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A 3D-printed scaffold with MoS2 nanosheets for tumor
therapy and tissue regeneration

Xiaocheng Wang1,2,4, Tao Li3,4, Hongshi Ma1, Dong Zhai1, Chuan Jiang3, Jiang Chang1, Jinwu Wang3

and Chengtie Wu1

The treatment of malignant bone tumors is a significant clinical challenge because it requires the simultaneous removal of tumor

tissues and regeneration of bone defects, and bifunctional three-dimensional (3D) scaffolds that function in both tumor therapy

and tissue regeneration are expected to address this need. In this study, novel bifunctional scaffolds (MS-AKT scaffolds) were

successfully fabricated by combining a 3D printing technique with a hydrothermal method. During the hydrothermal process,

MoS2 nanosheets were grown in situ on the strut surface of bioceramic scaffolds, endowing them with photothermal therapeutic

potential. Under near-infrared (NIR) irradiation, the temperature of the MS-AKT scaffolds rapidly increased and was effectively

modulated by varying the MoS2 content, scaffold sizes and laser power densities. The photothermal temperature significantly

decreased the viability of osteosarcoma cells and breast cancer cells and inhibited tumor growth in vivo. Moreover, the MS-AKT

scaffolds supported the attachment, proliferation and osteogenic differentiation of bone mesenchymal stem cells and induced

bone regeneration in vivo. This bifunctional scaffold, which treats the tumor and facilitates bone growth, offers a promising

clinical strategy to treat tumor-induced bone defects. This proof-of-concept study demonstrates the feasibility of localized tumor

therapy and tissue regeneration in diverse tissue engineering applications using multifunctional biomaterials.
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INTRODUCTION

In the clinic, malignant bone tumors are commonly treated using a
combination of surgical resection, chemotherapy and radiotherapy.1,2

However, surgical resection cannot completely eliminate tumor cells
and simultaneously results in large bone defects that require
repair using bioactive graft materials.3,4 Moreover, chemotherapy
and radiotherapy involve inevitable drawbacks, such as side effects
on normal tissues and the tendency to induce drug resistance or
radioresistance.5,6 In recent years, photothermal therapy (PTT),
a minimally invasive and highly efficient antitumor approach, has
been demonstrated to enhance tumor therapeutic efficacy and reduce
side effects in numerous pre-clinical animal studies.2,7–10 PTT
functions with the assistance of certain photothermal agents,
which can convert near-infrared (NIR) laser light into heat and
ablate tumor tissue by inducing hyperthermia.2,11 Therefore,
it is essential to fabricate a novel bifunctional biomaterial with
photothermal therapeutic capacity for treating tumor cells and bone
regeneration capacity for repairing bone defects derived from surgical
resection.

Due to the high surface-area-to-mass ratio and unique
optical properties, two-dimensional molybdenum disulfide (MoS2)
nanomaterials have recently been widely studied as an efficient
photothermal agent for tumor ablation.12–14 Chou et al.13 first
demonstrated that MoS2 nanosheets exhibited ~ 7.8 times greater
absorbance in the NIR region than graphene oxides, and their mass
extinction coefficient (λ= 800 nm, 29.2 lg− 1) was comparable to that
of reduced graphene oxides (24.6 lg− 1 cm− 1). In addition, previous
studies have demonstrated that MoS2 nanosheets possessed excellent
photothermal therapeutic effects on tumors both in vitro and
in vivo.15–18 However, these studies primarily focused on simple
tumor therapy using MoS2 in the form of particles, which limits their
application. Specifically, MoS2 particles lack the desired mechanical
strength and porous structure to induce bone regeneration after the
surgical resection of tumor tissues and repair large tumor-induced
bone defects. Bioactive materials used for tissue regeneration should be
highly porous to induce cell migration, nutrient transportation and
tissue ingrowth.19–22 Thus, we hypothesized that a porous MoS2
scaffold may be able to treat large tumor-induced bone defects by
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harnessing its inherent photothermal properties and the osteogenic
potential of porous scaffolds.
Three-dimensional (3D)-printed bioceramic scaffolds have been

widely used for bone regeneration in recent decades because their
precise interconnected macropore-structure benefits nutrient
transportation and cell ingrowth and their bioactive elements can
induce osteogenesis and angiogenesis.19,20 When implanted into bone
defects in vivo, they can induce new bone ingrowth to rapidly promote
osteo-integration and bone remodeling. Moreover, these scaffolds
gradually degrade as new bone tissue is formed. Thus, such a bioactive
3D scaffold containing MoS2 is expected to exhibit both the
mechanical strength and porous structure for repairing tumor-
induced bone defects. Notably, molybdenum (Mo) is an essential
trace element for animals and humans that serves as a cofactor for
sulfite oxidase (SO) and xanthine oxidase (XO).23 Early animal
experiments in chicks, poults, mice and pigs showed that Mo
can stimulate early development in a dose-dependent manner.23–26

Moreover, Mo-containing metals and alloys (for example, Ti-7.5Mo,27

Ti-15Mo-1Bi,28 Co-Cr-Mo29 and Ti-12Mo-6Zr-2Fe30) exhibited
excellent mechanical properties and biocompatibility and have been
widely used as orthopedic and dental implants. However, to the best of
our knowledge, studies of Mo-containing tissue engineering scaffolds
for bone regeneration have not yet been reported. Therefore, the
surface modification of 3D-printed bioceramic scaffolds using MoS2
nanosheets is hypothesized to combine the bone-forming ability of
silicate bioceramic scaffolds with PTT for treating large tumor-induced
bone defects.
Herein, a bifunctional scaffold was prepared by growing MoS2

nanosheets on 3D-printed bioceramic scaffolds in situ via combining
a 3D printing technique with a hydrothermal method. Akermanite
(AKT, Ca2MgSi2O7), a Ca-, Mg- and Si-containing bioceramic,
was selected as the matrix material for carrying MoS2 nanosheets
because it readily promotes osteogenesis and angiogenesis, as shown
in our previous study.31,32 The structure and composition of the
MoS2-modified AKT (MS-AKT) scaffolds were characterized by
optical microscopy, scanning electron microscopy (SEM), X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). The
photothermal performance of the scaffolds was then systematically
investigated by altering the scaffold sizes, laser power densities and
MoS2 content. Furthermore, the photothermal therapeutic capacity of
MS-AKT scaffolds was evaluated by measuring the viability of tumor
cells in vitro and ablating tumor tissue in vivo. Finally, the biocompat-
ibility and bone-forming ability of MS-AKT scaffolds were investigated
by culturing rabbit bone mesenchymal stem cells (rBMSCs) in vitro
and repairing bone defects in vivo.

EXPERIMENTAL PROCEDURES

Preparation of MS-AKT scaffolds
AKT bioceramic scaffolds with uniform macroporous morphologies were
prepared using a 3D printing technique. In brief, 5 g of AKT powder (Kunshan
Chinese Technology New Materials Co., Ltd., Kunshan, China), 0.32 g of
alginic acid sodium salt (Alfa Aesar, Shanghai, China) and 2.5 g of Pluronic
F127 solution (Sigma-Aldrich, 20 wt.% in H2O) were stirred until homo-
geneous, loaded into a printing tube and then printed via a printing needle
(20 G) to obtain the raw AKT scaffolds. The raw scaffolds were then dried at
room temperature and sintered at 1350 °C for 3 h to obtain AKT scaffolds.
A facile hydrothermal method was applied to fabricate MS-AKT scaffolds.

In brief, to prepare 0.2 MS-AKT scaffolds, 1 mmol of ammonium molybdate
((NH4)6Mo7O24·4H2O) and 30 mmol of thiourea (H2NCSNH2) were dissolved
in 35 ml of distilled water under vigorous stirring to form a homogeneous
solution ([Mo]= 0.2 mol l− 1). The solution was transferred into a 100 ml
Teflon-lined stainless steel autoclave containing 4 g of AKT scaffolds.

The reaction system was maintained at 180 °C for 24 h. The black scaffolds
were collected, washed and dried at 60 °C under vacuum. 0.1 MS-AKT and 0.05
MS-AKT scaffolds were similarly prepared using different concentrations of
(NH4)6Mo7O24·4H2O and thiourea ([Mo]= 0.1, 0.05 mol l− 1). Pure MoS2
particles were similarly prepared at 180 °C without AKT scaffolds, as previously
reported.33

Characterization of scaffolds
The overall microscopic images of MS-AKT and AKT scaffolds were obtained
using an optical microscope (S6D, Leica, Germany). The morphology and
elemental mapping of the scaffolds were examined with a scanning electron
microscope (SEM, S-4800, Hitachi, Tokyo, Japan) equipped with an energy-
dispersive spectrometer. The crystal structure and phases of the samples were
characterized by XRD (D8 ADVANCE, BRUKER AXS GMBH, Karlsruhe,
Germany). XPS measurements were performed on a special spectrometer (XPS,
ESCAlab250, Thermo Fisher Scientific, Waltham, MA, USA). The concentra-
tions of Mo, Ca, Mg and Si were measured by inductively coupled plasma-
atomic emission spectrometry (ICP-AES, Vista AX, Varian, Palo Alto, CA,
USA).

Photothermal effects of MS-AKT scaffolds
The photothermal effects of the MS-AKT scaffolds were investigated in a
48-well culture plate under dry (air) and wet (500 μl phosphatic buffer solution
(PBS)) conditions. An 808-nm laser beam (diameter: 12 mm) was focused on
the scaffolds (Φ8.5 mm×3 mm) for 5 or 10 min. The light-induced tempera-
ture changes and thermal images of scaffolds of different sizes (diameter: 6, 8.5
and 11 mm), laser power densities (0.2, 0.3, 0.4, 0.5 and 0.6 W cm− 2) and
MoS2 concentrations (0.2, 0.1 and 0.05 M) were monitored in real time and
recorded by an infrared thermal imaging system (PM100D, Thorlabs GmbH,
Munich, Germany).

In vitro anticancer effects of MS-AKT scaffolds
Two tumor cell lines, Saos-2 cells (osteosarcoma cells) and MDA-MB-231 cells
(breast cancer cells, the most commonly used bone metastatic tumor cell line),
were cultured in minimum essential medium alpha medium (Gibco) contain-
ing 10% fetal bovine serum (FBS, HyClone) in a humidified incubator (5%
CO2 at 37 °C). To test cell viability, the cells were cultured on 24-well plates for
24 h (2.0 × 104 per well, 1 ml medium), and the 0.2 MS-AKT and AKT
scaffolds (Φ11 mm×3 mm) were then gently placed onto the plates. Tumor
cells grown with 0.2 MS-AKT scaffolds, AKT scaffolds or without scaffolds were
irradiated with an NIR laser (0.6 W cm− 2, 10 min). As a control, cells were
cultured with scaffolds under the same conditions without irradiation. After
24 h, the cell viability was quantified with a CCK8 assay. First, the culture
medium and scaffolds were removed, and 20 μl of CCK8 solution and 180 μl of
medium were then added to each well. After 1.5 h, 100 μl of the solution was
aspirated from each well and added to a fresh 96-well plate. Subsequently,
the absorbance was measured at 450 nm using a microplate reader (Epoch,
BIO-TEK, Winooski, VT, USA).
To evaluate the effect of irradiation duration on cell viability, the Saos-2 cells

and 0.2 MS-AKT scaffolds were irradiated with an NIR laser (0.6 W cm− 2, one
time) for 5, 10, 15 and 20 min. The tumor cell viability was measured with a
CCK8 assay as described above. To evaluate the effect of irradiation time on the
cell viability, the Saos-2 cells were cultured with MS-AKT scaffolds as described
above and irradiated with an NIR laser (0.6 W cm− 2, 10 min). After 12 h, the
viability of the four samples was measured with a CCK8 assay, and the
remaining four samples were again irradiated with an NIR laser before being
subjected to a CCK8 assay 12 h later. The process was repeated once again.
To evaluate the effect of different power densities (temperature) on the cell
viability, an infrared thermal camera was used to observe temperature
variations. Each sample was irradiated for 10 min, and the tumor cell viability
was also measured with a CCK8 assay, as described above.
Saos-2 cells were cultured in MS-AKT or AKT scaffolds (Φ11 mm×3 mm)

on 48-well plates (1.0 × 104 cells per well, 500 μl of medium) and irradiated
(0.6 W cm− 2, 10 min, one time). Control cells were not irradiated. After 12 h,
the cells were post-fixed with 2.5% glutaraldehyde, followed by a graded
ethanol series (30, 50, 70, 90, 80, 95 and 100 v/v%) before being dried in
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hexamethyldisilazane. The morphology of Saos-2 cells on MS-AKT and AKT
scaffolds was observed by SEM (SU8220, Hitachi).
To qualitatively evaluate the photothermal effect of MS-AKT scaffolds on the

surrounding tumor cells, Saos-2 cells and MDA-MB-231 cells were seeded in
24-well culture plates containing glass slides and incubated at 37 °C for 24 h.
MS-AKT and AKT scaffolds were placed onto the glass slides and irradiated
(0.6 W cm− 2, 10 min, one time). The scaffolds were then removed, and any
cells on the glass slides were stained with Ethidium homodimer-1 and Calcein
AM. The remaining four samples were incubated for another 12 h, and the
cytoskeleton and nuclei were stained with rhodamine phalloidin and DAPI
(Cytoskeleton Inc., Denver, CO, USA). The cellular samples were observed
using fluorescence confocal microscopy (Leica TCS SP8).

In vivo tumor therapy of MS-AKT scaffolds
The tumor-bearing mouse model was constructed as described in our previous
study.3 Saos-2 tumor cells (5× 106 cells) were subcutaneously injected into the
backs of Balb/c mouse (4–6 weeks old). When the tumor reached ~ 10 mm in
diameter, the mice were randomly divided into four groups (n= 5):
(i) MS-AKT+Laser group; (ii) MS-AKT group; (iii) AKT+laser group; and
(iv) AKT group. A skin incision was made at the edge of the tumor, and
the scaffolds (0.2 MS-AKT or AKT scaffolds, 8 mm×2 mm×2 mm,
Supplementary Figure S12a) were then implanted into the center of the
tumors. For the laser treatment groups, each mouse was exposed to the NIR
laser (0.5 W cm− 2, 10 min), and the tumor surface temperature was recorded
(Supplementary Figure S13). The first NIR treatment was defined as day 0.
Starting on day 0, the length and width of the tumor were measured with
calipers before irradiation treatment every 2 days. The tumor sizes were
calculated as follows: tumor volume (V)= (tumor length)× (tumor width)2/2 –
scaffold volume. The relative tumor volumes (Vr) were calculated as follows:
Vr=V/V0 (V0= tumor volume on day 0–scaffold volume). Whole-body
bioluminescent imaging was performed on days 0 and 7. The mice were
killed on day 14, and the treated tumors were harvested and fixed in 4%
neutral buffered formalin, embedded in paraffin, sectioned and stained with
hematoxylin and eosin (H&E) before being evaluated under a light microscope
(Leica, DM4000B). Five sections were selected from each sample, and five fields
were randomly examined for each section. In addition, five sections from
normal tumors without NIR treatment and scaffold implantation were
simultaneously stained. The tumor cell necrosis rate was calculated as follows:
tumor cell necrosis rate= (1−N/M) × 100%. Here, N is the mean number of
surviving tumor cells in scaffolds, and M is the mean number of surviving
tumor cells in normal, untreated tumor tissue sections.

In vitro attachment, proliferation and osteogenic differentiation of
rBMSCs
rBMSCs (bone-forming cells) and specialized medium were purchased from
Cyagen Biosciences. In brief, 5.0 × 103 rBMSCs (four passages) were seeded in
48-well culture plates. After 24 h, a 0.05 MS-AKT or AKT scaffold
(Φ8.5 mm×3 mm, n= 5) was transferred into the above culture plates, and
the cells were incubated for 1, 3 and 7 days. Cell proliferation was measured
with a CCK8 assay as described above.
Moreover, 1.0 × 104 rBMSCs were seeded in scaffolds placed in 48-well

culture plates and incubated for 3 days. The medium was removed, and the
scaffolds were fixed with glutaraldehyde and then dehydrated in a graded
ethanol series and hexamethyldisilazane. The morphological characteristics of
rBMSCs on MS-AKT and AKT scaffolds were observed by s.e.m.
To further investigate the effect of ionic products released from MS-AKT

scaffolds on cell proliferation, ionic extracts were prepared from scaffolds by
adding 0.2 MS-AKT or AKT scaffolds to basal culture medium according to the
procedures reported in the literature34 at a ratio of scaffold to medium of
200 mg ml− 1. After incubation at 37 °C for 24 h, the supernatant was collected
and filtered through a 0.22 μm filter. The resulting supernatant was supple-
mented with 10% FBS, 1% penicillin-streptomycin and 1% L-Glutamine and
denoted the original extract. Serial dilutions of extracts were prepared by
diluting the original extract x times (x= 2, 4, 8, 16, 32 or 64) with complete
medium to obtain the final extracts (denoted as 1/x extracts). The proliferation
of rBMSCs was measured with a CCK8 assay. In brief, 1 × 103 rBMSCs were

seeded in 96-well culture plates (n= 6). After 24 h, the culture medium was
removed and replaced with 100 μl of serially diluted extracts. After 1, 3 and
7 days, the old medium was replaced with 10 μl of CCK8 solution and 90 μl of
cell culture medium. After incubation for 1.5 h, the absorbance was measured
at 450 nm using a microplate reader.
The expression of bone-related genes by rBMSCs in the MS-AKT and AKT

scaffolds, as well as their extracts, was evaluated by real-time PCR. Specifically,
the messenger RNA expression levels of OPN, OCN, Runx2 and ALP were
measured. To this end, the rBMSCs were seeded in scaffolds and cultured for
7 days, and TRIzol Reagent was used to isolate the total RNA. The relative gene
expression levels were obtained after normalization against the Ct value of the
housekeeping gene.

In vivo bone regeneration under short-term photothermal
treatment
All rabbits were treated in accordance with the guidelines of the Animal Care
and Use Committee of the Ninth People’s Hospital of Shanghai Jiao Tong
University. Six New Zealand white male rabbits (2.5–3 kg) were selected to
evaluate bone regeneration by MS-AKT and AKT scaffolds using the standard
femoral defect model. Two critical-sized defects (Φ8 mm×5 mm) were created
in the interior of the distal femoral condyle of the left and right posterior
limbs. The 0.2 MS-AKT and AKT scaffolds (Φ8 mm×5 mm, Supplementary
Figure S12b) were implanted into the right and left femoral defects,
respectively. Here, we established large bone defect models in rabbits instead
of nude mice as used in the tumor therapy assay because establishing critical-
sized bone defects in mice is difficult and unconvincing considering the small
size of mouse bones and the large size of the scaffolds. To explore the effects of
short-term PTT on long-term bone regeneration, the scaffolds were exposed to
NIR irradiation (0.5 W cm− 2, 10 min, Supplementary Figure S14a), and the
incisions were closed in layers after irradiation. The rabbits were killed after
8 weeks, and the femoral-scaffold complex samples were immediately collected
for micro-computerized tomography (CT) analysis. All the bone tunnel model
images were acquired with a Micro-CT scanner (μCT100, SCANCO Medical,
Zurich, Switzerland), and the relative bone volume fractions (BV/TV) in defect
regions were measured. Histological analyses were carried out using Van
Gieson’s picrofuchsin stain, and the tissues were examined under a light
microscope (Leica, DM4000B).

Scheme 1 Schematic illustrations of the in situ growth of MoS2 nanosheets
on 3D-printed bioceramic scaffolds (a) and their bifunctions of tumor
therapy and tissue regeneration (b). During the hydrothermal process, MoS2
nanosheets were in situ grown on the strut surface of bioceramic scaffolds,
forming a core/shell structure with a bioceramic core and MoS2 shell. The
MoS2 layer endows the scaffolds with photothermal therapeutic capacity,
and meanwhile the soluble Ca, Si, Mg and Mo ions released from the
scaffolds can stimulate tissue regeneration.
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Statistical analysis
All data are expressed as the means± s.d. and were analyzed using a one-way

analysis of variance statistical analysis to evaluate the significance of differences.
A P-value o0.05 was considered to indicate significant differences, which are

denoted by the following: *Po0.05, **Po0.01 and ***Po0.001.

RESULTS

Preparation and characterization of MS-AKT scaffolds
In this study, a novel bifunctional scaffold was successfully prepared by
combining a 3D printing technique with a hydrothermal method
(Scheme 1a). The AKT scaffolds exhibited well-designed morphology
and appeared white (Figure 1a1 and a2), whereas MS-AKT scaffolds
changed from a light color to dark black (Figure 1b1,b2,c1,c2,d1 and d2)
as the concentrations of Mo and S resources in the hydrothermal
reaction solution increased. SEM images showed that AKT scaffolds
possessed a dense and smooth surface without nanostructures
(Figure 1a3 and a4 and Supplementary Figure S2a). However, after
the hydrothermal treatment, a newly generated layer of ultrathin MoS2
nanosheets uniformly covered the entire strut surface of the AKT
scaffolds (Figure 1b3–d3 and b4–d4 and Supplementary Figure S2b
and c) and the thickness of MoS2 nanosheets directly correlated with
the Mo and S concentrations. The morphology of the MoS2 layer on
the scaffold surface was similar to that of pure MoS2 particles prepared
via the hydrothermal route (Supplementary Figure S1). Interestingly,

the MS-AKT scaffold exhibited a marked core/shell structure that
consisted of an AKT core and an ~ 5-μm-thick MoS2 shell
(Figure 2a–c), and this layered structure was well retained after
ultrasonication for 1 h (Supplementary Figure S3). The elemental
components of the MS-AKT scaffold cross-section were examined by
energy-dispersive spectrometer mapping analysis, which showed that
the Mo and S signals tended to increase, whereas the Ca, Mg, Si and O
signals tended to decrease from the interior to the strut surface
(Figure 2d–f and Supplementary Figure S4). The line scanning profiles
of all elements displayed a step profile from the interior to the strut
surface of the scaffolds (Figure 2g–i and Supplementary Figure S5).
The characteristic peaks of Mo, S, Ca, Mg, Si and O could be readily
detected on the strut surface of the MS-AKT scaffolds using XPS
(Figure 3b), and the atomic percentages of Mo and S were 8.6 and
17.9%, respectively. As shown in Figure 3c and d, the peaks for Mo 3d
(232.1, 228.8 eV) and S 2p (162.8, 161.7 eV) of MoS2 nanosheets on
scaffolds slightly shifted to lower binding energies compared to that of
pure MoS2 particles (Mo 3d: 232.2, 229.0 eV; S 2p: 163.0, 161.9 eV).
These results provided direct evidence to show that the nanosheets
on AKT scaffolds consisted of MoS2, with a Mo valence state of +4
and an S valence state of − 2. The XRD analysis of MoS2 particles,
MS-AKT and AKT scaffolds (Figure 3a) showed that the diffraction
peaks of AKT scaffolds matched the standard pattern of the
AKT crystal phase (JCPDS card no. 35–0592), and five broadened

5 mm 5 mm5 mm 5 mm

1 mm1 mm1 mm 1 mm

3 μm 3 μm3 μm3 μm

1 μm 1 μm1 μm1 μm

Figure 1 Photograph of 3D-printed akermanite (AKT) (a1), 0.05 MoS2-modified akermanite (MS-AKT) (b1), 0.1 MS-AKT (c1) and 0.2 MS-AKT (d1) scaffolds;
optical images of AKT (a2), 0.05 MoS2-modified akermanite (MS-AKT) (b2), 0.1 MS-AKT (c2) and 0.2 MS-AKT (d2) scaffolds. Scanning electron microscope
(SEM) images on the pore wall of AKT (a3 and a4), 0.05 MS-AKT (b3 and b4), 0.1 MS-AKT (c3 and c4) and 0.2 MS-AKT (d3 and d4) scaffolds. The AKT
scaffolds with well-designed morphology appeared white, while the color of MS-AKT changed from light to dark black and there were more MoS2 nanosheets
or nanoflowers growing on the strut surface of AKT scaffolds with the increase of the concentrations of Mo and S sources in the hydrothermal reaction
solutions.
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peaks at 13.7º, 32.4º, 35.1º, 50.3º and 57.9º in the XRD pattern of the
MoS2 could be indexed to the (002), (100), (102), (105) and (110)
planes of the hexagonal MoS2 phase, respectively (JCPDS card
no. 37-1492).

Photothermal performance of MS-AKT scaffolds
As depicted in Figure 4, under irradiation at a power density of
0.50W cm− 2, the surface temperature of MS-AKT scaffolds rapidly
increased and then reached equilibrium. The final temperature
reached 115 °C within 5 min in a dry environment and 50 °C within
10 min in a wet environment. In remarkable contrast, the AKT
scaffolds showed negligible temperature increases under the same
irradiation condition. In addition, the photothermal temperature of
MS-AKT scaffolds could be effectively modulated by altering the
scaffold sizes, laser power densities or MoS2 content (Figure 5).
Specifically, as the scaffold size increased from 6 to 11 mm, the final
temperature increased from 107 to 120 °C in a dry environment and
from 38 to 55 °C in a wet environment (Figure 5a and b). The
MS-AKT scaffold also exhibited a marked laser-dependent photo-
thermal effect (Figure 5c and d): the final temperature of the MS-AKT

scaffold could be modulated in the range of 73–144 °C in a dry
environment and 34–50 °C in a wet environment by altering the laser
power densities in the range of 0.2–0.6 W cm− 2. The MoS2 content
did not significantly enhance the photothermal effect of MS-AKT;
as shown in Figure 5e and f, the temperatures of 0.2 MS-AKT in dry
and wet environments were 126 and 50 °C, respectively, slightly higher
than the temperature of 0.05 MS-AKT (117 and 48 °C, respectively).

In vitro anticancer effects of MS-AKT scaffolds
Bone tumor cells (Saos-2) and breast cancer cells (MDA-MB-231)
were used as models to investigate the in vitro anticancer effects of
MS-AKT scaffolds. As shown in Figure 6a and Supplementary
Figure S6, only a minority of Saos-2 cells (26%) and MDA-MB-231
cells (23%) survived the high temperature induced by MS-AKT
scaffolds under NIR irradiation. For comparison, the percentages of
viable cells in the MS-AKT, AKT+laser, laser and AKT groups did not
significantly differ from that of the control group (Blank). In addition,
more tumor cells were killed with the increase of the duration of
irradiation, final temperature and irradiation times (Figure 6b–d).
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Figure 2 Fracture morphologies of 0.2 MoS2-modified akermanite (MS-AKT) scaffolds at different magnifications (a–c). The formed core/shell structures with
an akermanite (AKT) core and molybdenum disulfide (MoS2) shell of ~5 μm thickness were clearly observed. energy-dispersive spectrometer (EDS) elemental
mapping of the cross-section of MoS2-AKT interface: all elements (d), element Mo (e), element S (f); EDS line scanning profiles of all elements (g), element
Mo (h) and element S (i) from the interior to the strut surface of the scaffolds, which exhibited a step profile, confirming the elemental interpermeation
between MoS2 and AKT.
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Specifically, three repeated irradiation treatments by an NIR laser
decreased the viability of tumor cells in the MS-AKT to nearly 5%.
SEM images showed that Saos-2 cells spread well on the surface of

AKT scaffolds irrespective of laser irradiation, exhibiting dendritic
pseudopodia and close attachment to the struts, and similar
observations were made for MS-AKT scaffolds without laser
irradiation (Figure 6f–h). In contrast, few Saos-2 cells were observed
in laser-irradiated MS-AKT scaffolds, and the morphology of cells
indicated cell damage (Figure 6e). Live/dead staining of Saos-2 and
MDA-MB-231 cells (Figure 6m–p and Supplementary Figure S7)
showed rounded, red-fluorescent cells adjacent to MS-AKT scaffolds
after irradiation, indicating that cellular membrane integrity was
compromised. In contrast, cells in the remaining three groups all
exhibited green fluorescence, indicating live cells. After incubation for
another 12 h, a large portion of Saos-2 cells (Figure 6i–l) and MDA-
MB-231 cells (Supplementary Figure S8) in the MS-AKT+laser group
detached, further demonstrating that hyperthermia induced by MS-
AKT scaffold under NIR irradiation killed the majority of tumor cells.

In vivo tumor therapy efficacy of MS-AKT scaffolds
As shown in Figure 7b, the tumor temperature of the MS-AKT+laser
group quickly increased to ~ 50 °C, whereas the temperature of the
AKT+laser group was ~ 38 °C. Notably, although the temperature of
the tumors exceeded 45 °C, the temperature of the surrounding
healthy tissues was below 40 °C (Figure 7a). The whole-body
bioluminescent signals of tumors in the MS-AKT+laser group had
markedly decreased on day 7 (Figure 7c), and the tumors did not
recur within 14 days (Figure 7e). After 2 weeks, the tumors of the
MS-AKT, AKT and AKT+laser groups had grown ~4-fold in

volume (Figure 7d), whereas the tumors in the MS-AKT+laser group
significantly shrank after NIR irradiation and had almost disappeared
by day 14 (Figure 7f). The ablation efficacy of MS-AKT scaffolds was
further assayed by hematoxylin and eosin staining, which showed
more vacuoles, condensed nuclei, and changes in cell shape in the
tumors from the MS-AKT+laser group, whereas apoptosis could not
be detected in the other groups (Figure 8a–d). The quantitative
analysis (Figure 8e) showed that 89% of tumor cells in the MS-AKT
group were necrotic, whereas this proportion was much lower in other
groups.

In vitro attachment, proliferation and osteogenic differentiation of
rBMSCs
To investigate the cytocompatibility and osteogenic potential of the
MS-AKT scaffold, we incubated rBMSCs (bone-forming cells) with
the scaffolds, which showed that cells spread well and closely attached
to the MS-AKT (Figure 9a and b and Supplementary Figure S9a
and b) and AKT scaffolds (Figure 9c and d and Supplementary
Figure S9c and d) throughout the entire scaffold. A CCK8 analysis
(Figure 9e) showed that the proliferation of rBMSCs cultured with
MS-AKT and AKT scaffolds did not significantly differ by time
point (1, 3 or 7 days). The expression levels of several osteogenic
differentiation markers of rBMSCs in MS-AKT and AKT scaffolds on
day 7 are shown in Figure 9f–h. MS-AKT scaffolds up-regulated
bone-related gene expression, including Runx2 and OCN, compared
to the blank control and AKT scaffolds. The ionic concentrations of
the original MS-AKT and AKT scaffold extracts (Supplementary
Table S1) showed that Mo ions could be released from MS-AKT
scaffolds at a concentration of 109.8 mg l− 1 in the culture medium.
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Furthermore, the Ca and Mg concentrations in the MS-AKT extracts
were similar to those in the AKT extract, indicating that inorganic ions
(Mg and Ca ions) could be released from the inner ceramic core. Low
concentrations (o1/4) of MS-AKT extract significantly stimulated the
proliferation of rBMSCs compared with the AKT groups without
MoS2 (Supplementary Figure S10). Furthermore, lower concentrations
(1/8 and 1/32) up-regulated the expression of osteogenic genes
(Runx2, OCN, OPN and ALP) by rBMSCs in MS-AKT scaffold
extracts on day 7 compared to the AKT extracts and blank control
groups (Supplementary Figure S11).

In vivo bone regeneration under short-term photothermal
treatment
The temperature in the bone defect sites of rabbits implanted with
MS-AKT scaffolds reached ~ 50 °C, whereas the temperature of the
AKT group only increased to 38 °C under NIR irradiation (Figure 10j
and Supplementary Figure S14b). As demonstrated by micro-CT, both
MS-AKT and AKT scaffolds implanted in the femoral defects of
rabbits induced new bone formation in the macropores and the
surrounding area of the scaffolds 8 weeks after implantation (Figure
10a–d), and the relative bone volume fraction (BV/TV) did not
significantly differ between the two groups (Figure 10i). The Van
Gieson’s picrofuchsin staining images further confirmed that
both scaffolds induced the formation of new bone in the scaffolds
(Figure 10e–h).

DISCUSSION

Considering the high photothermal performance of MoS2 and the
physiological function of Mo, two-dimensional MoS2 was employed to
fabricate a novel 3D-printed bifunctional bioceramic scaffold in our
study. MoS2-modified scaffolds were successfully prepared by
combining a 3D printing technique with a hydrothermal method.
Owing to the MoS2 nanosheets grown on the strut surface, the
MS-AKT scaffold showed excellent photothermal performance and
thereby effectively ablated tumor cells in vitro and in vivo. Moreover,
the excellent osteogenic potential of AKT scaffolds was maintained,
and the novel scaffolds induced new bone ingrowth in the critical-
sized femoral defects of rabbits without being affected by short-term
NIR irradiation. Thus, the prepared MS-AKT scaffolds both provide
tumor therapy and stimulate bone regeneration to treat tumor-related
bone defects (Scheme 1b).
In this study, we, for the first time, fabricated bifunctional scaffolds

via the in situ growth of MoS2 nanosheets on the strut surface of
3D-printed AKT bioceramic scaffolds by combining a 3D printing
technique with a hydrothermal method. The MoS2 layer integrated
well with the substrate of AKT bioceramics and remained stable even
after ultrasonication. The growth of MoS2 nanosheets on 3D-printed
bioceramic scaffolds can be summarized as follows. First, AKT
bioceramic scaffolds with highly interconnected and well-ordered pore
structures were prepared by 3D printing. The AKT scaffolds were
immersed in an aqueous precursor solution containing (NH4)6
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Figure 4 Real-time near-infrared (NIR) thermal images of MoS2-modified akermanite (MS-AKT) and AKT scaffolds at dry (a) and wet (b) environments under
continuous irradiation of 808 nm laser at the power density of 0.50 W cm−2; The heating curves of MS-AKT and AKT scaffolds at dry (c) and wet (d)
environment as a function of the irradiation time. The laser was shut off after 5-min irradiation at dry environments (a, c) or after 10-min irradiation at wet
environment (b, d). MS-AKT scaffolds showed a strong photothermal conversion efficiency and could be rapidly and effectively heated up under
808-nm laser irradiation in comparison with AKT scaffolds.
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Mo7O24·4H2O and H2NCSNH2. H2NCSNH2 then adsorbed to the
surface of AKT via amidogen.35 Under hydrothermal conditions,
H2NCSNH2 decomposed and anchored to the strut surface of the
AKT scaffolds. Next, the nucleation and growth of the sheet-like
MoS2 proceeded in situ, with AKT scaffolds serving as templates.
Finally, MS-AKT composite scaffolds were successfully generated with
MoS2 nanosheets assembled on the surface of AKT. The morphologies
and chemical status of the MoS2 layer on the scaffold surface were
similar to those of pure MoS2 particles prepared by the same
hydrothermal route,33 indicating that the hydrothermal synthesis of
MoS2 was not interrupted by the presence of AKT scaffolds. Moreover,
a general core/shell structure formed that consisted of three regions
from the strut surface to the interior of MS-AKT scaffolds: (1) a
spongy MoS2 shell rich in Mo and S; (2) a relatively loose transition
region consisting of Mo, S, Ca, Mg, Si and O; and (3) a dense AKT
core rich in Ca, Mg, Si and O. Thus, Mo and S in the precursor

solution likely permeated into the AKT interior during the hydro-
thermal process and some Ca, Mg, Si and O from the AKT scaffolds
simultaneously diffused into the newly synthesized MoS2 layer to form
a continuous and stable bond at the MoS2-AKT interface. The gradient
structure confirmed the elemental interpermeation between MoS2 and
AKT during the hydrothermal process, indicating that MoS2
nanosheets were closely bonded to the AKT ceramics. This close
bonding may be primarily responsible for the unchanged the
morphologies of MS-AKT scaffolds after ultrasonication. To our
knowledge, this study is the first to demonstrate the growth of
MoS2 nanosheets on bioceramic scaffolds, and offer a more stable and
controllable method to modify 3D-printed scaffolds than the direct
solution-soaking method.3 The prepared MS-AKT scaffolds could
combine the photothermal effect of MoS2 nanosheets for tumor
therapy and porous structure for bone regeneration, avoiding the
shortcomings of simple MoS2 particles or AKT scaffolds.
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Figure 5 Photothermal heating curves of MoS2-modified akermanite (MS-AKT) scaffolds with different sizes (diameter: 6.0 mm, 8.5 mm, 11.0 mm) at dry
(a) and wet (b) environment under 808-nm laser irradiation at the power density of 0.50 W cm−2; Photothermal heating curves of MS-AKT scaffolds
(diameter: 8.5 mm) at different laser power density (0.2, 0.3, 0.4, 0.5 and 0.6 W cm−2) at dry (c) and wet (d) environment; Photothermal heating curves of
MS-AKT scaffolds with different contents of MoS2 at dry (e) and wet (f) environment (808 nm, 0.5 W cm−2). The final temperature of MS-AKT scaffolds
could be well modulated by altering the scaffold sizes, laser power densities and MoS2 contents.
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Because of their intense localized surface plasmon resonances,
single- or few-layer MoS2 nanosheets displayed an absorbance profile
reaching the NIR region, where biological systems are maximally
transparent.12,13 This intrinsic physical property contributes to the
excellent photothermal conversion efficacy of MoS2 nanosheets under
808-nm laser irradiation. In our study, the newly synthesized MoS2
nanosheets were efficiently grown on the strut surfaces of AKT
scaffolds, endowing the scaffolds with excellent ‘inherent’
photothermal-transducing ability. With the assistance of MoS2
nanosheets, MS-AKT scaffolds could be rapidly and effectively heated
under 808-nm laser irradiation. More importantly, the temperature of
MS-AKT scaffolds was easily modulated in a wide range, from room
temperature to 144 °C, by controlling the MoS2 content, scaffold size
and power density of the NIR laser. This attractive photothermal

feature of MS-AKT scaffolds is expected to greatly favor the further
in vitro and in vivo photothermal ablation of tumor cells in a
controllable manner.
We then evaluated the photothermal therapeutic efficiency of

MS-AKT scaffolds by ablating tumor cells in vitro and in vivo. Our
results indicate that the high and controllable temperature induced by
the photothermal effect of MS-AKT scaffolds was able to reduce the
viability of tumor cells to nearly 5% in vitro. Specifically, a 5 °C
increase in temperature has been reported as the minimum tempera-
ture required for cancer hyperthermia therapy.36 Slightly lower
temperatures (4 40 °C) temporarily inactivate cells for several hours,
‘severe’ hyperthermia treatments (43–45 °C) result in long-term cell
inactivation, ‘suppressive hyperthermia’ (45–48 °C) produces rapid
necrotic cell death, and temperatures above 48 °C result in drastic cell
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Figure 6 Relative cell viability of bone tumor cells (Sao-2) treating with different conditions: (a) akermanite (AKT) and MoS2-modified AKT (MS-AKT)
scaffolds with or without NIR treatment (808 nm, 0.6 W cm−2, 10 min); (b) MS-AKT scaffolds with different irradiation duration (808 nm, 0.6 W cm−2);
(c) MS-AKT scaffolds under different temperature (808 nm, 10 min); (d) MS-AKT scaffolds with different irradiation times (808 nm, 0.6 W cm−2, 10 min).
(*Po0.05, **Po0.01, ***Po0.001). SEM (e–h, cells shown by red arrows), confocal LSM (i–l; red: cytoskeleton; blue: cell nuclei) and live/dead staining
(m-p; green: live cells; red: dead cells) images of Saos-2 cells in MS-AKT scaffolds with laser irradiation (e, i and m) and without laser irradiation (f, j and n),
AKT scaffolds with laser irradiation (g, k and o) and without laser irradiation (h, l and p). MS-AKT scaffolds effectively killed tumor cells, showing excellent
in vitro anticancer effect under NIR irradiation.
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death.37 In this study, the temperatures of tumors implanted with
MS-AKT scaffolds increased rapidly up to 45 °C within 60 s and could
readily reach ~50 °C, which most likely resulted in apoptosis and
tumor ablation. In contrast, the temperature of tumors implanted with
AKT scaffolds did not significantly change under the same irradiation
conditions. Therefore, MS-AKT scaffolds with desirable photothermal
performance may be a promising biomaterial for inhibiting tumor
growth.
In addition to their anticancer capacity, the osteogenic potential of

implanted scaffolds for treating tumor-induced bone defects is equally
important. Our previous studies have demonstrated that soluble Ca, Si
and Mg ions released from AKT (Ca2MgSi2O7) bioceramics up-
regulated the expression of osteogenesis- and angiogenesis-related
genes.38,39 Compared with β-TCP (Ca3PO4, representative of
bioceramics), AKT not only promoted cell attachment, proliferation,
osteogenic differentiation and angiogenesis in vitro but also enhanced
in vivo osteogenesis and angiogenesis.31,32,40 Therefore, AKT was

employed as the model material for growing MoS2 nanosheets to
fabricate MS-AKT scaffolds, and the osteogenic potential of these
scaffolds was evaluated in the present study. The in vitro experiments
demonstrated that both MS-AKT and AKT scaffolds supported the
attachment and proliferation of rBMSCs, and even low concentrations
of MS-AKT extracts significantly enhanced the proliferation of
rBMSCs compared to AKT groups without MoS2. In addition, we
found that MS-AKT scaffolds and their extracts enhanced the
expression of bone-related genes, such as OPN, OCN, Runx2 and
ALP. MS-AKT scaffolds likely promote in vitro osteogenesis via Mo
ions released from these scaffolds. Thus, we further examined the
osteogenic potential MS-AKT and AKT scaffolds in vivo by implanting
them into critical-sized femoral defects in rabbits for 8 weeks.
To explore the effect of short-term PTT on long-term bone
regeneration, both scaffolds were irradiated with an 808-nm laser,
similar to the scaffolds implanted in tumor-bearing mice. Both
MS-AKT and AKT scaffolds induced new bone formation in the
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macropores and area surrounding the scaffolds, and this growth did
not significantly differ between the two groups, indicating that the
in situ growth of MoS2 nanosheets on AKT scaffolds did not negatively
affect the formation of new bone and that long-term bone regenera-
tion was not affected by short-term NIR irradiation. These preliminary
results suggested that MS-AKT scaffolds exhibited excellent osteogenic
potential in vivo and may serve as bioactive materials for repairing
large bone defects.
In our work, the bifunctionality of MS-AKT scaffolds, that is, their

photothermal therapeutic and osteogenic potentials, were separately
demonstrated both in vitro and in vivo. Whereas establishing critical-
sized bone defects in mice is unconvincing due to their small bones
compared to the large size of the scaffolds, bone cancer models in
rabbits or larger animals are not available because tumors are difficult
to establish in these animals due to immunological rejection.
Therefore, the photothermal effect of scaffolds for tumor therapy

was investigated in rabbit models. Overall, the obtained bifunctional
scaffolds exhibit the following advantages. First, a controllable
hydrothermal process enables in situ MoS2 nanosheet growth on the
strut surfaces of AKT scaffolds, endowing the scaffolds with stable
nanostructures. Second, MS-AKT scaffolds could be precisely
implanted into the tumors, where they provided effective localized
PTT. Third, the photothermal effect could be controlled to ablate the
tumor, which mitigated side effects on surrounding normal tissues.
Our results showed that the controllable NIR laser irradiation and the
excellent photothermal effect of MS-AKT scaffolds resulted in a
center temperature of the tumors that exceeded 50 °C, whereas the
temperature of the surrounding healthy tissues was below 40 °C,
suggesting MS-AKT scaffolds could efficiently kill the tumor cells
under irradiation without damaging the surrounding healthy
tissues. Finally, the scaffolds maintained good biocompatibility
and exhibited excellent osteogenic potential in vivo, even upon
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exposure to NIR irradiation. Thus, our study opens a new and
interesting avenue in the development of two-dimensional transitional
metal dichalcogenide for tissue engineering and tumor therapy
applications.

CONCLUSION

In summary, a bifunctional scaffold was successfully prepared by
growing MoS2 nanosheets on 3D-printed bioceramic scaffolds in situ
via a facile hydrothermal process. The newly formed MoS2 layer

endowed the scaffolds with controllable photothermal effects.
Specifically, the high temperature significantly decreased tumor cell
viability in vitro and inhibited tumor growth in vivo. Moreover,
the MS-AKT scaffolds supported the attachment, proliferation
and osteogenic differentiation of rBMSCs and induced bone
regeneration in vivo. Therefore, such a bifunctional scaffold,
which both provides tumor therapy and promotes bone growth,
offers a promising clinical strategy for the effective treatment of
tumor-induced bone defects.
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