ICG- and FA-MoS2@ICG-treated mice (Figure 3b, Po0.05).
A comparable level of fluorescence intensity was found between
GO@ICG and MoS2/GO@ICG in lungs, suggesting a great contribu-
tion of GO in guiding lung localization. Unlike most of the other
nanomaterials, GO tended to localize in the lung via various exposure
routes.9–12 To be specific, GO was prone to form complex with diverse
proteins once in circulation and body fluid, and would mostly likely be
trapped in the arteries and capillaries in the lung, which functioned as
the first vascular bed for GO sheet localization.10,13,54 Meanwhile, the
microenvironment of pulmonary vasculature, such as endothelial
caveolae55 and distinct membrane proteins on the luminal surface of
lung vascular endothelial cells,56 may also be accountable for targeting

of GO sheets. Through building up the MoS2/GO nanocomposites,
GO was made the best to guide MoS2 to accumulate in the lung,
adding a favorable property to nanocomposites for selective lung
targeting. Thus, our findings may pinpoint the potential application of
MoS2/GO nanocomposites in selective lung targeting in treating lung-
associated disorders. We here focused on the study of MoS2/GO
nanocomposites for targeting cancer cells prone to the lung, and we
did not look into the interaction between MoS2/GO nanocomposites
and pulmonary membrane proteins. Nevertheless, it is an important
aspect to be extensively investigated in the future. In fact, in a recent
paper published by our group,46 we shed light on the interaction
between GO nanosheets and membrane proteins on A549 lung
epithelial cells. In this report, various pathways related to the functions
of plasma membrane (for example, focal adhesion, tight junction and
endocytosis) were found to be affected in cells responding to low-dose
exposure of GO. For the next step, we will invest more efforts to
elaborate the interaction between 2D nanomaterials (that is, GO and
MoS2) and cell membrane proteins.

Enhanced capacity of MoS2/GO nanocomposites to load DOX and
to kill tumor cells in vitro and in vivo
Thereafter, MoS2/GO’s functionality and biocompatibility were com-
pared to bulk MoS2, Lys-MoS2, FA-MoS2 and GO at the same mass
concentrations proportional to the component ratio (namely, MoS2:
GO = 42%:58%). Since both MoS2 and GO are promising materials
for biomedical applications, for example, drug loading vehicles in
cancer nanotheranostics, we thus assessed the capacity of these
materials to load DOX, a mainstream chemotherapeutic agent in
treating diverse cancers. As shown in Figure 4a, MoS2/GO nanocom-
posites harbored enhanced capacity to load DOX (40%), 10-fold
greater than bulk MoS2 (4%), fourfold greater than Lys-MoS2 (10%)
and about twofold greater than FA-MoS2 (21%) when incubating in
the solution with DOX at the 0.05 mgml− 1 (Po0.05). MoS2/GO
nanocomposites also revealed greater DOX loading capacity with 32%
increase, relative to GO (Figure 4a, Po0.05). Similar findings were
obtained for MoS2/GO nanocomposites when incubating in the
solution with DOX at the 0.1 mg ml− 1 in comparison to bulk
MoS2, Lys-MoS2 and FA-MoS2 and GO (Figure 4a, Po0.05). UV-
vis spectra and FTIR analyses were further carried out to affirm the
loading of DOX onto MoS2/GO nanocomposites. As shown in
Supplementary Figure S6, the UV-vis spectra were recorded in the
wavelength ranging from 200 to 800 nm. DOX loaded onto MoS2/GO
nanocomposites was evidenced by a pronounced absorption peak at
~ 480 nm.32 As presented by the FTIR data in Supplementary
Figure S7, compared with MoS2/GO alone, additional bands appeared
on the FTIR spectrum for MoS2/GO@DOX. For instance, the band at
1605 cm− 1 was obtained owing to the vibration of the benzene ring
frame of DOX. And the band at 1720 cm− 1 was attributed to the
carbonyl peak from DOX. Moreover, the peak at 880 cm− 1 referred to
the primary amine wag vibration of DOX.32 These results collectively
suggested that MoS2/GO nanocomposites possessed greatly enforced
drug loading capacity than individual MoS2 and GO, suggesting
enhanced tumor-killing capability for MoS2/GO composites. It is
worth noting that our MoS2/GO nanocomposites even showed greater
DOX loading capacity when comparing with other mainstream
nanomaterials reported previously, including PEGylated MoS2
nanosheets,28 PEGylated GO nanosheets,57 poly(propylene imine)-
dendrimer-grafted gold nanoparticles58 and FA-conjugated polydopa-
mine-modified mesoporous silica nanoparticles.59 With respect to the
mechanisms underlying DOX-loading onto MoS2/GO nanocompo-
sites, at least three interactions are involved. First, GO nanosheets

Figure 3 In vivo imaging and lung accumulation analysis. (a) ICG fluorescent
images of lungs from mice 24 h post-injection of free ICG and ICG-loaded
nanomaterials. (b) Quantification of relative ICG fluorescence in lungs
(n=3). ICG, indocyanine green.
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consist of sp2-bonded carbon on the aromatic network and various
functional groups (that is, hydroxyl, carboxyl and epoxide) on the
surfaces of each sheet.60 Thus, the π – π stacking interaction can be
formed between the large π conjugated structure of GO and the
quinone structure of DOX. Second, a hydrophobic effect contributed
to the interaction between GO and DOX, and between MoS2 and
DOX as well. And a high drug loading capacity in this system may be
attributed to the high surface area of the atomic-thin layers of MoS2/
GO nanocomposites. Third, the hydroxy and carboxyl groups on GO
nanosheets can also form a strong hydrogen-bonding interaction with
hydroxy and amino groups on DOX.28,32,61 Owing to these interac-
tions, DOX can be nicely loaded onto MoS2/GO nanocomposites.
Thereafter, the materials loaded with DOX were assessed for the

tumor-killing efficacy in vitro and in vivo. Since MoS2/GO composites
displayed preferential localization into the lung, we deliberately
selected lung tumor cells and other tumor cells that have the

propensity to metastasize to the lung in this assessment. Owing to
differential sensitivity for each cell type to DOX, different cell types
were treated with DOX-loaded materials at customized concentra-
tions. Lewis lung carcinoma cells were first subjected to various DOX-
loaded materials at the same mass concentration, 2 μg ml− 1. As shown
in Figure 4b, MoS2/GO@DOX manifested the greatest inhibition on
cell growth (by 471%, Po0.001), followed by GO@DOX (by
approximately 58%, Po0.001), FA-MoS2@DOX (by about 35%,
Po0.001) and Lys-MoS2@DOX (by ~ 22%, Po0.001), in line with
the DOX loading results (Figure 4a). Furthermore, we determined the
tumor-killing efficacy in non-lung tumor cells that possessed the
propensity to metastasize to the lung. Consistent with the observations
in Lewis lung carcinoma cells, the greatest suppression was found for
MoS2/GO@DOX in B16 mouse melanoma cells, 4T1 breast cancer
cells (here termed as the original 4T1 cells),38 4T1 cells with enhanced
lung metastasis (termed as the lung-metastatic 4T1 cells),38 and MDA-

Figure 4 DOX loading capacity and tumor killing efficacy of different materials. (a) DOX loading capacity of nanomaterials (n=4). (b) In vitro tumor killing
efficacy of DOX-loaded materials at the same mass concentrations (n=5). The concentrations of materials were tailored for each type of cells as follows:
2 μg ml−1 for LLC cells, 6 μg ml−1 for B16 cells, 30 μg ml−1 for 4T1 cells and 15 μg ml−1 for MDA-MB-231 cells. (c) Representative images of metastatic
tumor nodules in the lungs from treated and untreated mice with implantation of B16 murine melanoma cancer cells. DOX, doxorubicin; LLC, Lewis lung
carcinoma.
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MB-231 human breast cancer cells (Figure 4b and Supplementary
Figure S8, Po0.05). Together, these findings further corroborated the
enhanced capacity of DOX loading and thus elevated tumor-killing
efficacy for MoS2/GO nanocomposites relative to individual MoS2 and
GO monomers.
Furthermore, the in vivo anti-tumor efficacy of MoS2/GO was

evaluated in C57BL/6 mice using a lung metastasis model. Given that
B16 murine melanoma cancer cells harbor favorable and selective

propensity to metastasize to the lung,62,63 we used this model to
determine the anti-tumor effect of MoS2/GO by making best use of its
preferential lung targeting capability. As shown in Supplementary
Figure S9A, there was no significant difference in body weight among
all groups, and no abnormal activities (for example, diet and moving)
were observed for all mice, ruling out the occurrence of gross toxicity
to mice treated with these materials. Consistent with the in vitro data
(Figure 4b and Supplementary Figure S8), MoS2/GO@DOX and

Figure 5 Blood biochemistry and histological examination in mice challenged by different materials. (a) Levels of pro-inflammatory cytokine TNF-α in sera
from mice administrated with different nanomaterials for 24 h. (b) AST levels in sera from mice treated with various nanomaterials for 24 h. (c) H&E staining
of livers from the above treated mice. Original magnification, ×100. Arrows indicate an enlarged central vein and infiltration of inflammatory cells around
central veins in hepatic lobules. (d) Immunohistochemical staining of macrophages using an Ab against CD68 in liver sections from the above treated mice.
Arrows denote CD68-positive macrophages. Original magnification, ×200. There were six mice in each group (n=6). Asterisk (*): Po0.05; pound sign (#):
Po0.001, compared to untreated control. TNF, tumor necrosis factor; AST, aspartate aminotransferase; H&E, hematoxylin and eosin.
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GO@DOX remarkably inhibited the growth of metastatic tumors in
the lung by 65− 75%, relative to untreated control (Figure 4c and
Supplementary Figure S9B, Po0.001). By contrast, MoS2/GO, DOX
and Lys-MoS2@DOX only slightly repressed the growth of metastatic
tumors in the lung (Figure 4c and Supplementary Figure S9B). These
data further supported the outstanding properties of MoS2/GO in lung
targeting, drug loading and tumor-killing efficacy, and also recognized
a promising application of MoS2/GO in treating cancers prone to
the lung.

MoS2/GO composites provoked weaker inflammation and tissue
injuries than monomers
Afterwards, the biosafety of MoS2/GO materials was thoroughly
assessed. First, the general toxicity was determined in mice through
i.v. administration of the materials for 24 h. Consistent with the pro-
inflammatory effects of GO materials,9,10 significant systemic inflam-
matory response was observed in GO-exposed mice, as evidenced by
40% increase of serum TNF-α concentration in GO-treated mice,
compared to untreated mice (Figure 5a, Po0.05). By contrast, much

Figure 6 Histological analysis of lung injuries from mice treated with materials for 24 h. Representative sections of lungs with (a) H&E staining (original
magnification, ×100) and (b) Masson’s trichrome staining (original magnification, ×100). For H&E staining in (a), the line squares stand for enlarged images
of typical pulmonary alveoli. Arrows indicate the GO-cell complexes in lung tissues. For Masson’s trichrome staining in (b), blue staining indicates collagen in
lungs. (c) Representative enlarged images of lung sections with H&E staining (original magnification, ×100) from mice treated with PBS or GO. Black arrows
denote the GO-cell complexes in lungs. H&E, hematoxylin and eosin; GO, graphene oxide; PBS, phosphate-buffered saline.
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milder increase of serum TNF-α was observed in mice treated with
bulk MoS2, Lys-MoS2, FA-MoS2 and MoS2/GO, compared to GO-
treated mice (Figure 5a), indicating compromised pro-inflammatory
reactions due to the existence of MoS2 materials.
Further, tissue injuries were examined. Since liver is the prominent

site for nanomaterial deposition, we first looked into liver injuries. As
shown in Figure 5b, more than threefold increase of serum aspartate
aminotransferase level was found in GO-treated mice relative to
untreated mice (Po0.001), revealing significant hepatoxicity induced
by GO. By contrast, only a slight increase of aspartate aminotransferase
level was recognized in mice challenged by bulk MoS2, Lys-MoS2, FA-
MoS2 and MoS2/GO, compared to untreated mice (Figure 5b).
Importantly, more than 35% reduction of aspartate aminotransferase
level was observed in mice responding to MoS2/GO, relative to GO-
treated mice (Figure 5b, Po0.05), confirming decreased hepatoxicity
induced by MoS2/GO in comparison to GO. To validate these results,
hematoxylin and eosin staining was performed in liver sections. In
agreement with the above findings, GO-induced hepatoxicity was
most severe, as reflected by enlarged central veins and infiltration of
inflammatory leukocytes (denoted by arrows) (Figure 5c). To define
the infiltration of macrophages in liver, immunohistochemical staining
was carried out in liver sections using a CD68 Ab to recognize
macrophages.64 As shown in Figure 5d, a number of macrophages
were identified in liver sections from mice responding to GO, as

shown in brown color (indicted by arrows). In comparison, much
milder macrophage infiltration was seen in mice challenged by bulk
MoS2, Lys-MoS2, FA-MoS2 and MoS2/GO.
Additionally, lung injuries were assessed through hematoxylin and

eosin staining and Masson’s trichrome staining. In analogy to our
recent reports,9,10,46 GO accumulation resulted in extensive lung
injuries, as evidenced by extensive alveolar collapse, alveolar wall
thickening and inflammatory cell infiltration, suggestive of increased
collagen (Figure 6a). Inflammation and fibrosis are two interwined
processes for the development of lung disorders, and inflammatory
responses will contribute to progression of fibrosis through production
of inflammatory cytokines that trigger the activation and maturation
of fibroblasts into myofibroblasts.65,66 Masson’s trichrome staining
further verified the enhanced collagen secretion in alveoli and
bronchioles (denoted by blue color within lung tissues), diagnostic
of prospective lung fibrosis in mice responding to GO (Figure 6b). In
parallel to these phenotypes, GO accumulation could be visualized in
the lung, as characterized by dark spots representative of GO-cell
complexes (indicated by arrows) (Figure 6a and c), analogous to
previous studies.67 In stark contrast, no significant damages were
observed in lung sections from mice administrated with bulk MoS2,
Lys-MoS2, FA-MoS2 and MoS2/GO (Figure 6a and b). Plus, no
observable pathological alterations were recognized in hearts, spleens
and kidneys in all treated mice by these materials (Supplementary
Figures S10− S12).

Decreased capability of MoS2/GO composites to associate with
macrophages relative to GO
Given that MoS2/GO greatly ameliorated GO-induced pro-inflamma-
tory effects, as demonstrated by the above findings, we therefore
attempted to elucidate the underlying molecular mechanism. In
response to the intrusion of nanoparticles in the body, macrophages
are certainly the most important responsive cells to perform phago-
cytosis and secret pro-inflammatory cytokines, leading to leukocyte
recruitment and other resultant processes, such as fibrosis.9,68 Since we
observed significant inflammation and macrophage activation in mice
challenged by GO and much less by MoS2/GO composite, we thus
chose J774A.1 macrophages for the mechanistic investigation of nano-
macrophage interaction. First, cytotoxicity was surveyed upon various
materials through different approaches. As shown in Figure 7a, in
agreement with the above findings that GO was the most reactive
material of those tested here, the cell number considerably dropped in
a dose-dependent manner (Po0.001), and a 15% decline of cell
number was observed even at the lowest concentration of 10 μg ml− 1.
Nevertheless, MoS2/GO markedly reduced the cytotoxicity of GO by
nearly 40% (Figure 7a, Po0.001). Meanwhile, bulk MoS2, Lys-MoS2
and FA-MoS2 exhibited minimal toxicity to J774A.1 cells at various
concentrations, implying desirable cytocompatibility of MoS2 materi-
als. It is well established that macrophages upon exposure of
nanomaterials would generate oxidative stress by provoking ROS
production.9,10,22 Thus, intracellular ROS generation was determined.
As shown in Figure 7b, the ROS burst was found in cells at 1 h after
treatment with all materials, with a significant decline at 6 and 24 h
(Po0.05). Meanwhile, the greatest induction of ROS was found in
cells treated with GO at all time points, compared to cells treated with
other materials (Figure 7b, Po0.05), in support of the cytotoxicity
assay (Figure 7a). Of note, MoS2/GO stimulated much less ROS than
GO (Po0.05), comparable to bulk MoS2, Lys-MoS2 and FA-MoS2
(Figure 7b). Similar tendency was also observed for ROS production
within 1 h at an interval of every 5 min (Supplementary Figure S13).

Figure 7 Cytotoxicity determination in J774A.1 cells responding to different
materials. (a) Cell counting of J774A.1 cells exposed to materials for 24 h
(n=5). The concentrations of MoS2/GO were 10, 50 and 100 μg ml−1,
whereas bulk MoS2, GO and MoS2 derivatives were at the same mass
concentrations proportional to the component ratio within MoS2/GO
composites. (b) Intracellular ROS production in J774A.1 cells in response to
nanomaterials for 1, 6 and 24 h (n=5). The concentrations were 5 μg ml−1

for MoS2/GO, 2.9 μg ml−1 for GO and 2.1 μg ml-1 for bulk MoS2, Lys-MoS2
and FA-MoS2. MoS2, molybdenum disulfide; GO, graphene oxide.
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These results therefore revealed that GO-associated toxicity could be
greatly ameliorated by the addition of MoS2.
Next, to closely interrogate the molecular mechanism responsible

for compromised cytotoxicity for MoS2/GO, we shed light on the
nano-bio interface. To avoid extensive cell death that will interfere
with mechanistic investigation, a sublethal concentration at 5 μg ml− 1

was deliberately chosen in the following experiments. As shown in
Figure 8, TEM analysis displayed significant cellular uptake for all
materials by macrophages, especially for GO-treated cells, as evidenced
by phagocytosed nanoparticles in membrane-bound structures inside
phagosomes within the cytosol (Figure 8, denoted by red arrows).
Meanwhile, similar to our recent data,9 there was an active association
between GO sheets with plasma membrane, as characterized by the
massive adsorption of GO sheets on plasma membrane in parallel,
without showing the sign of phagocytosis (Figure 8, indicted by blue
arrows). To a much less extent, only a few sheets could be visualized
on plasma membrane in MoS2/GO-treated cells (denoted by a blue
arrow), whereas no sheet could be found on plasma membrane in cells
treated with bulk MoS2, Lys-MoS2 and FA-MoS2 (Figure 8).
We recently demonstrated that GO with larger lateral size could

readily adhere to plasma membrane and thus be internalized by
macrophages, leading to macrophagic activation.9 Analogously, pre-
vious studies also demonstrated that GO actively interacts with cell
plasma through the abundant oxygen-containing functional groups on
its surface.69,70 As a result, the association of the flat side with plasma
membrane would trigger macrophage activation into the M1 subtype
with pro-inflammatory effects.9,71,72 Different from GO, MoS2 mate-
rials harbored much weaker interaction with plasma membrane,
possibly due to the absence of active oxygen-containing functional
groups on their surface.69,73 By contrast, MoS2/GO displayed a

reduced capability to interact with plasma membrane, presumably
being ascribed to the existence of MoS2. Moreover, macrophages are a
vital type of immune cells in recognizing and interacting with
nanomaterials, which may further lead to phagocytosis and clearance
of extraneous nanomaterials.74,75 As shown in the TEM images
(Figure 8), MoS2/GO manifested reduced capability to adsorb onto
plasma membrane, associated with compromised phagocytosis, com-
pared with GO. This finding thus implied less loss of drug delivered by
MoS2/GO due to the clearance of macrophages, giving rise to
enhanced capacity of MoS2/GO@DOX nanocomposites to kill tumor
cells through this mechanism.

Mitigated ability of MoS2/GO composites to activate macrophages
relative to GO
Downstream of macrophagic activation, pro-inflammatory cytokines
(for example, interleukin-6 and TNF-α) will be induced to enhance
inflammatory reactions.76,77 In agreement with the in vivo results
(Figure 5a), exaggerated elevation of secreted TNF-α was observed in
GO-treated cells, relative to untreated cells (Figure 9a, Po0.001), and
this elevation was diminished by 27% in cells treated with MoS2/GO,
compared to GO-treated cells (Figure 9a, Po0.001). In support of this
finding, similar results were found for interleukin-6 production
(Figure 9b). Importantly, these data pointed out that MoS2/GO
consistently instigated less production of TNF-α and interleukin-6
proteins than GO (Figure 9a and b).
In addition to pro-inflammatory cytokines, activated macrophages

also secrete other chemokines that are necessary for cascade immune
responses.78,79 As shown in Figure 9c, MCP-1 (also referred to CCL2)
was elevated approximately by twofold in cells upon GO (Po0.001),
and this induction was diminished by 425% in cells upon MoS2/GO

Figure 8 Cellular localization of materials in J774A.1 cells. High-resolution TEM images (original magnification, ×10 000) of treated cells at 5 μg ml−1 for
MoS2/GO, 2.9 μg ml−1 for GO and 2.1 μg ml−1 for bulk MoS2, Lys-MoS2 and FA-MoS2 for 24 h. Representative association of nanomaterials on plasma
membrane (blue arrows) and inside phagosomes (red arrows) were indicated in the enlarged images (right) from the dash line squares. TEM, transmission
electron microscopy; MoS2, molybdenum disulfide; GO, graphene oxide.
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(Po0.001). Likewise, similar findings were demonstrated for the
induction of MCP-3 (namely CCL7) and macrophage inflammatory
protein-1α (that is, CCL3) (Figures 9d and e, Po0.05). These changes
were also verified at the mRNA levels for MCP-1, MCP-3 and
macrophage inflammatory protein-1α (Supplementary Figure S14).
Since these chemokines function to recruit differential leukocytes to
inflammation sites,79 our results suggested differential pro-
inflammatory effects by these materials with compromised capability

for MoS2/GO in comparison to GO. These results further stressed the
important discovery of diminished bioreactivity of MoS2/GO towards
macrophages relative to GO, which was accounted for the addition of
MoS2. For MoS2, it is relatively more biocompatible than GO when
comparing their in vitro and in vivo toxicity, because MoS2 is rather
inactive to biomolecules.80,81 Considered together, these findings
signified the improved biocompatibility of MoS2/GO nanocomposites
for potential biomedical applications.

Figure 9 Pro-inflammatory responses elicited by diverse materials in J774A.1 cells. Concentrations of secreted pro-inflammatory cytokines for (a) TNF-α and
(b) IL-6, and chemokines for (c) MCP-1, (d) MCP-3 and (e) MIP-1α in cell culture media after cells were treated with nanomaterials for 24 h (n=5). The
exposure doses were 20 μg ml−1 for MoS2/GO, 11.6 μg ml−1 for GO and 8.4 μg ml−1 for bulk MoS2, Lys-MoS2 and FA-MoS2. Asterisk (*) indicates Po0.05
and pound sign (#) denotes Po0.001, compared to untreated control. TNF, tumor necrosis factor; IL-6, interleukin-6; MoS2, molybdenum disulfide; GO,
graphene oxide; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory protein.
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CONCLUSIONS

In the current study, through rational design we synthesized MoS2/GO
nanocomposites and conducted extensive characterizations to deter-
mine their physicochemical properties, functionalities for cancer
nanotheranostics, biosafety profile and nano-bio interactions, as
delineated in Figure 10. In short, MoS2/GO nanocomposites possessed
favorable properties from both MoS2 and GO. First of all, MoS2/GO
composites harbored desirable dispersity in aqueous solutions due to
the contribution of GO. Second, MoS2/GO revealed much better
biocompatibility both in vitro and in vivo compared to GO itself, with
reduced pro-inflammatory effects, ameliorated lung fibrosis and
compromised macrophagic activation, due to the reduced reactivity
of MoS2 in the composites. Most importantly, MoS2/GO manifested a
novel property, that is, the composites selectively gathered in the lung,
revealing a pronounced tendency of lung localization comparable to
GO itself. This property would endow the material with a ‘guided
missile’ effect to target the lung. Moreover, MoS2/GO composites
displayed greater drug loading capacity than GO and MoS2 alone.
Owing to these preferential properties, MoS2/GO composites revealed
enhanced tumor-killing efficacy against lung cancer cells and various
cancer cells that have the propensity to metastasize to the lung, and
MoS2/GO substantially leashed metastatic tumor growth of B16
murine melanoma cancer cells in lungs of mice. With regard to the
nano-bio interactions, we uncovered the molecular mechanisms that
dictated the association and subsequent uptake of nanosheets by
macrophages. Namely, GO was more prone to interact with macro-
phages, resulting in phagocytosis and macrophagic activation through
membrane association, whereas MoS2/GO was relatively reluctant to
react towards macrophages due to the lack of active oxygen-containing
functional group on its surface. Thus, our combined data unearthed
remarkable physicochemical and functional properties of MoS2/GO

nanocomposites with improved cyto-/biocompatibility (Figure 10),
holding a great translational significance for potential applications in
biomedicine, such as cancer nanotheranostics.
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