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Interface Polarization Strengthened Microwave Catalysis 
of MoS2/FeS/Rhein for the Therapy of Bacteria-Infected 
Osteomyelitis

Liguo Jin, Xiangmei Liu, Yufeng Zheng, Zhaoyang Li, Yu Zhang, Shengli Zhu, Hui Jiang, 
Zhenduo Cui, Paul K. Chu, and Shuilin Wu*

Staphylococcus aureus (S. aureus)-induced osteomyelitis is fatal to patients, 
even leading to death without timely debridement processing, which is dif-
ficult to be treated by antibiotics or phototherapy due to deep infections. 
Herein, a microwave (MW) assisted bacteria-killing strategy for treating 
S. aureus-induced osteomyelitis by using MW-responsive molybdenum 
disulfide (MoS2)/ferrous sulfide (FeS) heterojunction with anti-inflammatory 
herb of rhein (Rhe) is reported. Under medical MW irradiation, MoS2/FeS/
Rhe effectively eradicates S. aureus-infected rat tibial osteomyelitis. The robust 
therapeutic effects of MoS2/FeS/Rhe are ascribed to the anti-inflammatory 
effect of Rhe, the enhanced MW thermal and dynamic effects of MoS2/FeS. 
MoS2/FeS is composed of S-Mo-S-Fe-S stacked layers sandwiched in between 
by weak Van Der Waals interactions, which means that ions or molecules can 
be retained in the space between the layers. Under MW irradiation, dipoles or 
ions are aligned in an oscillating electric field, which cause dipolar polarization 
and ionic conduction, leading to molecular friction and dielectric loss to gen-
erate MW heat. In addition, the dipole orientation polarization caused by the 
interfacial polarization of MoS2/FeS is the main factor for microwave catalysis. 
This kind of MW responsive nanocomposite comprising inorganics and herbs 
may solve the challenge of how to effectively treat deep tissue infections.

DOI: 10.1002/adfm.202204437

1. Introduction

Osteomyelitis is a serious bone-destroying-induced deep 
inflammation disease infected by bacterial infections,[1] which 
has a high incidence, with recurrent and persistent infec-
tions occurring in ≈40% patients.[2] This kind of deep tissue 
infection may often lead to abscesses, organ infections, and 
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sepsis.[3–6] Clinically, Staphylococcus aureus 
(S. aureus) is the main pathogen causing 
osteomyelitis, which invades normal cells 
to induce apoptosis, and also produces 
toxins to destroy local tissues.[7] At present, 
osteomyelitis is usually treated with mul-
tiple surgical debridements and systemic 
injections of large amounts of antibiotics, 
which generally requires a long treatment 
time.[8] Overuse of antibiotics has been 
reported to lead to bacterial resistance to 
antibiotics. Large dosage of antibiotics 
can also damage the innate immune 
system and cause serious adverse effects.[9] 
In response to the antibiotic resistance 
crisis, antibiotic-free strategies have been 
emerging including photothermal therapy 
(PTT) and photodynamic therapy (PDT).[10] 
However, due to the poor penetration 
depth of near-infrared (NIR) light, both 
PTT and PDT are only suitable for treating 
epidermal tissue infection.[11] Therefore, 
there is an urgent need to develop effec-
tive therapeutic approaches to effectively 
cure deep tissue infections.

Medical microwave (MW), as a type of electromagnetic spec-
trum with long wave length, has deep penetration ability and 
negligible side effects, which may be a safe and effective thera-
peutic tool.[4,5,12,13] Recent studies have shown that MW ther-
mosensitive agents can kill bacteria under MW irradiation.[4,5] 
However, the higher temperature and longer treatment time 
will inevitably scald normal tissues, so it is difficult to directly 
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treat bacterial infections by using MW heat at higher tempera-
tures.[3] Previous study shows that radical oxygen species (ROS) 
can assist thermal effect to kill bacteria at a moderate tempera-
ture without scalding surrounding tissues.[14] Therefore, MW 
thermal therapy (MTT) combined with MW dynamic therapy 
(MDT) may be a promising option for treating bacterial infec-
tions effectively. It is necessary to develop biocompatible mate-
rials that can not only achieve enhanced MW thermal effect but 
also generate ROS. At present, the materials that can absorb 
MW mainly include magnetic loss materials and dielectric loss 
materials. The MW absorption performance can be enhanced 
by adjusting the impedance matching and attenuation con-
stant between the dielectric materials.[15] Molybdenum disulfide 
(MoS2) is a well-defined layered material consisting of stacked 
S-Mo-S layers sandwiched in the middle by weak Van Der 
Waals interactions, which means that ions or molecules can 
be retained in the space between the layers.[16] MoS2 can cause 
dipole polarization and ion conduction under MW radiation, 
resulting in molecular friction and dielectric loss to generate 
MW heat.[13,17–19] The defective dipole polarization caused by Mo 
and S vacancies in MoS2 is considered to be the main reason 
for achieving electromagnetic wave loss, but its inherent weak 
conductivity and few polarization active sites limits its appli-
cation in the field of microwave absorption.[18,20,21] To address 
these issues, efforts have been made to improve the structural 
of MoS2, including through interface construction, develop-
ment of novel nanostructures, or hierarchical structural designs 
for impedance optimization.[20] As basic building blocks, MoS2 
combined with various components of dielectric or magnetic 
types for the construction of MoS2-based absorbers such as 
MoS2/rGO,[22] MoS2@C,[23] and MoS2/Fe3O4,[24] have been con-
sidered as typical strategies and have shown great potential for 
improving microwave absorption performance. Ferrous sulfide 
(FeS) has a bulky structure with a large specific surface area, 
and it is easy to adsorb polar molecules such as oxygen on the 
surface.[25] Therefore, the combination of MoS2 and FeS may 
possess MW heat and generate ROS due to the possible inter-
facial polarization caused by sufficient interfacial interactions, 
which made this material be promising high-performance 
MTT or MDT reagent.[17,18] Even so, the in vivo application of 
hybrid nanomaterial must face the rejection reaction from the 
immune system, which may cause severe immunizing inflam-
matory reaction.[3] Therefore, anti-inflammatory is also a major 
concern in the treatment of osteomyelitis. Natural herbal medi-
cines such as rhein, berberine, curcumin, and puerarin, are 
promising for treating inflammation.[26,27] Specifically, as we 
known, as a traditional Chinese herbal medicine, rhein (Rhe) 
is a free anthraquinone substance derived from the rhubarb, 
which has anti-inflammatory, antiviral, antioxidative, and renal 
function regulation effects. This kind of herb is widely dis-
tributed in the rhizomes of the olygonaceae plant Rheumpal-
matum L., the roots of Polygonum multiflorum Thunb., and 
the pods of the legume Cassiaangustifolia Vahl.

Given this background, we proposed a MW-assisted thera-
peutic strategy for treating S. aureus-infected osteomyelitis 
by developing a MW-responsive nanocomposite of MoS2/
FeS modified by Rhe (Figure 1). The prepared MoS2/FeS/Rhe 
nanocomposite exhibited highly effective antibacterial effi-
cacy and anti-inflammatory effect, which was attributed to the 

MW-triggered thermal effect and ROS as well as anti-inflam-
matory activity of Rhe. The strong MW absorption capacity 
of MoS2/FeS mainly came from the dielectric loss of reflec-
tion loss while its enhanced MW catalysis was attributed to its 
stronger oxygen (O2) fixation ability than MoS2 alone, which 
provided more O2 source to capture electromagnetic hotspots. 
Additionally, more electromagnetic hotspots were generated at 
MoS2/FeS interface than MoS2 under MW irradiation due to 
interface polarization. Because of these induced electromag-
netic hotspots, sodium species was field-ionized and subse-
quently reacted with oxygen to produce ROS (1O2 and ·O2

−).

2. Results

2.1. Preparation and Characterization of MoS2/FeS/Rhe

Scanning electron microscopy (SEM) images, elemental map-
ping and transmission electron microscopy (TEM) images all 
showed that the synthesized MoS2 exhibited nanoflower-like 
structure (Figure S1, Supporting Information and Figure 2a). 
MoS2/FeS was prepared using a one-pot solvothermal method. 
In this process, MoS2 nanoflowers were uniformly dispersed, 
and FeS was formed in situ by reducing FeCl3 in the hydro-
thermal reaction, thereby preparing MoS2/FeS (Figure  2b and 
Figure S2, Supporting Information). High-resolution TEM 
(HRTEM) image showed the lattice spacing of 0.26 and 0.62 
nm, corresponding to the (100) and (002) plane, respectively, 
indicating the successful synthesis of MoS2. When recombined 
with FeS, the HRTEM images showed the lattice spacing of 
0.25 nm, corresponding to the (201) plane, indicating the suc-
cessful preparation of MoS2/FeS with an obvious interface 
between them (marked by yellow line in Figure 2c,d). The tight 
interface between MoS2 and FeS was beneficial to improve the 
MW absorption performance due to multiple reflections. SEM 
images, and elemental mapping showed that the Rhe exhibited 
organic crystal structure (Figure S3, Supporting Information). 
The composition of MoS2/FeS/Rhe with Mo, S, Fe, and O ele-
ments was synergistically confirmed by TEM images and ele-
mental mapping (Figure 2e). X-ray photoelectron spectroscopy 
(XPS) disclosed the existence of Mo, S, and Fe elements in the 
composites of MoS2/FeS (Figure  2f). As shown in Figure  2g, 
MoS2, FeS, and MoS2/FeS had the corresponding peak position 
by X-ray diffraction (XRD) patterns, indicating the successful 
combination of MoS2 and FeS. The ultra-violet and visible 
light (UV–vis) diffuse reflectance spectroscopy was performed 
to calculate the band gaps of MoS2 and FeS, and the corre-
sponding value was 1.19 and 2.09 eV, respectively (Figure S4a, 
Supporting Information). Meanwhile, the weight loss rates of 
MoS2 and MoS2/FeS were −19.25% and −47.31%, respectively by 
thermogravimetric (TG) curves, indicating the successful com-
bination of MoS2 and FeS (Figure 2h). Additionally, it could be 
found from the nitrogen adsorption–desorption curve shown in 
Figure 2i that MoS2/FeS exhibited much higher gas adsorption 
capacity than MoS2. The Raman spectra showed the peaks at 
810 and 790 cm−1 of MoS2/FeS compared with 810 cm−1 of MoS2, 
indicating that MoS2 and FeS were successfully recombined 
(Figure S4b, Supporting Information). The zeta potential meas-
urements shown in Figure  2j, MoS2 was negatively charged, 
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and the potential of MoS2/FeS was more negative than MoS2, 
indicating that MoS2 and FeS were successfully recombined. 
In addition, when MoS2/FeS was recombined with negatively 
charged Rhe, the potential of MoS2/FeS/Rhe was slightly posi-
tively charged, indicating that Rhe was loaded on the surface 
of MoS2/FeS. The Fourier transform infrared (FTIR) spectros-
copy of MoS2/FeS/Rhe compared with MoS2/FeS, the peaks 
at 1030 and 3430 cm−1 were attributed to the vibration of CO 
and OH in the Rhe, thus the obvious absorption peaks in the 
FTIR obtained from the MoS2/FeS/Rhe confirmed that Rhe 
was successfully loaded onto MoS2/FeS (Figure 2k). MoS2/FeS/
Rhe in water, saline, fetal bovine serum (FBS), and Dulbecco’s 

modified eagle medium (DMEM) did not precipitate after set-
ting 1 h, which proved that MoS2/FeS/Rhe was relatively stable 
under complex physiological conditions (Figure S5, Supporting 
Information).

2.2. Microwave-Thermal and Microwave-Dynamic Effects 
of MoS2/FeS/Rhe

A medical low power intensity of MW (2.45 GHz, 0.1 W cm−2) 
was chosen to avoid the damage of healthy tissue caused by 
higher temperature. MW mainly transfers energy through 

Figure 1.  The MW-assisted therapeutic strategy for treating S. aureus-infected osteomyelitis by developing a MW-responsive nanocomposite of MoS2/
FeS modified by rhein. The prepared MoS2/FeS/Rhe nanocomposite exhibited highly effective antibacterial efficacy and anti-inflammatory effect, which 
was attributed to the MW-triggered thermal effect and ROS as well as anti-inflammatory activity of Rhe. Under MW irradiation, dipoles or ions were 
aligned in an oscillating electric field, which caused dipolar polarization and ionic conduction, leading to molecular friction and dielectric loss to generate 
MW heat. In addition, the dipole orientation polarization caused by the interfacial polarization of MoS2/FeS was the main factor for microwave catalysis.
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electromagnetic fields. As shown in Figure 3a, under MW 
irradiation, the temperature of 1 mg mL−1 MoS2/FeS solution 
increased to 62.6  °C only after 6 min. In contrast, the one of 
the saline was only raised to 55.3  °C under the same condi-
tion. The Rhe solution exhibited the similar temperature with 
that of the saline, suggesting that Rhe had no obvious MW 
thermal response. Under the same condition, the temperature 

of MoS2/FeS/Rhe solution increased to 61.8 °C, indicating that 
the Rhe modification did not affect the MW thermal effect of 
MoS2/FeS. The electron spin resonance (ESR) was employed 
to detect ROS production with 2,2,6,6-tetramethylpiperidine 
(TEMP) and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as the 
capture agent for singlet oxygen (1O2) and superoxide anion 
(·O2

−), respectively.[28] It could be observed that MoS2, FeS and 

Figure 2.  Preparation and characterization of MoS2/FeS/Rhe. a) TEM image of MoS2. b) TEM image of MoS2/FeS. c) HRTEM image of MoS2/FeS, 
yellow line represents an obvious interface. d) HRTEM image of MoS2/FeS, yellow line represents an obvious interface. e) SEM image and elemental 
mapping of MoS2/FeS/Rhe. f) XPS spectra of MoS2, FeS, and MoS2/FeS. g) XRD spectra of MoS2, FeS, and MoS2/FeS. h) TG curves of MoS2 and MoS2/
FeS. i) Nitrogen adsorption–desorption curves of MoS2 and MoS2/FeS. j) Zeta potential of different samples. k) FTIR spectra of different samples.
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MoS2/FeS could all produce 1O2 (Figure  3b), while FeS and 
MoS2/FeS could produce ·O2

− under MW radiation (Figure 3c).

2.3. Microwave Thermal Response Mechanism of MoS2/FeS/Rhe

To elucidate MW thermal mechanism of MoS2/FeS, the reflec-
tion loss (RL) value was measured. According to our previous 
studies, a lower RL value means that more MW is absorbed, 
indicating an excellent MW thermal effect.[4,5] At 2.45 GHz, RL 
value of MoS2 and FeS was −0.20 and −0.17 dB, respectively, 

indicating the lower MW absorption performance of the two 
materials (Figure 3d,e). In comparison, the RL value of MoS2/
FeS dropped to −8.29 dB at 2.45 GHz, and the frequency band-
width shifted from the high frequency to the low frequency, 
indicating that the synthesized MoS2/FeS had a high MW 
absorption performance (Figure  3f). After combining with 
Rhe, the RL value of MoS2/FeS/Rhe was −11.75 dB at 2.45 GHz, 
indicating that the MW absorption performance of MoS2/FeS/
Rhe was enhanced after combination with Rhe (Figure  3g). 
RL curves demonstrated the same results, except for 3D plots 
of frequency dependence (Figure  3h–k). It has been reported 

Figure 3.  Microwave thermal response mechanism of MoS2/FeS. a) Heating curves of different samples (1 mg mL−1) under MW irradiation (2.45 GHz, 
0.1 W cm−2). Nested pictures were real-time infrared thermal imaging. b) ESR spectra of 1O2 under MW radiation. c) ESR spectra of ·O2

− under MW 
radiation. 3D plots of frequency dependence: d) MoS2; e) FeS; f) MoS2/FeS; g) MoS2/FeS/Rhe. Reflection loss (RL) curves: h) MoS2; i) FeS; j) MoS2/
FeS; k) MoS2/FeS/Rhe. l) Imaginary part of the permittivity in the range 2–18 GHz. m) Real part of the permittivity in the 2–18 GHz range. n) Imaginary 
part of permeability in the range 2–18 GHz. o) Real part of the permeability in the range 2–18 GHz.
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that the decay constant (α) is an important factor for mate-
rials to achieve high MW absorption performance.[5] As shown 
in Figure S6a, Supporting Information, the higher α value of 
MoS2/FeS proved that the more incident MW was absorbed 
and converted into heat. The electromagnetic parameters with 
permittivity (ε) and permeability (μ) were further determined. 
Real part (ε ′, μ ′) of electromagnetic parameters represents 
absorption while Imaginary part (ε ″, μ ″) represents loss. The 
larger loss factor suggests the stronger coupling ability between 
the material and the MW. MoS2/FeS exhibited a higher dielec-
tric loss compared with MoS2 and FeS at 2.45 GHz. Both real 
and imaginary permittivity values decreased with increasing 
frequency. Furthermore, MoS2/FeS exhibited higher magnetic 
losses compared with MoS2 and FeS at 2.45 GHz (Figure 3l–o).  
It could be found from the μ ″ (μ ′)−2 f−1 curve that the value 
tended to be stable with the frequency change, indicating that 
the eddy current effect occurred in this process, indicating 
that the hysteresis loss was the main source of magnetic loss 
(Figure S6b, Supporting Information). The frequency disper-
sion characteristics dominated by the dielectric relaxation and 
the eddy current effect proved that the MW absorption capacity 
of MoS2/FeS mainly came from the dielectric loss and mag-
netic loss, suggesting its better MW absorption performance 
with higher permittivity and permeability.

2.4. Microwave Dynamical Mechanism of MoS2/FeS/Rhe

The density functional theory (DFT) calculations and finite 
element method (FEM) (COMSOL Multiphysics) were per-
formed to explain the mechanism of MW dynamic effect. 
Regarding DFT calculations, compared with FeS (201) surface 
(−2.572 eV) and MoS2 (002) surface (0.004 eV), the oxygen (O2) 
adsorption energy of MoS2/FeS surface was found to be −2.159 
eV, indicating that MoS2/FeS was easier to fix O2 than MoS2 
(Figure 4a–c). According to FEM, the electromagnetic field 
enhancement parameters of MoS2 and FeS were only 1.2 and 
144.1, respectively. In contrast, the one of MoS2/FeS interface 
reached up to 4699.5 (Figure 4d–f), which was attributed to that 
factor that the electromagnetic field enhancement induced the 
formation of electromagnetic hot spots at the MoS2/FeS inter-
face, which provided a large number of active sites for MW 
catalytic activity. The greater MW catalytic capacity of MoS2/FeS 
resulted in the production of a mass of ROS. The detailed pro-
cess of MW catalysis could be explained by the following two 
factors. First, MoS2/FeS had a stronger O2 fixation ability than 
MoS2, which could provide more O2 source to capture hotspots. 
Second, more electromagnetic hotspots could be generated at 
the interface of MoS2/FeS compared with MoS2 under MW irra-
diation due to interface polarization. Because of these induced 
electromagnetic hotspots, sodium species was field-ionized and 
subsequently reacted with oxygen to produce 1O2 and ·O2

−.
According to the photoluminescence (PL) spectra, the 

absorption peaks of MoS2, FeS, and MoS2/FeS in saline 
decreased after MW irradiation (Figure 4g–j), but no reduction 
in aqueous (Figure S7, Supporting Information). It was found 
that both MW and sodium species were favorable for elec-
trons generation, but the MW energy alone was not sufficient 
to generate electrons in aqueous. According to previous study, 

in saline medium, potassium and sodium species can be ion-
ized by strong electric field strength fields.[3] Therefore, it could 
be speculated that the sodium species in saline resonated with 
MW radiation to form plasmons and free electrons, which were 
further captured by surrounding oxygen species to generate 
free radicals. Next, the measured electrochemical impedance 
spectroscopy (EIS) disclosed that MoS2/FeS had lower internal 
resistance, favoring the faster electron transfer (Figure 4k). The 
linear sweep voltammetry (LSV) and cyclic voltammetry (CV) 
curves shown in Figure  4l,m indicated that MoS2/FeS had 
stronger current density and current transport capability. Fur-
thermore, the MW current of MoS2/FeS was much larger than 
the one of MoS2 (Figure  4n), indicating that MoS2/FeS had a 
stronger ability to generate electrons under MW irradiation. 
These results further verified the above conjecture.

2.5. In Vitro Antibacterial Activity of MoS2/FeS/Rhe

To evaluate the antibacterial activity of the synthesized materials 
under MW irradiation, two representative bacteria, Staphylo-
coccus aureus (S. aureus, Gram-positive bacteria) and Escherichia 
coli (E. coli, Gram-negative bacteria) were used for antibacte-
rial tests. The antibacterial efficiency of MoS2/FeS against 
S. aureus and E. coli almost reached 100% under MW irradia-
tion (Figure 5a and Figure S8, Supporting Information). In 
contrast, under the same condition, both MoS2 and FeS exhib-
ited weak antibacterial activities. Under the same condition, 
Rhe had no obvious antibacterial activity while MoS2/FeS/Rhe 
exhibited almost the same antibacterial efficacy as MoS2/FeS, 
indicating that rhein had no antibacterial activity. As shown in 
Figure 5b, the group of MoS2/FeS/Rhe exhibited the largest pro-
tein leakage under MW irradiation. The live/dead (green/red) 
bacterial staining (Figure  5c,d) showed the complete red fluo-
rescence intensity in MoS2/FeS/Rhe group compared with the 
control group under MW irradiation, suggesting the complete 
death of bacteria in MW-irradiated MoS2/FeS/Rhe group, which 
was in good agreement with spread plate results. The bacterial 
morphologies in different groups after MW irradiation were 
observed by SEM. It could be found that the MoS2/FeS/Rhe 
group had the most severe bacterial rupture (Figure 5e,f). The 
original SEM pictures were shown in the Figures S9 and S10, 
Supporting Information. In conclusion, MoS2/FeS/Rhe could 
induce membrane rupture under MW irradiation by disrupting 
cell membrane damage and the followed efflux of bacterial 
inside substances, finally causing the bacterial death.

2.6. In Vitro Biotoxicity of MoS2/FeS/Rhe

Blood safety was assessed by measuring hemolysis rate of 
MoS2/FeS/Rhe at different concentrations. As shown in 
Figure 6a, no significant hemolysis (<5%) of red blood cells 
(RBCs) was observed, indicating that MoS2/FeS/Rhe had 
good blood compatibility. In addition, SEM images of RBCs 
was shown in Figure S11, Supporting Information. We 
evaluated the cytotoxicity of different samples using mouse 
embryo osteoblast precursor cells (MC3T3-E1) and NIH-3T3 
mouse embryonic fibroblast (NIH-3T3). Cytotoxicity of these 
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Figure 4.  Microwave dynamic response mechanism of MoS2/FeS. Geometric structures of a) MoS2, b) FeS, and c) MoS2/FeS. Cyan, green, blue and 
red represent Mo, S, Fe, and O atoms. FEM analysis of d) MoS2, e) FeS, and f) MoS2/FeS at 2.45 GHz. g) PL spectra of different samples (1 mg mL−1). 
h) PL spectra of MoS2 under different conditions (1 mg mL−1). i) PL spectra of FeS under different conditions (1 mg mL−1). j) PL spectra of MoS2/
FeS under different conditions (1 mg mL−1). k) EIS curves of different samples. l) LSV curves of different samples. m) CV curves of different samples. 
n) Microwave currents of different samples under MW irradiation.
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samples was assessed using the MTT assay. The viability 
of MC3T3-E1 cells and NIH-3T3 cells in the MoS2/FeS/Rhe 
group was ≈90–100% compared with the control group after 
culturing for 1 and 3 days (Figure  6b,c). In addition, we 
used fluorescein isothiocyanate-labeled phalloidin (FITC, 

green)/4,6-diamino-2-phenyl indole (DAPI, blue) cell fluo-
rescent staining to analyze cell morphology. MC3T3-E1 cells 
in MoS2/FeS/Rhe was well distributed (Figure  6d). Previous 
study have shown that the loss of mitochondrial membrane 
potential (MMP) reduces cell viability, and the high MMP 

Figure 5.  In vitro antimicrobial activity of MoS2/FeS/Rhe. a) Antibacterial rates of different samples (1 mg mL−1) against S. aureus and E. coli under MW 
irradiation (n = 3). b) Protein efflux in bacteria from different samples (1 mg mL−1) under MW irradiation (n = 3). c) Live/dead staining of S. aureus, 
green/red fluorescence represents live/dead bacteria (Scale bar = 50 µm). d) Live/dead staining of E. coli, green/red fluorescence represents live/dead 
bacteria (Scale bar = 50 µm). e) SEM images of S. aureus (Scale bar = 1 µm), yellow represents S. aureus and red arrows represent bacterial rupture. 
f) SEM images of E. coli (Scale bar = 1 µm), purple represents E. coli and red arrows represent bacterial rupture. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001.
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results in a significant increase in the ratio of red to green 
fluorescence (R/G).[29] As shown in Figure  6e, according to 
5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethyl-imidacarbocyanine 
(JC-1) cell fluorescent staining, compared with the control 
group, MC3T3-E1 cells showed no significant difference after 
coculture with MoS2/FeS/Rhe for 1 day. Likewise, NIH-3T3 
cells in MoS2/FeS/Rhe group exhibited similar results for 
(Figure  6f ). These results all indicated that the synthesized 
MoS2/FeS/Rhe had excellent biocompatibility.

2.7. In Vivo Osteomyelitis Treatment with MoS2/FeS/Rhe

As shown in Figure S12, Supporting Information, we estab-
lished an osteomyelitis model on mouse tibia to study in vivo 
antibacterial and anti-inflammatory effects of MoS2/FeS/
Rhe. Mice were divided into three groups: the control group 
(S. aureus), MoS2/FeS/Rhe (MoS2/FeS/Rhe + S. aureus), MoS2/
FeS/Rhe + MW (MoS2/FeS/Rhe + MW + S. aureus). Thermal 
images showed that the temperature could rise to 53.9  °C 

Figure 6.  In vitro biotoxicity of MoS2/FeS/Rhe. a) Hemolysis rates of MoS2/FeS/Rhe at different concentrations (n = 4). b) MTT cell viability  
of MC3T3-E1 cells coculture with different samples (1 mg mL−1) (n = 3). c) MTT cell viability of NIH-3T3 cells coculture with different samples 
(1 mg mL−1) (n  = 3). d) FITC/DAPI fluorescence images of MC3T3-E1 cells coculture with MoS2/FeS/Rhe (1 mg mL−1) for day 1 (Scale bar 
= 100 µm). e) JC-1 fluorescence images of MC3T3-E1 cells coculture with MoS2/FeS/Rhe (1 mg mL−1) for day 1 (Scale bar = 100 µm). f ) FITC/
DAPI fluorescence images of NIH-3T3 cells coculture with different samples (1 mg mL−1) for day 1 (Scale bar = 50 µm). *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001.
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under MW irradiation, indicating that MoS2/FeS/Rhe still had 
a good MW thermal effect in vivo (Figure S13, Supporting 
Information). The colony count assays were performed using 
bone marrow tissues, livers, and kidneys on day 2, and results 
showed that the MoS2/FeS/Rhe + MW group consistently 
exhibited the greatest antibacterial efficacy against S. aureus in 
vivo (Figure S14, Supporting Information). The blood analysis 
obtained from the mice sacrificed at 2, 7, and 14 days was car-
ried out using routine blood counts and blood biochemical 
analyses to assess the inflammatory response. It could be 
found that white blood cells (WBC) and neutrophils (Gran) 
in the MoS2/FeS/Rhe + MW group were consistently signifi-
cantly lower than the one in the control group (Figure 7a,b). In 

addition, the expression of proinflammatory factor interleukin 
6 (IL-6) decreased and the expression of anti-inflammatory 
factor interleukin 10 (IL-10) increased with the prolongation of 
treatment time (Figure 7c,d). These results indicated that MoS2/
FeS/Rhe had a good antibacterial and anti-inflammatory effect 
in vivo due to the produced MW heat and ROS (1O2, ·O2

−), as 
well as the anti-inflammatory effect of Rhe. In addition, Wright 
staining and hematoxylin–eosin (H&E) staining were used 
to further evaluate the rat tibia tissue infection. As shown in 
Figure 7e, the numbers of bacteria (indicated by red arrows) and 
lymphocytes (indicated by yellow arrows) in the MoS2/FeS/Rhe 
+ MW group decreased on day 14. However, distinct bacteria 
and lymphocytes were observed in the control group. According 

Figure 7.  In vivo osteomyelitis treatment of MoS2/FeS/Rhe. a) WBC, b) Gran, c) IL-6, and d) IL-10 after different time of treatment (n = 4). e) Wright-
stained images of infected bone marrow tissue after treatment for different times (Scale bar = 20 µm), red arrows indicate bacteria and yellow arrows 
indicate lymphocytes. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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to the H&E staining images, a large number of inflammatory 
cells (yellow arrows) and neutrophils (blue arrows) appeared  
in the control group. However, the inflammatory cells in the 
bone marrow tissue of the MoS2/FeS/Rhe + MW group were 
significantly reduced (Figure S15, Supporting Information). 
After 14 days of treatment, the H&E staining images of mouse 
major organs (heart, liver, spleen, lung, and kidney) showed 
that MW treatment did not cause organ damage (Figure S16, 
Supporting Information). The above results indicated that  
MW-irradiated MoS2/FeS/Rhe was a safe and effective strategy 
for treating bacteria-induced osteomyelitis in deep tissues.

3. Discussion

In this study, we reported a MW assisted bacteria-killing 
strategy for treating S. aureus-induced osteomyelitis by using 
MW-responsive MoS2/FeS heterojunction with anti-inflamma-
tory herb of Rhe thereby avoiding multiple surgical debride-
ments and systemic injections of large amounts of antibiotics. 
Our data indicated that MW had deep penetration ability and 
negligible side effects, which could be a safe and effective 
therapeutic tool. MoS2 can cause dipole polarization and ion 
conduction under MW radiation, resulting in molecular fric-
tion and dielectric loss to generate MW heat,[13,17–19] but its 
inherent weak conductivity and few polarization active sites 
limits its application in the field of microwave absorption.[20,21] 
MoS2 combined with various components of dielectric or mag-
netic types for the construction of MoS2-based absorbers such 
as MoS2/rGO,[22] MoS2@C,[23] and MoS2/Fe3O4,[24] have been 
considered as typical strategies and have shown great potential 
for improving microwave absorption performance. Our data 
indicated that MoS2/FeS could possess MW heat and generate 
ROS due to interfacial interactions benefiting from S-Mo-S-Fe-
S structure, which may be promising high-performance MTT 
and MDT reagent.

Anti-inflammatory are also a major concern in the treatment 
of osteomyelitis, and natural herbal medicines such as rhein, 
berberine, curcumin, and puerarin, were promising for treating 
inflammation.[26,27] Our data indicated that Rhe widely distrib-
uted in the rhizomes of the olygonaceae plant Rheumpalmatum 
L., the roots of Polygonum multiflorum Thunb., and the pods 
of the legume Cassiaangustifolia Vahl., had anti-inflammatory 
effects. ROS can assist thermal effect to kill bacteria at a mod-
erate temperature without scalding surrounding tissues.[14] ESR 
is employed to detect ROS production with TEMP and DMPO 
as the capture agent.[28] Our data indicated that MoS2/FeS could 
produce ROS (1O2 and ·O2

−) under MW radiation. A lower RL 
value means that more MW is absorbed, indicating an excel-
lent MW thermal effect.[4,5] Our data indicated that the RL 
value of MoS2/FeS/Rhe was −11.75 dB at 2.45 GHz, indicating 
that the MW absorption performance of MoS2/FeS/Rhe was 
enhanced compared with individual components. MoS2/FeS/
Rhe could induce membrane rupture under MW irradiation 
by disrupting cell membrane damage and the followed efflux 
of bacterial inside substances, finally causing the bacterial (S. 
aureus, Gram-positive bacteria and E. coli, Gram-negative bac-
teria) death. The excellent biocompatibility of MoS2/FeS/Rhe 
was demonstrated by blood safety, MTT assay of MC3T3-E1 

and NIH-3T3 cells, FITC/DAPI cell fluorescent staining, and 
JC-1 cell fluorescent staining. In addition, MW-irradiated MoS2/
FeS/Rhe was a safe and effective strategy for treating S. aureus-
induced osteomyelitis in deep tissues. This kind of MW respon-
sive nanocomposite comprising inorganics and herbs can solve 
the challenge of how to effectively treat deep tissue infections.

4. Conclusions

In conclusion, we designed a MW-responsive system of anti-
inflammatory nanocomposite, which exhibited highly effi-
cient treatment of deep bacterial infection osteomyelitis. The 
powerful antibacterial effect of MoS2/FeS/Rhe was attributed 
to anti-inflammatory effect of Rhe, MW-excited thermal and 
dynamic effects. The MW network vector analysis, density func-
tional theory and finite element modeling disclosed that the 
strong MW absorption capacity of MoS2/FeS mainly came from 
the dielectric loss of reflection loss while its enhanced MW 
catalysis was attributed to its stronger O2 fixation ability than 
MoS2 alone, which provided more O2 source to capture elec-
tromagnetic hotspots. Additionally, more electromagnetic hot-
spots were generated at MoS2/FeS interface than MoS2 under 
MW irradiation due to interface polarization. Because of these 
induced electromagnetic hotspots, sodium species was field-
ionized and subsequently reacted with oxygen to produce ROS 
(1O2 and ·O2

−). Both in vitro and in vivo experiments showed 
that MoS2/FeS/Rhe exhibited good biocompatibility and anti-
bacterial ability. With these advantages, this work provided a 
safe, remote, noninvasive, and highly effective for deep bacte-
rial infections.

5. Experimental Section
Materials: Rhein (Rhe) was purchased from Shanghai Yuanye 

Biotechnology Co., Ltd. (Shanghai, China). Sodium chloride (NaCl), 
ferric chloride (FeCl3·6H2O), sodium sulfate (Na2SO4), sodium 
molybdate (Na2MoO4·2H2O), thiourea (CH4N2S), and dimethyl 
sulfoxide were purchased from Sinopharm Chemical Reagent Co., Ltd. 
Company (Shanghai, China). Live/dead bacterial viability kits of SYTO 
9 and propidium iodide (PI) stains were purchased from Thermo 
Fisher Scientific (Shanghai, China). Trypsin, penicillin–streptomycin, 
FITC-labeled phalloidin, and DAPI were purchased from Yeasen 
(Shanghai, China). TEMP was purchased from Aladdin Biochemical 
Technology Co., Ltd. (Shanghai, China). 3-[4,5-Dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma 
Chemical Co., Ltd. DMEM and FBS were purchased from Gibco 
(Shanghai, China). DMPO was purchased from Nippon Chemical Co., 
Ltd. BCA protein detection kit was purchased from Solarbio (Beijing, 
China). Other reagents and solvents were of analytical grade and were 
used without further purification.

Synthesis of MoS2, FeS, MoS2/FeS, and MoS2/FeS/Rhe: MoS2 was 
prepared according to previously reported literature.[13] Briefly, 0.76 g 
Na2MoO4·2H2O and 1.2 g CH4N2S were dispersed in 25 mL deionized 
water and sonicated to form a homogeneous solution. Next, 12 mL HCl 
(1 mol L−1) was added to the solution for uniform dispersion, and the 
resulting solution was transferred to a 45 mL volume autoclave and 
heated at 220 °C for 22 h. After hydrothermal reaction was completed, 
the obtained MoS2 was centrifuged and washed with water, and then 
freeze-dried. The synthesis method of FeS was similar to MoS2, with the 
main difference being that Na2MoO4·2H2O was replaced by FeCl3·6H2O. 
The synthesis method of MoS2/FeS was similar to MoS2, mainly adding 
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0.6 g FeCl3·6H2O in the synthesis step of MoS2. MoS2/FeS and Rhe 
(weight ratio of 50:1) were mixed and dispersed in deionized water, 
and after stirring for 24 h. The obtained precipitate was centrifuged and 
washed with water, and then lyophilized to obtain MoS2/FeS/Rhe.

Characterization of MoS2/FeS/Rhe: The morphologies were 
characterized by SEM (UK ZEISS, Sigma300/500) and TEM (Japan JEOL, 
JEM-2100F). FTIR spectra were collected on a Fourier transform infrared 
spectrometer (IS10, Thermo Fisher Scientific, USA). Zeta potential was 
measured on a particle size and potentiometer (Zeta-sizer Nano ZS90, 
Malvern, UK). XPS spectra were collected on an X-ray photoelectron 
spectrometer (Axis Supra, Kratos HT, Japan). UV–vis diffuse reflectance 
spectra were collected on an ultra violet and visible light (UV–vis) 
absorption spectrometer (UV-2600, Shimadzu, Japan). XRD spectra 
were obtained on an X-ray diffractometer (Bruker, D8 ADVANCE, 
Germany). Raman scattering experiments were performed on a Raman 
microscope (DXR, Thermo Fisher Scientific, USA). Thermal absorption 
curves were collected on a thermogravimetric analyzer (NETZSCH, 
STA449C, Germany).

Measuring Microwave Heat: Microwave heating profiles were 
measured according to previously reported methods.[4] Briefly, 2 mL 
sample solutions (saline, MoS2, FeS, MoS2/FeS, Rhe, and MoS2/FeS/
Rhe of 1 mg mL−1) were placed in a small dish (35 mm × 12 mm), which 
was placed on the microwave physiotherapy probe. The temperature 
changes of different samples under MW (0.1 W cm−2) irradiation were 
recorded using a thermal imager (875i, Testo, GER).

ESR Test: 1 mL the sample solution was placed in a small dish 
(35 mm × 12 mm), which was placed on the microwave physiotherapy 
probe. Then an appropriate amount of capture agent TEMP or DMPO 
was added, and the solution was taken by capillary to test ESR spectra.

Microwave Network Vector Analysis: The electromagnetic parameters 
of the different samples were recorded using an Agilent E5071C network 
analyzer.[3–5] The reflection loss value (RL) and attenuation constant (α) 
were calculated as follows
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μ ′ and μ ″ represent real and imaginary parts of the permeability. 
Zin represents normalized input impedance. f represents frequency. d 
represents thickness of the monolayer absorber. ε′ and ε″ represent 
real and imaginary parts of the permittivity. μr and εr represent 
relative permeability and permittivity, respectively. c represents speed 
of light.

DFT Calculations: All DFT calculations were performed using the 
VASP program.[3] The DFT functional was utilized at the Perdew−Burke−
Ernzerhof level. A 2 × 2 × 1 gamma grid of k-points was used for the 
Brillounin zone integration. A Gaussian smearing of 0.2 eV was applied 
during the geometry optimization. The convergence criteria for the 
iteration in self-consistent field was set at 10–5 eV, and the residual force 
for optimizing atom positions was less than 0.02 eV Å−1.

FEM Analysis: Finite element simulations were performed using 
the COMSOL Multiphysics 5.6 software.[3] In the simulations, the 
permittivity and permeability were measured experimentally. The 
permittivity of MoS2 was 5.0863−1.1493*i, and the magnetic permeability 
was 1.0000−0.2192*i. The permittivity of FeS was 5.2289−0.3048*i, and 
the magnetic permeability was 1.0149−0.1893*i. The permittivity of 
MoS2/FeS was 16.4510−7.7807*i, and the magnetic permeability was 
1.0235−0.2327*i. In these calculations, the magnitude of the excited 
electric field was kept constant at 1 V m−1.

PL Spectroscopy Test: 4 mg mL−1 MoS2, FeS and MoS2/FeS solutions 
were prepared with water and NaCl solution, and the changes of PL 

spectra were tested under microwave irradiation in situ. The excitation 
wavelength of MoS2, FeS, and MoS2/FeS was 430 nm.

Electrochemical Test: 4 mg mL−1 MoS2, FeS, and MoS2/FeS aqueous 
solutions were prepared and dropped evenly on the conductive glass 
(1 × 1 cm). During the process, air bubbles should be avoided, and 
they were naturally sealed for testing. Before testing the samples, the 
electrodes were rinsed with deionized water. After carefully checking that 
the electrodes were connected correctly (green of the working electrode, 
red of the platinum electrode, and white of the reference electrode), EIS 
curves, LSV curves, CV curves and microwave current were obtain by 
electrochemical test.

In Vitro Antibacterial Activity: To assess effect of different samples on 
S. aureus and E. coli, standard plate counts were used to assess bacterial 
concentrations. Briefly, 2 mL solutions of different sample were placed 
on small dishes (35 mm × 12 mm) and then irradiated under MW for 
20 min (0.1 W cm−2). Finally, 20 µL bacterial suspension was diluted 
100 times and then spread on a standard plate, then photographed 
and counted after culturing at 37  °C for 24 h. To visualize distribution 
of live and dead bacteria, microwave-treated bacteria were stained by 
SYTO 9 and PI stains. The excitation/emission maxima for these dyes 
were about 480/500 nm for SYTO 9 stain (Component A) and 490/635 
nm for propidium iodide (Component B). Equal volumes of Component 
A and Component B were combined in a microfuge tube, and mixed 
thoroughly. 3 µL of the dye mixture were added for each mL of the 
bacterial suspension. The dye mixture and the bacterial suspension were 
mixed thoroughly and incubated at room temperature in the dark for  
15 min. 5 µL of the stained bacterial suspension were trapped between 
a slide and an 18 mm square coverslip, and observed in a fluorescence 
microscope (OLYMPUS, IX73). To observe morphology of bacteria after 
microwave treatment, SEM images acquisition was performed.

In Vitro Cytotoxicity: Mouse embryo osteoblast precursor cells 
(MC3T3-E1) and NIH-3T3 mouse embryonic fibroblast (NIH-3T3) 
were cultured in DMEM. The cytotoxicity of MoS2, FeS, MoS2/FeS, 
Rhe, and MoS2/FeS/Rhe was determined by MTT.[5] The absorbance 
of the supernatant at 490 nm was measured on a microplate reader 
(Molecular Devices, SpectraMax M5). To further confirm MTT results, 
fluorescein isothiocyanate-labeled phalloidin (FITC)/4′,6-diamidino-2-
phenylindole (DAPI) staining and 5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethyl-
imidacarbocyanine (JC-1) staining were carried out and imaged using 
an inverted fluorescence microscope. Cell viability was calculated by the 
following equation

( )= ×Cellviability OD /OD 100%490nm/sample 490nm/control 	 (4)

In Vitro Hemolysis Assay: Hemolysis assays were performed as 
previously reported.[29] Briefly, 0.15 mL red blood cells were combined 
with 0.15 mL various concentrations of MoS2/FeS/Rhe solutions, water 
or saline. After 12 h of incubation at 37 °C, the mixture was centrifuged 
and the supernatant was collected, then the absorbance was measured 
at 542 nm using a microplate reader. The hemolysis rate was calculated 
using the following formula

( )( ) = ×Hemolysis rate % / 100%0I I 	 (5)

I refers to the optical density (OD) of erythrocytes with different 
concentrations of MoS2/FeS/Rhe, and I0 refers to OD of complete 
hemolysis in distilled water.

In Vivo Mouse Osteomyelitis Model: Male mice of 300–400 g were 
prepared for animal experiments. Mice were divided into three groups: 
control (S. aureus), MoS2/FeS/Rhe (MoS2/FeS/Rhe + S. aureus), and 
MoS2/FeS/Rhe + MW (MoS2/FeS/Rhe + MW + S. aureus). After the mice 
were anesthetized with isoflurane, 0.7 mm diameter holes were drilled 
in the mice tibia by electric drill. Bloods in the bone marrow cavity was 
drawn with a 1 mL syringe, and bacterial solution (2 × 108 CFU mL−1 S. 
aureus) and 50 µL saline or MoS2/FeS/Rhe (1 mg mL−1) were injected 
into the well. Afterward, the hole was sealed with bone wax, and the 
wound was carefully sutured. Finally, the surgical site was irradiated by 
the MW physiotherapy device for 20 min. Thermographic pictures were 
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recorded before and after irradiation by using a thermal imager (FLIR, 
E50). On days 2, 7, and 14, bloods were collected for routine blood tests 
and blood biochemical assays, and bone marrows were collected for 
H&E staining and Wright staining. After 14 days, major organs (heart, 
liver, spleen, lung, and kidney) were collected for H&E staining. The 
animal test was carried out following the guidance of the Guide for the 
Care and Use of Laboratory Animals of the National Institutes of Health. 
The Animal Ethical and Welfare Committee of the Institute of Radiation 
Medicine, Chinese Academy of Medical Sciences approved the ethical 
part of the experiment.

Statistical Analysis: All the experimental data did not involve 
preprocessing of data (such as transformation, normalization, and 
evaluation of outliers). All the experimental data were analyzed using 
mean ± standard deviation (SD) with n ≥ 3. The statistical analyses were 
performed using the GraphPad Prism software, with one-way analysis of 
variance followed by the Tukey multiple-comparisons test for multiple 
comparisons and a two-sample Student t-test for comparison of two 
groups. In addition, p values were considered statistically significant. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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