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ABSTRACT 
Globally, millions of people die of microbial infection-related diseases every year. The more terrible situation is that due to the 
overuse of antibiotics, especially in developing countries, people are struggling to fight with the bacteria variation. The emergence 
of super-bacteria will be an intractable environmental and health hazard in the future unless novel bactericidal weapons are 
mounted. Consequently, it is critical to develop viable antibacterial approaches to sustain the prosperous development of human 
society. Recent researches indicate that transition metal sulfides (TMSs) represent prominent bactericidal application potential 
owing to the meritorious antibacterial performance, acceptable biocompatibility, high solar energy utilization efficiency, and 
excellent photo-to-thermal conversion characteristics, and thus, a comprehensive review on the recent advances in this area would 
be beneficial for the future development. In this review article, we start with the antibacterial mechanisms of TMSs to provide a 
preliminary understanding. Thereafter, the state-of-the-art research progresses on the strategies for TMSs materials engineering 
so as to promote their antibacterial properties are systematically surveyed and summarized, followed by a summary of the practical 
application scenarios of TMSs-based antibacterial platforms. Finally, based on the thorough survey and analysis, we emphasize 
the challenges and future development trends in this area.  
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1 Introduction 
Globally, microbial infection-related diseases, such as urinary 
tract infections, inflammations, sepsis, and peritonitis, pose 
serious threats to human health and even kill millions of people 
every year [1–5]. In addition, the lack of efficient antibacterial 
therapeutic modalities restricts the development of modern 
medical techniques, such as implant surgery [6–8] and wound 
disinfection [9–11]. The high economic losses caused by these 
infections make it unaffordable for the people in many low- and 
middle-income countries [12–15]. A more serious challenge 
is that our weapons, i.e antibiotics, to fight against bacterial 
infections are weakening since the microbial are gaining 
resistance to the common antibiotics [13, 16–19]. Specifically, 
the biofilm formed by the self-synthesized extracellular 
polymeric substances (EPS) acts as a robust barrier to ward off 
the attack of antibiotics and resist environmental stress, 
and thus lead to persistent infections or even death [20, 21]. 

Related projections estimate that more than 10 million people 
will die each year from antibiotic resistance by 2050 unless 
a global response to the problem of antimicrobial resistance 
(AMR) is mounted [22]. The US Centers for Disease Control 
and Prevention (CDC) has been warning for years that humans 
are approaching a “post-antibiotic era”, a stage when bacterial 
infections will kill more people each year than cancer and 
other diseases [23]. Given the fact that it takes a long time 
to develop new antibiotics, exploring antimicrobial agents 
with broad-spectrum activities instead is of great significance 
to protect our health.  

Past decades witnessed the rapid development of artificial 
antibacterial materials, among which inorganic bactericidal 
agents have attracted tremendous research interests owing to 
their outstanding chemical stability, low toxicity, satisfying 
efficiency and high cost-effectiveness [24, 25]. Usually, the most 
investigated inorganic antibacterial materials are based on metal 
nanoparticles (NPs) or photo-sensitive metal oxides [26–31].  
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Among the metal nanoparticle-based antibacterial materials, 
Ag has been most studied. The antibacterial effect of Ag NPs 
proceeds by the generation of reactive oxygen species (ROS) 
and silver-ions incursion, making damage to DNA, RNA, 
and proteins [25, 26, 32]. Although Ag NPs enjoy superior 
antibacterial properties, their high cost and toxicity to the human 
body (such as argyria, spasms, gastrointestinal disorders, or even 
death) hamper their wide in vivo applications [26, 33, 34]. In 
contrast, TMSs not only show good antibacterial properties, 
but also possess high cost-effectiveness and stability against 
metal leakage without side effects caused by excessive metal 
ions [35, 36]. The most widely researched photocatalysts, 
including TiO2 and ZnO, have gained great attention for 
bacterial killing applications [28, 37]. Upon light irradiation 
with larger energy than the band gap, electron-hole pairs form 
and result in the production of ROS, which degrades various 
organic substances [1]. Unfortunately, these materials can only 
exhibit excellent antibacterial effects under ultraviolet (UV) 
irradiation, which limits their applications in biotherapy [38, 39]. 
In terms of electronic structure, TMSs possess a narrower 
band gap than transition metal oxides due to the larger anion 
radius of S atoms and the presence of well-dispersed S 3p orbits 
[40–42]. The suitable energy band structure of TMSs endows 
them with high capacity in solar energy utilization, resulting 
in robust photodynamic damage towards bacteria due to the 
effective generation of ROS. Besides, TMSs exhibit high photo- 
to-thermal energy conversion ability, namely the photothermal 
effect and this could also lead to efficient bacteria ablation, 
which opens the second avenue for their therapeutic use. 
Additionally, the approach mimicking the natural antibacterial 
mechanism can be easily achieved due to the feasible surface 
functionalization. For instance, glycosylated TMSs could achieve 
targeted photo-killing of bacteria due to the carbohydrate-lectin 
interaction [43, 44]. In addition, Gram-selective antimicrobial 
systems also could be realized via the surface charge-conversion 
of nanozymes [45]. All these, recent investigations indicated 
that TMSs stand out as suitable choices for the ablation of 
bacteria because of their high efficacy arising from their 
narrow band gap, high photo-to-thermal conversion, and 
minimal invasiveness [35, 46–51]. However, though rapid 
progress has been achieved in this field, to the best of our 
knowledge, there is still no systematic summary on the recent 
advances on TMSs for bactericidal applications, which would 
be greatly beneficial for the future development prospects  
in this area. In particular, the concise development history of 
TMSs for antibacterial applications is shown in Fig. 1(a). 
Among them, MoS2 and CuS have been intensively explored 
as effective scavengers of bacterial. Besides, other TMSs, 
including Ag2S, WS2, CdS, FeS, TiS2, and Bi2S3, are attracting 
growing research interests for antibacterial applications    
[35, 46–51]. As depicted in Fig. 1(b), transition metal atoms 
and sulfur atoms in TMSs interact with each other via strong 
covalent bonds and form two distinct structures, namely, 
layered structures (MoS2, WS2, TiS2, etc.) and stacking structures 
(CuS, Ag2S, FeS2, etc.) [52, 53]. Typical layered structures 
possess a sandwich structure and the unit cell bond to each 
other via weak van der Waals forces [41, 54, 55]. Stacking 
structured TMSs usually exhibit complicated structures, such as 
zinc-blende, pyrite, and marcasite structure, in which transition 
metal atoms are tetrahedrally or octahedrally bonded to adjacent 
sulfur atoms [56–58]. With the above basic understanding 
of TMSs, we can make a more comprehensive and detailed 
review on the antibacterial applications of TMSs. In this 
review paper, we started with the fundamental mechanisms  

 
Figure 1  Background and introduction of TMSs antibacterial nano-
materials. (a) The development history of TMSs for antibacterial applications. 
(b) An overview of TMSs that have been studied for antibacterial 
applications and their crystal structure. Reproduced with permission from 
Refs. [41, 54–58], ©American Physical Society, ©WILEY-VCH Verlag 
2016 and 2018, ©Elsevier B.V. 2016, ©American Chemical Society 2017, 
and ©Royal Society of Chemistry 2013, respectively. 

of bacterial ablation using TMSs, and then the state-of-the-art 
progresses on the TMSs-based antibacterial materials are 
detailed documented, followed by a summary of the current 
research progresses on the practical biomedical application 
of TMSs-based antibacterial agents. Finally, an overall summary 
for this rapidly advancing research area is outlined and future 
prospects in this realm will be postulated based on the current 
status. 

2  Antibacterial mechanisms on TMSs 
TMSs show promise as novel antimicrobial agents due to 
their broad-spectrum antibacterial activities, satisfactory 
biocompatibility, high solar energy utilization efficiency 
and excellent photo-to-thermal conversion capacity [46–50]. 
It is widely acknowledged that the superb antibacterial 
activities of TMSs can be ascribed to their multiple bacterial 
killing mechanisms. A comprehensive understanding of 
their antibacterial mechanisms will facilitate the development 
of TMSs. Herein, as depicted in Fig. 2, the bactericidal 
mechanisms of TMSs, including photocatalytic antibacterial 
effect, antibacterial nanozymes, piezocatalytic degradation, 
photothermal effect, membrane damage, and polysulfane 
release are systematically described. 
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Figure 2  Schematic diagram of the antibacterial mechanisms on TMSs. 
Reproduced with permission from Refs. [95, 129, 142, 148], ©Elsevier 
B.V. 2018, ©Springer Nature 2018, ©American Chemical Society 2018, 
and ©WILEY-VCH Verlag 2018, respectively. 

2.1  ROS-induced antibacterial mechanism 

ROS can be mainly categorized into four types, namely, 
hydrogen peroxide (H2O2), superoxide species (O2·–), singlet 
oxygen (1O2), and hydroxyl radicals (•OH) [59–61]. Bacteria 
possess finely regulated and complicated antioxidant systems, 
including superoxide dismutase, catalase and glutathione 
reductase, which could eliminate endogenous ROS to maintain 
low steady-state concentrations [62–64]. However, this balance 
can be disturbed by excessive attack by exogenous ROS, 
causing oxidative stress (OS) [65, 66]. Besides the antioxidant 
system, some other biomolecules would be perturbed by ROS 
as well [67–70]. As such, bacteria show a very high sensitivity 
to ROS, so we can employ the oxidizing ROS as powerful tools 
to conquer bacteria. In the next section, we will introduce the 
ROS-involved antibacterial mechanisms of TMSs. 

2.1.1  Photocatalytic antibacterial mechanism  

In 1972, Fujishima and Honda first reported photocatalysis using 
TiO2 for water splitting [71], and after that, various photocatalysts 
were explored for their potential applications in energy 
conversion [42, 72, 73], environmental remediation [74–76], and 
antibiosis [77–79]. Upon irradiation with light of higher energy 
than the band gap, photocatalysts could be excited to produce 
photo-induced electrons (e–)/holes (h+) pairs [80–82]. Most 
of the photo-induced charge carriers combine in the bulk and 
the rest will migrate to the surface to react with the adsorbed 
species. Particularly, the diffused photo-excited electrons will 
be captured by the pre-adsorbed oxygen molecules forming 
the highly oxidizing O2·–. Furthermore, O2·– can accept or 
donate electrons to yield H2O2 or 1O2 [59]. Simultaneously, 
the holes left in the valence band (VB) can abstract electrons 
from hydroxyl ions or water molecules to produce •OH [83]. 
These four types of ROS would strongly attack the microbial 
cells to inhibit their life activity. The generation process and 
corresponding redox potentials of ROS have been schematically 
presented in Fig. 3(a) [59, 84]. It is worth noting that since 
water molecules and hydroxyl ions participate in the reaction, 
the generation and interconversion of ROS species are also 
affected by the solution environment, such as pH and chemical 
environment [59].  

Besides the generation mechanisms of ROS, mechanistic 
insights into the interaction between ROS and bacteria also 
need to be elaborated. The cellular targets of ROS in microbe 
also have been ascertained in numerous studies [67–70]. •OH 
is a strong oxidant that can cause indiscriminate oxidative 
damage to organic biomolecules, such as proteins, lipids, sugar, 
enzymes and nucleic acids [67–70]. H2O2 and 1O2 also impose 
intense damage to proteins, lipids, enzymes and nucleic acids 
as well [67–70]. According to recent researches, O2·–, a potent 
scavenger, was the most ideal therapeutic agent due to its 
minimal invasiveness for mammalian cells and high bacteriostatic 
efficacy [67, 84]. O2·– hardly reacts with negatively charged 
biomolecules due to electrostatic repulsion; but it can be easily 
electrostatically attracted to biosynthetic enzymes containing 

 
Figure 3  Photocatalytic antibacterial mechanisms. (a) Schematic illustration of photocatalytic antibacterial mechanism. (b) The redox potential for ROS 
generation and the band structure diagram of several typical TMSs  
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labile iron-sulfur clusters [67]. The arise of iron sequestration in 
host colonization, rather in bacteria, results in the vulnerability 
of pathogenic bacteria to O2·– with respect to hosts, which 
leads to selective bacterial elimination [67]. Additionally, Ray 
et al. found that O2·– mainly perturbed carbon deficient sites 
of protein and the pi-bond containing carbon chain of fatty 
acid, thereby destroying cell walls [68].  

Besides the redox potential for ROS generation, the band 
structure diagram of several typical TMSs is also illustrated 
in Fig. 3(b) [48, 50, 85–87]. Notably, due to the deviation of 
measurement conditions, there may be slight variations for 
these data in different literatures [85]. Referring to this diagram, 
the conduction band (CB) of TMSs is suitably matched for the 
formation of O2·–, the most ideal scavenger, which determines 
the outstanding potentiality of TMSs for therapeutic use. 
Numerous research articles have also evidenced that O2·– could 
be produced over TMSs through photocatalysis [48, 50, 85–87]. 
However, for the generation of the other three types of ROS, 
there still remain controversial issues. Shang et al. found that 
O2·– and 1O2 were generated on CdS, which was well accordant 
with its energy band structure. However, O2·–, 1O2, and •OH 
were produced on MoS2 and WS2, which was inconsistent 
with their energy band potential. The authors attributed this 
phenomenon to the positive shift of the VB caused by quantum 
confinement effects of the ultra-small-sized nanoparticles [88]. 
In fact, the energy band structure can be tuned with many 
approaches including microstructure engineering and surface 
functionalization. Thus, the antimicrobial properties of TMSs 
can be regulated by appropriate modification strategies, and 
this aspect will be highlighted later in this review. 

2.1.2  Enzyme-like functions of TMSs 

Over the past few decades, tremendous progresses in the 
synthesis of nanomaterials has stimulated people’s interest in 
exploring nanomaterial-based artificial enzymes (nanozymes), 
which exhibit unexpected enzyme-like activities [89–91]. 
To date, many types of nanozymes, including iron-based, 
vanadium-based, noble metal-based, carbon-based, metal- 
organic framework-based, and TMSs based nanostructures, 
have been explored and investigated for antibacterial 
applications [45, 63, 89, 90, 92, 93]. Among these materials, 

TMSs exhibit enzyme-like (oxidase and peroxidase) properties, 
leading to the effective generation of ROS [92–94]. With aid 
of density functional theory (DFT) calculations, Qu’s group 
calculated the free energy of different types of MoS2 nanozymes 
in H2O2 catalytic process (Fig. 4(a)) and built a typical model 
to discuss the H2O2 activation process on the surface of various 
types of MoS2 nanozymes and the absorption energy of the 
process, with the activation process of S-defect MoS2 nanozymes 
being shown in Fig. 4(b). They indicated that the defect-rich 
edges of MoS2 nanozymes led to higher intrinsic peroxidase- 
like activity and antibacterial effect with respect to pristine 
structure owing to their lower absorption energies of H2O2 
and intermediate OH* as well as the more negative free energies 
for the whole reaction [92]. As shown in Fig. 4(c), Shan and 
colleagues put forward a hypothesis that Cu2WS4 (CWS) 
nanocrystals possessed enzyme-like (oxidase and peroxidase) 
properties, which could catalyze the physiologically relevant 
antioxidants (AH2) in bacteria to generate H2O2 and oxidative 
product A in the present of O2 and then decompose H2O2 to 
form •OH, following the process shown in the following Eqs. (1) 
and (2) [93]. 

CWS
2 2 2 2AH O A H O+  +                (1) 

CWS
2 2H O OH                     (2) 

2.1.3  Piezocatalytic degradation process 

In addition to the above two antibacterial pathways, the 
bactericidal potential based on piezoelectric effect originated 
from the asymmetric lattice of TMSs has also been observed 
[95, 96]. As depicted in Figs. 5(a) and 5(b), Wu’s group elucidated 
the generation mechanisms of ROS on the surface of single- 
layer WS2 nanoflowers (NFs) under the ultrasonic vibration, 
which was ascribed to the piezo-generated electron and hole 
pairs separations caused by spontaneous polarization. They 
embedded the abundant WS2 NFs in the polydimethylsiloxane 
and the obtained composite displayed a 99.99% killing rate of 
Escherichia coli through the piezoelectric effect within 60 min  
ultrasonic vibration [95]. Based on the previous investigations, 
their group further investigated the piezoelectric effect of MoS2  

 
Figure 4  The catalytic activity of TMSs based nanozymes. (a) The free energies of pristine, S-defect, and edge MoS2 in H2O2 catalytic process. (b) H2O2

activation process occurred on S-defect MoS2 nanozymes. The S, Mo, H, and O atoms are shown in yellow, blue, gray, and red balls, respectively. The red 
dashed circle indicate the S-defect. Reproduced with permission from Ref. [92], © WILEY-VCH Verlag 2019. (c) Schematic illustration of antibacterial
process of Cu2WS4 nanozymes. Reproduced with permission from Ref. [93], © American Chemical Society 2019. 
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on bacterial elimination and explored the hybridization of 
the piezoelectric and photocatalytic effects (Fig. 5(c)). They 
revealed that the deposition of Au NPs on the surface of MoS2 
could enhance the piezoelectric effect of MoS2 through the 
improved charge carriers separation (Fig. 5(d)) [96].  

2.2  Synergistic contribution between photothermal 

and photodynamic processes 

Near-infrared (NIR) laser-induced photothermal therapy (PTT) 
exhibiting high light-to-thermal conversion has attracted much 
research attention in biotechnology [46, 97–99]. However, it is 
still a controversy on the understandings of the photothermal 
conversion mechanisms of TMSs. For example, some researchers 
described that the photothermal effect of Cu2–xS should be 
attributed to their localized surface plasmon resonances (LSPR) 
rendered by the collective oscillations of holes [46, 100–102]. 
Some believed that CuS NPs can transform light into heat due 
to the d–d energy band transition of Cu2+ ions [103, 104]. Some 
other researchers suggested that when TMSs are irradiated 
by NIR light, the electrons can be exited from VB, creating the 
so-called photo-induced charge carriers. The recombination 
of these charge carriers releases most of the absorbed photon 
energy as heat via non-radiative decay, causing the local 
temperature rising dramatically and rapidly [105]. Although the 
photothermal conversion mechanism of TMSs is still elusive 
and controversial, there is no doubt about its lethal effects of 
hyperthermia on bacteria [106].  

During the PTT process, bacterial cell walls become wrinkled 
and damaged due to the high local temperature followed by 
the disruption of the cell membrane. Finally, the leakage of 
intracellular material leads to cell death [103, 107, 108].  

Additionally, recent investigations elaborated the immense 
potential of synergistic antibacterial strategy between photo-
thermal and photodynamic processes. Li et al. stressed that 
the leakage of proteins from damaged bacteria caused by PTT 
was accelerated with the assistance of ROS [109]. Zhang and 
colleagues indicated that PTT could also enhance the cell 
membrane permeability, allowing ROS to penetrate into the 
cell walls to destroy intracellular proteins thus bringing about 
rapid bacterial elimination [70]. Gu’s group revealed that the 
catalytic oxidation of organic thiols into disulfides was a 
temperature-depending process. Glutathione (GSH) oxidation 
could be accelerated due to the NIR light irradiation which 
strengthened the invasiveness of ROS. Through the combined 
contribution between laser-induced hyperthermia and generated 
ROS, the PEG-MoS2 nanoflowers can result in bacterial death 
effectively [110]. The above results suggested that oxidative 
lesions induced by a small quantity of ROS could work together 
well with PTT, which resulted in much higher synergistic 
antibacterial efficacy [70, 109]. In order to give audience a 
better illustration of the photothermal therapy of TMSs for 
antibacterial purpose, we summarize key parameters of TMSs 
in Table 1, where C1, C2, T1, and T2 represent concentration and 
irradiation period during the photothermal effect and in vitro 
antibacterial assay, respectively. 

2.3  Membrane damaging mechanisms 

Two-dimensional (2D) materials, such as graphene, transition 
metal dichalcogenides (TMDs), phosphorene, tellurene, and 
Mxene, have attracted much attention for various biological  
applications due to their unique properties including low cyto-
toxicity, big surface area, high chemical stability, and excellent 

 
Figure 5  Piezocatalytic degradation mechanism. (a) Schematic illustration of working mechanism of polydimethylsiloxane/WS2 nanoflowers in water. 
(b) Generation mechanisms of ROS based on piezoelectric effect. Reproduced with permission from Ref. [95], ©Elsevier B.V. 2018. (c) Schematic diagram 
of the hybridization of the piezoelectric and photocatalytic effects for bacteria elimination. (d) Schematic diagram of the piezocatalytic reaction in 
Au-MoS2 to promote the generation of ROS and charge carriers separation. Reproduced with permission from Ref. [96], ©Elsevier B.V. 2019. 
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thermal conductivity and electron mobility [99, 111–113]. 
Especially, graphene-based materials and TMSs have shown 
bright prospects for antibacterial applications [85, 112, 114]. 
Recent investigations deciphered the processes of membrane 
depolarization, dents formation, and phospholipid extraction 
processes occurring on the membrane of bacteria on contact 
with 2D TMSs nanosheets [115–119]. Yang and colleagues 
indicated that the electron transfer from the bacterial membrane 
to chemically exfoliated MoS2 (ce-MoS2) nanosheets led to the 
change of membrane potential, causing membrane depolarization 
[115]. Wu et al. unraveled the interaction mechanism between 
ce-MoS2 nanosheets and the bacterial membrane through a 
combined approach of molecular dynamics simulation and 
experiments. According to their study, the interaction process 
between the nanosheets and bacteria could be divided into 
three stages, including contact, the formation of dents and 
extraction of phospholipids (Fig. 6(a)). As shown in Fig. 6(b), the 
interaction between the ce-MoS2 nanosheets and phospholipids 
increases drastically after the contact course, indicating that  
the nanosheets can disrupt the organizational structure of the 
lipid membranes by making dents on its surface and extracting 

large amounts of phospholipids to reduce the integrity of the 
membrane, which was attributed to the synergistic effect of 
the dispersion interaction of S atoms with lipid tails and the 
electrostatic interactions between lipid head groups and the 
lateral edges of ce-MoS2 nanosheets. This result could be 
observed in the image of scanning electron microscopy (SEM) 
as well (Fig. 6(c)) [116]. As depicted in Fig. 6(d), Jaiswal’s group 
further elucidated the subsequent physiological process, 
including the inactivation of bacterial respiratory pathway and 
disruption of the antioxidant defense system, and ascertained a 
relatively integrated antibacterial process for membrane damage 
mechanism. The cell structure of E. coli before and after 
destruction was shown in Figs. 6(e) and 6(f), which verified 
the membrane damage process [117]. 

2.4  Other antibacterial mechanisms of TMSs 

Besides the antibacterial mechanisms discussed above, some 
other bacterial inhibition pathways have also been involved in the 
discussion on TMSs-based microbial killing agents. Although 
numerous researches have indicated that metal ions, such as 
Ag and Cd ions, exhibit strong bactericidal effects, they are 

Table 1  Representative photothermal therapy studies on TMSs 

TMSs Antibacterial 
mechanism C1 NIR laser T1 

Photothermal 
conversion 
efficiency 

T2 C2 
Light source  

(output power/ 
intensity; 

wavelength) 

Bacterial Antibacteria
l effect Ref.

E. coli 97.00% 
PEG-MoS2 PTT, PDT 500 ppm 808 nm,  

1.00 W/cm2 10 min 43.72 % 10 min 150 μg/mL 808 nm,  
1.00 W/cm2 B. subtilis 99.00% 

[110]

S. aureus 86.30% 
BSA-CuS PTT, Cu2+ 

release 100 ppm 980 nm,  
1.59 W/cm2 10 min 25.68% 45 min 50 ppm 980 nm,  

1.59 W/cm2 E. coli 83.80% 
[103]

PEG-Cu9S8 PTT, PDT 500 μg/mL 808 nm,  
1.00 W/cm2 10 min 41.55% 10 min 125 μg/mL 808 nm,  

1.00 W/cm2 S. aureus 
Inhibit the 

formation of 
biofilm 

[128]

S.aureus 99.80% CuS/mSiO2- 
MPS 

PTT, PDT, 
Cu2+ release 1.5 mg/mL 808 nm,  

2.0 W/cm2 10 min — 10 min 1.5 mg/mL — 
E.coli 99.94% 

[197]

S.aureus 99.00% PEG-CuS@g- 
C3N4 

PTT, Cu2+ 
release 200 μg/mL 808 nm,  

1.00 W/cm2 20 min 59.64% 20 min 200 mg/ml 808 nm,  
2.50 W E.coli 99.00% 

[107]
 

 

 
Figure 6  Membrane damage mechanisms of MoS2 nanosheets. (a) Phospholipid extraction process. The MoS2 nanosheet and the bacterial cell membrane are
shown as a yellow rectangular block and the purple double layer, respectively. (b) The atom contact number (the number of phospholipid atoms 
presented around the MoS2 nanosheet within a range of 5 Å) and the interaction energy between the MoS2 nanosheet and the membrane. (c) SEM image 
of damaged E. coli cells treated with MoS2 nanosheets. The red arrows indicate the dents on the surface of bacteria. Reproduced with permission from Ref. [116],
©Royal Society of Chemistry 2018. (d) Integrated antibacterial process for membrane damage mechanism. SEM image of (e) untreated E. coli cells and (f)
damaged E. coli cells. Yellow arrows indicate the damage caused by the nanosheets and the inset exhibits the extent of membrane damage. Reproduced 
with permission from Ref. [117]. ©American Chemical Society 2019. 
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also cytotoxic at the same time and thus need to be used at much 
lower concentrations [120–122]. Due to the strong covalent 
interaction between metal atoms and sulfur atoms, TMSs often 
exhibit high stability against metal leakage, which is beneficial 
for controlling the metal ions at a very low concentration 
[52, 53]. It has been also reported that the release of metal ions 
from TMSs has been considered as one of the possible factors 
responsible for their bacteriostatic efficacy [120, 123, 124]. 
This postulation was evidenced in CdS, Ag2S, and CuS except 
for MoS2 [88, 103, 125, 126]. Particularly, Cu2+ could form 
chelates (such as copper-peptide complexes) with biomolecules 
or dislodge the metal ions in some metalloproteins, causing 
dysfunctional proteins and further cell inactivation [124, 127]. 
Huang et al. found that the release of Cu2+ could be accelerated 
owing to local high-temperature ablation rendered by the 
photothermal effect [103]. Additionally, Cu2+, as a necessary 
trace amount element in human body, plays a promoting role 
in the process of angiogenesis and osteogenic differentiation, 
and can be used in wound healing and implant surgery 
[126, 128]. In addition to the aforementioned effects, Xu and 
colleagues explored a novel therapeutic approach mimicking 
the natural sterilization mechanism for the organosulfur com-
pounds in bulbs of plants. During the oxidation of cysteine-FeS 
flakes to Fe2O3 nanoparticles, the hydrogen polysulfanes were 
released and exhibited potent bactericidal activity (Fig. 7(a)). 
As shown in Figs. 7(b) and 7(c), the confocal three-dimensional 
(3D) images and SEM images indicated that cysteine-FeS 
could effectively disrupt the biofilm and the hydrogen 
polysulfanes permeated into bacterial biofilm to suppress 
bacterial growth [129]. Besides, Huang’s team found that 
MoS2 could significantly affect several metabolic pathways of 
E. coli, such as amino acid related metabolism and pyruvate 
metabolism [130].  

The previous pioneering researches indicated that TMSs 
can be promising candidates for antibacterial applications. 
However, up to now, their relatively low efficiency for 
bactericidal purposes still impedes their wide applications in 
our daily life, and thus more studies should be conducted  
to further unravel the complicated mechanisms for bacterial 
ablation and explore new strategies to improve the antibacterial 
activity of TMSs-based materials.  

3  Recent advances on construction TMSs-based 
materials for efficient antimicrobial applications 
In the previous section, the antibacterial mechanisms of TMSs 
have been systematically summarized. In consideration of 

their versatile antibacterial mechanisms, TMSs stand out as  
a promising candidate. However, though TMSs show great 
potential as antibacterial agents, their efficacy is still limited by 
the factors including quick recombination and weak reactivity 
of the charge carriers and needs to be further improved to 
meet the requirement for practical applications [131–133]. 
Additionally, pristine TMSs are difficult to disperse in water, 
and easy to agglomerate, exhibiting inert nature, which restricts 
its sterilization effect as well [54, 110, 134]. To circumvent the 
deficiency of TMSs, various strategies have been explored for 
improving the antibacterial behaviors of the pristine TMSs, as 
discussed in this section.  

3.1  Microstructure engineering 

The photo-excited electron-hole pairs could easily recombine 
in TMSs due to their narrow band gaps, which seriously limits 
the generation of ROS [131–133]. It has been reported that the 
band gaps of TMSs can be enlarged when decreasing their 
sizes and layer thicknesses owing to the quantum confinement 
effect [131–133]. More positive VB and more negative CB 
result in stronger redox activities and more production of 
ROS [88]. Additionally, TMSs with ultrathin nanoarchitecture 
are more likely to invade the internal environment of microbes 
to hamper their core metabolic pathways [63]. Consequently, 
the construction of nanoscale TMSs with suitable electronic 
structure is a meritorious strategy to facilitate the elimination of 
microbe. Apart from the size effect, 0D and 2D microstructure 
usually lead to larger surface area, more surface defects, higher 
charge carrier mobility, shorter transportation distance, and 
bigger flexibility in terms of tuning their electronic properties. 
These advantageous properties have proven beneficial for the 
exposure of active sites for adsorption of oxygen or water 
molecules and catalytic reactions and the long time survival 
of photo-induced charge carriers [49, 92, 115, 135–137]. As 
shown in Fig. 8(a), Tian et al. found that compared with bulk 
MoS2 with band gap of ca.1.2 eV, MoS2 quantum dots (QDs) 
with band gap of ~ 1.8 eV exhibited more active edges, higher 
charge carrier mobility and bigger special surface area, resulting 
in better photocatalytic activity (loss of GSH, see Fig. 8(b)) 
and antibacterial performance [132]. Qiao and colleagues also 
found that CuS nanodots (NDs) (~ 6 nm) showed higher ROS 
signal and antimicrobial performance than CuS NPs (~ 20 nm) 
[126]. Wang et al. introduced HS-(CH2)11-(OCH2CH2)6-OH into 
the intermediate solutions with CuCl2, Na2S and sodium 
citrate to trap the intermediate, and obtained water-soluble, 
monodispersed CuS nanoclusters (NCs). The value of minimum 
inhibitory concentration (MIC) against E. coli of CuS NCs 

 
Figure 7  The antibacterial mechanism based on polysulfane. (a) polysulfane release from meter-sized iron sulfides. (b) Confocal 3D image of S. mutans
biofilms with or without the treatment of cysteine-FeS (scale bars: 100 μm). (c) S. mutans biofilms formed on the surface of a human tooth. (d) SEM image 
of S. mutans biofilms with or without the treatment of cysteine-FeS. The red arrows indicate extracellular polysaccharide. Left scale bars are 100 μm. Right 
scale bars are 3 μm. Reproduced with permission from Ref. [129], ©Springer Nature 2018.  
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reached 800 μM (76.8 μg/mL) [138]. Besides reducing the 
sizes of TMSs, decreasing their layer thicknesses is an effective 
strategy as well. Compared with bulk MoS2, MoS2 nanosheets 
with fewer layers possess wider band gaps. For instance, the 
band gap of single-layer MoS2 (~ 1.8 eV) is wider than that of 
few-layer MoS2 (~ 1.5 eV) [106]. As shown in Figs. 8(c) and 8(d), 
Liu et al. observed thickness-dependent antibacterial per-
formances on few-layered vertically aligned MoS2 nanofilms 
(FLV-MoS2) with thinner nanosheets showing higher efficacy. 
The authors attributed this to the promoted ROS generation 
on thinner sheets resulted from the wider band gap and shorter 
transportation distance of photo-induced charge carriers. 
The FLV-MoS2 achieved a ~ 15 times better log inactivation 
rate of E. coli with respect to the bulk MoS2 (Fig. 8(e)) [133]. 
Besides, some other works also indicated that by reducing 
the number of layers, MoS2, and WS2 could change from 
indirect semiconductors to direct semiconducting materials due 
to dielectric screening [132, 139, 140]. Some scientists believed 
that the transition of band gap was instrumental in improving 
photocatalytic behavior [132, 141]. However, this viewpoint 
has not yet been widely recognized, and further research is 
needed.  

Additionally, enhanced bacteriostatic efficacy also appeared in 
some special morphology, stemming from similar mechanisms. 
Zhang’s team utilized chemical vapor deposition to grow a 
pyramid-type MoS2 on a transparent glass and the density of 
reaction active sites was improved compared to monolayer 
MoS2 owing to stacking layers with reducing sizes in the 
pyramid shape. Next, several nanometers thicknesses silver 
layer was thermally deposited on the pyramid MoS2 to further 
enhance the production of ROS. This pyramid-type MoS2@Ag 
could kill 99.99% of E. coli within 40 min under simulated visible 
light irradiation [142]. Besides, it was also found that rough 

surface of MoS2 was instrumental in the bacterial adhesion, 
which facilitated the capture of bacteria and kill them [92]. To 
sum up, tuning the microstructure can be a meritorious route 
for enhancing the antibacterial properties of TMSs and the 
flexibly tunable electronic properties of TMSs provide lots of 
space for the exploration of their antibacterial potentials. 
The aforementioned pioneering investigations showed that the 
bactericidal activity of TMSs can be manipulated by altering 
their microstructure including size and morphology and we 
expect more work coming in this realm in the future.  

3.2  Surface functionalization 

To further fully harness their capabilities, pristine TMSs, showing 
inert nature, are very imperative to be functionalized [54, 134]. 
Due to the unique surface properties of TMSs including large 
specific surface area and abundant surface defects, organic 
molecules could be easily anchored onto the surfaces of 
TMSs via physisorbed interaction or chemisorbed interaction 
[54, 134, 143]. These ligands dramatically alter the surface 
states and electronic properties of the TMSs, which offers us 
a powerful route to enhance the antibacterial performance. 
As most bacteria are negatively charged on the surface, TMSs 
with positive charges can be more easily adhered to bacteria and 
exert a greater bacteriostatic efficacy [45, 106, 131, 143, 144]. 
Many studies have also evidenced this phenomenon. Zhu 
et al. elucidated that the bacteria in suspension can be easily 
adsorbed to chitosan on the surface of Ag/MoS2-Ti coating. 
After Ag/MoS2-Ti is equipped with chitosan, under the 
irradiation of 660 nm visible light for 20 min, the antibacterial 
efficiency towards E. coli and Staphylococcus aureus was 
improved from 86.2% and 84.27% to 99.77% and 98.66%, 
respectively [106]. Therefore, tailoring TMSs with positively 
charged ligands is a prerequisite. Additionally, although the  

 
Figure 8  The enhanced generation of ROS and antibacterial effect stemming from microstructure engineering. (a) Schematic diagram of MoS2 quantum 
dots for antibacterial effect. (b) Loss of GSH after the treatment with different nanomaterials. Reproduced with permission from Ref. [132], ©American 
Chemical Society 2018. (c) Schematic illustration of FLV-MoS2 for eradicating bacteria under the irradiation of visible light. (d) The band position of 
FLV-MoS2 with respect to the bulk MoS2 band position. (e) Antibacterial performances of FLV-MoS2 compared with those of horizontal aligned MoS2

nanofilms and bulk MoS2. Reproduced with permission from Ref. [133], ©Springer Nature 2016. 
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amphiphilic nature of cationic polymers has rarely been 
considered in tailoring bacterial inhibitory agents, it also 
virtually plays an important role during bactericidal processes 
[131, 144, 145]. Karunakaran and colleagues exfoliated and 
directly functionalized 2H-MoS2 simultaneously using surfactant 
thiol ligand with amphiphilic nature (Fig. 9(a)). Their work 
indicated that with the hydrophobicity in the positive headgroup 
increasing, the cell membrane depolarization (Fig. 9(b)) and 
interaction between bacteria and nanosheets (Figs. 9(c)–9(j)) 
could be enhanced, leading to stronger antibacterial activity 
[143]. Dai and colleagues used poly(5-(2-ethyl acrylate)-4- 
methylthiazole-g-butyl) to functionalize CuS NCs and found 
that the amphiphilic nature and positive charges of the cationic 
polymer could aid the interaction between the hybrids and the 
negatively charged cell membrane via electrostatic interaction 
which resulted in the facile penetration of these inorganic– 
organic hybrids into the lipid bilayer interior. These conjugated 
nanoclusters exhibited MIC value against levofloxacin-resistant 
S. aureus, E. coli, Pseudomonas aeruginosa, and Bacillus 
amyloliquefaciens at 5.5 μg/mL under NIR laser irradiation 
(980 nm, 1.5 W/cm2, 5 min) [144]. Pandit et al. fabricated 
functionalized ce-MoS2 nanosheets with different alkane chains 
to impart different hydrophobicity to the surface of nanosheets 
and the antibacterial performance evaluation results showed 
that with the increase of hydrophobicity (the length of alkane 
chains), the hydrophobic interaction of long alkane chains 
with the pathogens cell membrane would result in stronger cell 
membrane depolarization and thus the MIC and minimum 
bactericidal concentration (MBC) against S. aureus and P. 
aeruginosa of functionalized ce-MoS2 decreased significantly, 

all reaching 78 ppb [131]. Based on the above analysis, TMSs 
equipped with finely tailored ligands can more accurately act 
on the surface of pathogens and eradicate them, which is an 
effective means to improve antibacterial performance.  

The second point is that the metal-sulfur bonds in TMSs 
are going to be weakened due to covalently bound organic 
functional groups, and this would dramatically alter the 
electronic properties of the TMSs [54]. Nguyen and colleagues 
deciphered that the mild Lewis basicity of the thiols led to 
an overall electron donating effect, shifting the band edge and 
Fermi level of the MoS2 flakes to more positive values. As shown 
in Figs. 10(a) and 10(b), the extent of the valence and con-
duction bands shift is consistent with the intensity of basicity 
[146]. Additionally, Zheng’s group found that S-vacancies were 
related to the new gap states and with increasing S-vacancies, 
the bands of MoS2 migrate closer to the Fermi level (Fig. 10(c)). 
The introduced organic ligands may occupy S-vacancies, which 
led to the alteration in the electronic structure as well [147]. 
However, it is worth noting that the alteration of the band 
edge may promote or inhibit the generation of ROS. As 
displayed in Fig. 10(d), Pandit et al. ascertained that alkane 
chains functionalized ce-MoS2 generated less OS than ce-MoS2 
by GSH oxidation assay, which indicated that the generation 
of ROS from functionalized ce-MoS2 was reduced [131]. 
Actually, the alteration of energy band structure caused by 
ligands is often neglected. Based on the above findings, taking 
the alteration of energy band structure into consideration 
during the optimization of antibacterial properties via the 
design of surface functionalization is our urge suggestion to 
researchers.  

 
Figure 9  The enhanced antibacterial based on ligands with amphiphilic nature. (a) Schematic illustration of the ligand-induced exfoliation and possible 
modalities of MoS2 surface functionalization. The inset shows the colloidal stability of functionalized and nonfunctionalized MoS2. (b) Quantification of 
membrane depolarization of methicillin-resistant S. aureus (MRSA) using 3,3'-dipropylthiadicarbocyanine iodide. The fluorescence was monitored using 
622 nm excitation wavelength and 670 nm emission wavelength. The inset shows the structure of ligands. Morphological changes of MRSA treated with 
functionalized MoS2 observed by AFM and SEM images. (c) and (g) Control only MRSA. (d) and (h) Ligand 3-MoS2 treated MRSA. (e) and (i) Ligand 
7-MoS2 treated MRSA. (f) and (j) Ligand 8-MoS2 treated MRSA. Reproduced with permission from Ref. [143], ©American Chemical Society 2018. 
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Besides the above strategies, some novel biomimetic designs 
can be easily achieved via surface functionalization. For example, 
some strain-selective bactericidal strategies can be feasibly 
constructed to achieve targeted killing and these fascinating 
architectures will be detailed discussed in the following 
section [43, 45]. Additionally, the approach mimicking the 
natural antibacterial mechanism can be stimulated by light- 
to-thermal conversion, which opens broad avenue for bacterial 
inhibitory applications. Gao et al. reported a novel NIR laser- 
mediated nitric oxide (NO)-releasing nanovehicle (MoS2- 
BNN6) for bacteria ablation through the simple assembly of 
a heat-sensitive NO donor N,N'-di-sec-butyl-N,N'-dinitroso-1,4- 
phenylenediamine (BNN6) on α-cyclodextrin-modified MoS2 
nanosheets. Under the irradiation of 808 nm laser, the composite 
not only displayed PTT efficacy, but also generated oxidative/ 
nitrosative stress by precisely controlling the release of nitric 
oxide (NO). Within 10 min, the MoS2-BNN6 with PTT/NO 
synergetic antibacterial function reached more than 97.2% 

inactivation of bacteria [148]. According to the above case 
studies, surface functionalization of TMSs using organic species 
show their promise in improving the bacterial ablation capacity 
and more work should be carried out in this line to clarify the 
complicated mechanisms behind.  

3.3  Heterogeneous structure construction 

Photo-excitation of TMSs results in the production of ROS 
that can inactivate microorganisms [67–70]. Though TMSs 
can be easily excited due to their narrow band gaps, the 
production of ROS is still limited mainly because of the quick 
recombination and weak reactivity of the charge carriers 
[131–133]. The construction of effective heterogeneous structure 
can greatly improve the charge carrier separation rate and thus 
is an effective strategy to obviate their intrinsic deficiency. 
According to previous reports, heterogeneous structure can be 
classified into the following five categories of heterojunctions: 
type-I heterojunction, type-II heterojunction, p–n heterojunction, 

 
Figure 10  The alteration of energy band structure stemming from the influence of ligands. Energy diagram of the as exfoliated and thiol functionalized 
MoS2 where (a) compares the aromatic thiols and (b) compares the thiol chain lengths. The thiols used in this work can be described as exfoliated MoS2

(SC) p-mercaptophenol (S1), thiophenol (S2), 1-propanethiol (S3), 1-nonanethiol (S4), and 1-dodecanethiol (S5). Reproduced with permission from Ref. [146],
©WILEY-VCH Verlag 2015. (c) The alteration of the band structure with increasing S-vacancies (calculated using the full 4 × 4 unit cell). The gap states nearest
to the Fermi level are represented in black. Reproduced with permission from Ref. [147], ©Springer Nature 2016. (d) Abiotic glutathione oxidation assay 
for quantification of oxidative stress generated. The hydrophobicity of the ce-MoS2 was altered by altering the alkane chain length with methyl (C1 MoS2), hexyl
(C6 MoS2), and octayl (C8 MoS2) groups at the quaternary ammonium center. Reproduced with permission from Ref. [131], ©American Chemical Society 2016.

 
Figure 11  Band structure of various types of heterogeneous structure: (a) type I heterojunction, (b) type II heterojunction, (c) p–n junction, (d) Schottky 
junction, (e) direct Z-scheme heterojunction (without an electron mediator), and (f) indirect Z-scheme (with an electron mediator). A, D, and EF

represent electron acceptor, electron donor, and fermi level, respectively. Reproduced with permission from Ref. [149], ©Elsevier B.V. 2019. 
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Schottky junction and Z-scheme heterojunction (Fig. 11) 
[149, 150]. In the following section, recent progresses in   
the fabrication of TMSs-based heterogeneous structure for 
antibacterial application are detailed summarized.  

3.3.1  Semiconductor-semiconductor heterojunction construction 

The construction of effective heterostructure between 
semiconducting materials with suitable band alignment can 
dramatically facilitate the charge carrier separation, leading 
to the enhanced generation of ROS and antibacterial 
performance [86, 123, 151]. For the type-I heterojunction 
photocatalysts, the photo-excited electrons and holes migrate 
to the same semiconductor with weak redox abilities [150]. 
Consequently, the shortcoming of TMSs could not be warded 
off via the construction of type-I heterojunction. For the type-II 
heterojunction photocatalysts, although TMSs also bear the 
expense of redox abilities of electrons and holes, which indicates 
that some specific photocatalytic reaction cannot proceed 
due to the weakened driving force. However, the establish-
ment of the staggered gap promotes the spatial separation 
of electron-hole pairs, facilitating the generation of ROS. 
Based on the aforementioned reasons, the construction of 
type-II heterojunction is an effective method to improve the 
antibacterial behaviors of TMSs and enormous fruitful efforts 
are summarized in Table 2. 

Nevertheless, type-II heterojunction could not inhibit the 
ultrafast electron-hole recombination, which limits their ulterior 
development. Thus, p–n heterojunction concept was proposed 
by scientists. When the p- and n-type semiconductors are in 
contact forming p–n junction, the diffusion of charge carriers 
between them will lead to a built-in electric field, which can 
greatly promote charge carriers transfer [152, 153]. Zhang’s 
group combined p-type MoS2 QDs and n-type Bi2WO6 to build 
p–n junction and the enhanced charge carrier separation rate 
owing to the built-in electric field and the interspersed MoS2 
QDs was observed. After incubation with 1 mg/mL materials 
for 60 min under visible light irradiation, only 6.7% ± 3.53% 
of E. coli were survived [154].  

3.3.2  Z-scheme heterojunction construction 

However, the redox ability of p–n heterojunction is still 
relatively unsatisfying [155]. In order to overcome this problem, 
in 1979, Bard et al. first reported the concept of Z-scheme 

heterojunction photocatalyst [156]. According to recent 
investigations, Z-scheme can be classed into three categories: 
traditional Z-scheme heterojunction, all-solid-state Z-scheme 
heterojunction and direct Z-scheme heterojunction [155, 157]. 
Among that, a reversible redox ion pair (such as Cu2+/Cu1+) 
and an electron conductor (such as Cu NPs) are necessary in 
traditional Z-scheme heterojunction and all-solid-state Z-scheme 
heterojunction, respectively. Direct Z-scheme heterojunctions 
are constructed by direct contact between two semiconductors 
with suitable energy band structures [155, 157]. Due to strong 
reduction and oxidation abilities, Z-scheme heterojunction has 
shown tremendous application potential and has been widely 
concerned [155, 157–159]. Chen et al. proposed a Z-scheme 
photocatalytic system using Ag as a mediator for charge 
carriers between Ag2S and AgVO3. The photo-excited electrons 
of AgVO3 recombined with the photo-generated holes of Ag2S 
on Ag NPs, which enhanced the generation of ROS because 
the high-energy photo-induced charge carriers survived. This 
Z-scheme photocatalytic system could completely kill E. coli 
within 36 min under the visible light irradiation [160]. Zhang 
and colleagues constructed Z-scheme heterojunction of RGO/ 
MoS2/Ag3PO4 composites with RGO acting as electron-mediator. 
The antibacterial efficiency of the composites against S. aureus 
and E. coli after 660 and 808 nm dual lights irradiation for 10 min 
achieved 97.8% and 98.33%, respectively [161]. Hereafter, they 
envisaged CuS@MoS2 composites and suggested that 1O2 
and •OH were generated on the materials under the irradiation 
of 660 and 808 nm dual laser, which indicated the strong 
reduction and oxidation abilities were maintained, and a direct 
Z-scheme heterojunction was successfully constructed. Specifically, 
the electrons in the CB of MoS2 could easily recombine with 
holes in the VB of CuS on the interfaces, leaving the electrons 
and holes with strong reduction and oxidation abilities. Moreover, 
under 660 and 808 nm dual lights irradiation, CuS@MoS2 
microspheres exhibited synergistic antibacterial mechanisms 
between photothermal and photodynamic processes, achieving 
the antibacterial rates of 99.3% and 99.5% towards E. coli and 
S. aureus within 15 min at 12.5 mg/mL, respectively [86]. 
Additionally, recent advances in TMSs-based Z-scheme photo-
catalysts for many applications, such as water splitting, CO2 
reduction, and photodegradation of organic contaminants, were 
reviewed, which indicated the feasibility for the construction 
of TMSs-based Z-scheme heterojunction [162]. Based on the 

Table 2  Recent progresses in construction of type-II heterojunction based on TMSs for antibacterial applications 

Material ROS Light source(output power/ 
intensity; wavelength) 

Irradiation 
period Concentration Bacteria Antibacterial effect Ref.

TiO2/MoS2-Ti 1O2 and •OH Dual light sources (0.5 W/cm2; 
660 nm, 808 nm) 10 min — S. aureus 99.9% [70]

MoS2/α- 
NiMoO4 O2·– Visible light 2.5 h 10 mg/mL S. aureus 99.9% [68]

S. aureus 99.79% 
MoS2/AgBr-Ti 1O2 visible light (2 kW/m2) 20 min — 

E. coli 99.94% 
[201]

Ag3PO4/ 
MoS2 hydrogel 

1O2 and •OH Dual light sources (0.6 W/cm2; 
660 nm, 808 nm) 5 min 

50 mg Ag3PO4/MoS2 
composites in 3 mL of 

PVA solution 
S. aureus ~ 99% [151]

MoS2/ZnO •OH — — 400 μg/mL E. coli Better than pure ZnO 
and MoS2 [202]

S. aureus 99.93% 
Ag2S/WS2 — NIR (0.40 to 0.50 W/cm2;  

808nm) 20 min 2 mg/mL 
E. coli 99.84% 

[87]

Fe3O4/CdS ·OH sunlight 30 min — S. aureus MIC and MBC value was 
3.0 mg/mL, 5.0 mg/mL [203]

TiO2/CdS O2·–, and •OH Visible light(100 mW/cm2; 
≥ 420 nm) 10 min 100 μg/mL E. coli 99.9% [204]
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aforementioned analysis, the construction of Z-scheme photo-
catalysts is a promising strategy to improve the antibacterial 
performance of TMSs.  

3.3.3  Plasmonic metal–TMSs heterogeneous composites 

According to previous researches, plasmonic metals (Au, Ag, 
Cu, Pt, etc.) deposition results in pronounced improvements 
of semiconductors in photocatalytic efficiency [163–165]. 
As is reported, plasmonic metals exhibit excellent localized 
surface plasmon resonance (LSPR) effect [164, 166–169]. LSPR 
effect in the visible and infrared regions is conducive to 
improving the utilization of the solar spectrum for TMSs 
[123, 165]. In addition, the Fermi level of plasmonic metals 
usually lies below the CB of TMSs and this energy gradient 
could efficiently facilitate the electron migration from TMSs 
to plasmonic metals leading to a space-charge separation region 
which can be used as an efficient electron trap preventing 
charge carriers recombination in photocatalysis and enhancing 
the generation of ROS and thus this could lead to the im-
proved antibacterial performance [2, 152, 170]. Simultaneously, 
plasmonic metals deposited onto the TMSs also act as catalytic 
centers and further promote the production of ROS [133, 165]. 
Liu and colleagues reported that, Cu or Au deposited on the 
top of FLV-MoS2 could promote the generation of ROS via 
improving the electron-hole pair separation of MoS2 and the 
catalytic effect of metals. They found that Cu-MoS2 exhibited 
better antibacterial effect, achieving rapid water disinfection 
with 5 log99.999% inactivation of E. coli in 20 min with a trace 
amount of material (1.6 mg/L) under visible light irradiation 
[133]. Addae found that Au/CuS core/shell NPs exhibited higher 
antibacterial activity against B. anthracis compared with pristine 
CuS [124]. Additionally, as a traditional antibacterial agent, Ag 
is also widely used to construct semiconductor–metal (S–M) 
heterojunctions [106, 152]. As shown in Figs. 12(a) and 12(b), 
Zhu et al. prepared chitosan-modified Ag/MoS2 composited 

coating with the antibacterial rates of 99.77% and 98.66% 
towards E. coli and S. aureus, respectively [106]. Pang and 
colleagues found that deposition of Ag on the surface of Ag2S 
could efficiently broaden the light absorption region and 
enhance the separation of photo-induced charge carriers 
thus promoting the production of ROS (Fig. 12(c)). Except 
for the bactericidal processes of ROS, Ag2S/Ag heterodimers 
can be anchored onto the surfaces of the bacterial cells and 
generate a closed intracellular circuit loop, resulting in the 
evacuation of the intracellular material (Figs. 12(d) and 12(e)). 
The aforementioned effects brought about better antibacterial 
activity against E. coli, as shown in Fig. 12(f) [123].  

3.4  Other strategies 

In addition to the above strategies, some researchers showed 
that heteroatom doping could also bring in improved anti-
bacterial properties of TMSs. On one hand, the addition of 
heteroatom will create new energy levels in the band structure 
causing the band gap changes of TMSs; on the other hand, the 
doped atoms can be dissolved during practical applications 
which might also play a positive role in enhancing the anti-
bacterial performances [171, 172]. Fakhri obtained Cu doped 
Ag2S NPs exhibiting enhanced photocatalytic and antibacterial 
performance, which was attributed to the increased charge- 
carrier trapping efficiency caused by the energy levels of the 
Cu dopant [173]. Tang et al. prepared iron-doped MoS2 
nanosheets with the synergistic antibacterial effect between 
ROS generation and ions incursion. They suggested that 
the released Fe2+ ions could promote the generation of ROS 
via Fenton-like reactions [172]. Patel et al. reported a chemical 
route to synthesize Mn incorporated CdS NPs at room 
temperature, which exhibited the synergistic antibacterial 
effect. In addition to the oxidative stress of ROS, the released 
Mn ions were incorporated into Fe-S clusters, resulting in the 
inactivation of the Fe-S proteins in cells [174].  

 
Figure 12  The effect of plasmonic metals deposition. (a) The schematic diagram of the enhanced ROS production of chitosan-modified Ag/MoS2 

composited coating. (b) The antibacterial effect of chitosan-modified Ag/MoS2 composited coating against E. coli. Reproduced with permission from Ref. [106],
©Elsevier Inc. 2020. (c) UV–visible spectra (in transmission mode) for the as-prepared Ag2S/Ag heterodimers and the mixture of Ag2S/Ag, (Ag2S)2/Ag, 
and (Ag2S)3/Ag heterostructures. Schematic illustration in (d) depicts a possible mechanism for bactericidal effect with the surface-anchored Ag2S/Ag 
heterodimers. With the illuminate of UV light and charge separation, a closed intracellular circuit loop may be built with the anchored surface dimer, 
which enhances lysis of the bacterial cell. (e) TEM images of E. coli mixed with the anchored Ag2S/Ag heterodimers. The red arrow indicates the closed 
intracellular circuit loop. Inset shows the morphology of Ag2S/Ag heterodimers. (f) Investigation of the antibacterial efficiency against E. coli and broken 
line of Fig. 12(f) represent: a control group, E. coli suspension without Ag2S/Ag, (b) E. coli suspension without Ag2S/Ag under UV irradiation, (c) E. coli
suspension with 0.10 mg/mL Ag2S/Ag incubated in a rotary shaker at 37 °C, (d) E. coli suspension with 0.01 mg/mL of Ag2S/Ag dimers irradiated by UV 
light, and (e) E. coli suspension with 0.10 mg/mL of Ag2S/Ag dimers irradiated by UV light. Reproduced with permission from Ref. [123], ©American 
Chemical Society 2010. 
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In recent years, carbon materials such as carbon quantum 
dots (CQDs), grapheme, and carbon nanotubes have also be 
utilized to hybridize TMSs for enhanced bactericidal effect 
due to their good photostability, low cytotoxicity, and excellent 
conductivity [60, 69, 175–178]. Han et al. reported that, under 
the irradiation of 660 nm visible light, MoS2 modified with 
N-doped CQDs showed antibacterial efficiency of 99.38% 
and 99.99% against S. aureus and E. coli, respectively. N-doped 
CQDs in this composite served as electron transporter, which 
could prevent the recombination of photo-induced charge 
carriers, and finally enhance the generation of ROS [179]. 
Kim et al. suggested that the electrons migrated from the cell 
membrane to the surface of GO-MoS2 nanosheets, causing 
disruption of intracellular components and even the death 
of bacteria via oxidation. After incubation with GO-MoS2 
nanosheets for 6 h, 96.4% of E. coli was destroyed [69].  

In addition, researchers also proposed some other effective 
approaches. Wang et al. prepared sea urchin-like Bi2S3 hollow 
microspheres via sacrificed template strategy and 1-tetradecanol 
(TD) combined antibacterial agents (Linalool) were infused 
into the hollow cavity of microspheres to achieve the synergistic 
effects between photothermal killing and antibacterial agent 
releasing. The MIC values against E. coli and S. aureus of 
TD/Linalool@Bi2S3 were 180 and 280 μg/mL, respectively [180]. 
Shan and colleagues synthesized cuboid-like CWS nanozymes 
(~ 20 nm) via microwave irradiation in aqueous solution, 
exhibiting better antibacterial performance than antibiotics 
(vancomycin and daptomycin). These CWS nanozymes could 
efficiently attach to the cell wall of bacteria via the interaction 
between copper atoms from nanocrystals and amino groups 
from peptidoglycan and then generate ROS through enzyme- 
like (oxidase and peroxidase) properties to kill bacteria. At 
very low concentration (~ 2 μg/mL), these nanozymes realized 
more than 99.999% inactivation efficiency against both E. coli 
and S. aureus no matter in the dark or under ambient light 
[93]. Zhang and colleagues reported a photoelectrochemical 
bactericidal strategy based on Ti/MoS2/MoOx photoanode. At 
first, under the irradiation of visible light, the photo-excited 

electrons from the CB of MoOx could recombine with photo- 
excited holes from the VB of MoS2. The holes left in photoanode 
oxidized chloride (presented in NaCl electrolyte) to generated 
chorine radicals species and the electrons left in the photoanode 
transferred to the Ti foil cathode to produce O2·– and H2O2 to 
destroy bacteria cell. With 0.5 V bias in 2 h under the irradiation 
of visible light, E. coli in NaCl electrolyte was completely 
inactivated [181].  

4  Practical application trials using TMSs-based 
antibacterial agents 
The antibacterial mechanisms of TMSs and the state-of-the- 
art research progresses on the strategies for promoting the 
antibacterial properties of TMSs have been thoroughly surveyed 
and summarized in the previous sections. Based on these 
investigations, we can conclude that TMSs-based materials 
exhibit excellent bactericidal effect. In terms of practical 
applications, the ability to rapidly disinfect water using these 
potent scavengers has been explored. Compared to the ultraviolet 
water purification and the ultraviolet light dependent photo-
catalytic water disinfection based on TiO2, the water disinfection 
approach using TMSs-based materials not only exhibited wide- 
spectrum solar energy harvesting, but also greatly accelerated the 
water disinfection process [133, 142, 182]. After the irradiation 
of real sunlight for 60 min, Liu et al. found that FLV-MoS2 
exhibited better log inactivation efficiency (5 log, >99.999%) 
than that of TiO2 films with the same thickness (3 log, 99.9%) 
and simultaneously this inactivation time can be reduced to 
20 min with the presence of Cu deposits [133]. 

In addition, the in vivo biosafety of TMSs-based antibacterial 
agents has proven to be satisfactory by a large number of 
investigations. Specifically, no appreciable abnormalities or 
damages of major organs were observed in the mice during 
the treatment process using TMSs-based antibacterial agents, 
which indicated their negligible side effects [47, 70, 109, 
183–187]. Additionally, Levard and colleagues suggested that 
the toxicity and potential environmental risks of Ag NPs 

 
Figure 13  The metabolism and toxicology of TMSs. (a) Schematic diagram of the different excretion pathways of PEG-MS2 nanosheets (M = Mo, W, and 
Ti). Cytotoxicity of PEG-MS2 after incubation at different weight concentrations for 24 h. (b) The concentrations of PEG-MS2 nanosheets in the liver of 
mice at different time points after i.v. injection. Reproduced with permission from Ref. [47], ©WILEY-VCH Verlag 2017. (c) The metabolism pathways of 
hollow CuS in vivo after i.v. injection. The cumulative excreted percentage of hollow CuS from (d) urine and (e) feces. Reproduced with permission from Ref. [36], 
©American Chemical Society 2013. 
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could be significantly reduced by sulfidation [35]. As plotted in 
Fig. 13(a), Hao et al. investigated the excretion and toxicology 
profiles of TMSs in the organism and proposed their distinctive 
in vivo excretion behaviors. Without exhibiting significant 
cytotoxicity, PEG functionalized MS2 (M=Mo, W, Ti) 
accumulated in reticuloendothelial systems, including liver 
and spleen, after intravenous (i.v.) injection and then was 
degraded via different biochemical pathway and finally excreted. 
It was noteworthy that MoS2 could be rapidly oxidized into water- 
soluble MoVI-oxide species (e.g., MoO4

2–) and was vanished in 
the organism within one month (Fig. 13(b)) [47]. As shown in 
Fig. 13(c), Guo and colleagues explored the biodegradability, 
metabolism and toxicology of PEG-hollow CuS (PEG-HCuS) 
NPs and found that the PEG-hollow CuS NPs with poly-
crystalline structure could disintegrate into small CuS (SCuS) 
NPs in blood and tissue. Then, they dissociated to Cu ions and 
finally were excreted to the outside of the body through feces 
and urine. Within 30 days, almost all PEG-CuS NPs have been 
metabolized by mice (Figs. 13(d) and 13(e)) [36]. Consequently, 
with the assistance of potent TMSs-based antibacterial 
agents, we can envisage more seminal biological therapeutic 
strategies to achieve a quantum leap in healthcare. Based on 
this, a systematic summary based on the recent advances of 
TMSs-based antibacterial agents for biological therapeutic 
strategies is an urgent requirement to provide guidance for 

future development. 

4.1  Strain-selective bactericidal strategies 

The vigorous development of the healthcare industry evokes 
people’s higher demands on modern therapeutic methods. At 
present, the bactericidal therapeutics of novel antibacterial agents 
are often based on ROS generation, but ROS could bring 
indiscriminate oxidative damage to both microbes and normal 
cells [67–70]. It is an urgent desire that harmful bacteria can be 
selectively killed without damaging normal cells and probiotic 
bacteria. Therefore, the interest in strain-selective bactericidal 
strategies is rapidly growing in recent years and some seminal 
strain-selective bactericidal architecture based on TMSs-based 
antibacterial agents has been successfully fabricated [43, 45, 
188]. The finely regulated and complicated outer membranes of 
microorganisms provide boundless possibilities for the design 
of strain-selective bactericidal strategies. Bacterial lectins are 
recognized as adhesion molecules triggering early attachment and 
biofilm formation [189, 190]. Many articles have identified that 
several lectins can selectively recognize specific carbohydrates 
through the formation of a hydrogen-bond network [189–192]. 
As depicted in Figs. 14(a) and 14(b), Novoa and colleagues 
explored the possible interaction based on tetramer lectin 
LecA and tailored a library to elucidate the lead interactions, 
which made it possible for rational ligand design [190]. Based 

 
Figure 14  The construction of strain-selective bactericidal system. (a) Crystal structure of LecA complexed with divalent galactose compound. (b) Some 
organic structure that can selectively identify LecA. Reproduced with permission from Ref. [190], ©WILEY-VCH Verlag 2014. (c) Schematic illustration of 
the antibacterial glycosheets for double light-driven selective capture of P. aeruginosa on wounds. Reproduced with permission from Ref. [43], ©WILEY-VCH
Verlag 2019. (d) Preparation process of Cit-MoS2. (e) Illustration of light-modulated nanozyme based on cit-MoS2 to obtain selective bacteria capture.
(f) Charge-conversion of Cit-MoS2 in PBS buffer (5 mM) with different pH values ranged from 8 to 4. (g) Zeta potentials of the mixture of Cit-MoS2 and 
2-NBA with different illumination times. (h) The result of Growth-inhibition assay. All groups were conducted in LB medium with different pH values.
[Cit-MoS2] = 90 μg/mL. (i) Growth-inhibition assay with pretreatment of the Cit-MoS2 (90 μg/mL) and 2-NBA (600 μM) mixture with different illumination
times, [H2O2] = 50 μM. Reproduced with permission from Ref. [45], ©American Chemical Society 2018. 
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on the carbohydrate-lectin interaction, some scavengers for 
targeted photokilling of bacteria have been explored. Hou et al. 
observed that galactose-modified Cu2–xS NPs could electively kill 
P. aeruginosa [44]. Hu and colleagues found that thin-layered 
MoS2 anchored with a glyco-layer on the surface could effectively 
capture P. aeruginosa selectively owing to the multivalent 
carbohydrate-lectin interaction (galactose- and fucose-based 
ligands could be recognized by lectins, Lec A, and Lec B, on 
the surface of P. aeruginosa, respectively). It was also shown 
that by combination of the modified MoS2 with antibiotics, 
ceftazidime (CAZ), the obtained composites displayed enhanced 
antibacterial behavior under wide-spectrum light irradiation 
because of the NIR driven antibiotic release and visible-light 
induced ROS evolution (Fig. 14(c)) [43].  

Additionally, the different components of bacterial cell 
wall result in the nonhomogeneous negative charges quantity 
located on the surface of bacteria, causing different electrostatic 
interactions, which can be specifically used for the construction 
of strain-selective bactericidal strategies. For instance, the 
components of the E. coli cell wall are lipopolysaccharides and 
phospholipids, which means more negative charges with respect 
to S. aureus (the cell wall composed mainly of peptidoglycan 
and teichoic acid) [45]. As plotted in Figs. 14(d) and 14(e), 
Qu’s team tailored an intelligent strain-selective antibacterial 
nanozymes based on charge-tunable MoS2 nanozymess and 
a photoacid molecule. Under the irradiation of 365 nm light, a 
photoexcited intramolecular rearrangement of the photoacid 
generator, 2-nitrobenzaldehyde (2-NBA), occurred, leading to 
the fast release of 2-nitro benzoic acid and protons, and thus the 
pH of the system was decreased. Meanwhile, the citraconic 
anhydride-modified polyethylenimine-MoS2 (Cit-MoS2) achieved 
surface charge-conversion from negative to positive and 
activation of the enzymatic activity (Figs. 14(f) and 14(g)). 
Crucially, the extent of the above two reactions could be 
modulated by the time of irradiation, achieving a Gram-selective 
antimicrobial system by light. Within shorter irradiation time, 
Cit-MoS2 could more effectively attach to S. aureus and thus 
facilely eradicate them; as opposed to this result, in longer 
irradiation time, more E. coli was growth suppressed than 
S. aureus (Figs. 14(h) and 14(i)) [45]. Besides, the cell penetration 
mechanisms might be different on the materials with various 
morphologies, owing to the different cell wall structures in 
Gram-positive and Gram-negative bacteria (thickness of pepti-
doglycan and organic constituent) [63]. Shalabayev compared 
the bacterial ablation performances of spherical and needle- 
like CuS NPs and found that spherical CuS NPs possessed 
high antibacterial activity against E. coli, but no activity against 
S. aureus. In contrast, needle-like CuS NPs demonstrated a 
pronounced antibacterial performance against both types of 
bacteria [188]. In combination, although some investigations 
have achieved the antibacterial selectivity, our knowledge 
reserve in this category is still exceedingly limited so far. 
More bacterial targets and other strain-selective bactericidal 
mechanisms remain to be further explored, and we look forward 
to more superior works in this area.  

4.2  Wound healing 

Microbial infections, especially multidrug-resistant bacterial 
infections, impair the healing of wounds rendered by deep- 
burn injuries, diabetic foot ulceration, or other reasons, resulting 
in a high mortality rate among these patients and a heavy 
economic burden on the healthcare system [43, 79, 183]. 
However, we are still suffering from the lack of effective 
therapeutic methods to obviate wound infection and accelerate 
wound healing [43, 79, 183]. Consequently, the development 
of feasible therapeutic methods to improve wound healing 

is urgent and mandatory. The acute wound-healing process 
usually includes four overlapping stages, namely, hemostasis, 
inflammation, proliferation, and scar-remodeling [183]. When 
the physical barrier of the epidermis has been compromised, 
vasoconstriction occurs. Simultaneously, the generation of 
thrombin and fibrin form a mesh to prevent the blood from 
flowing out and pathogens from invading. Macrophages, such 
as neutrophils and white blood cells, will travel through the 
blood to reach the incisional sites and then phagocytose pathogens 
and damaged tissue [193, 194]. Subsequently, growth factors 
arouse the proliferative stage. Numerous complex and dynamic 
biological processes occur in this period, leading to angiogenesis, 
collagen deposition, granulation tissue formation, epithelialization, 
and wound contraction, which requires a coordinated cellular 
response involving myofibroblasts, keratinocytes, fibroblasts 
and, vascular endothelial cells [100, 195, 196]. Eventually, after 
the above complicated physiological processes, the skin tissue 
regeneration is accomplished. It was noteworthy that bacteria 
invasion occurs throughout the whole wound healing process 
and is the culprit of wound infection. Thus, the elimination 
of bacteria is the prerequisite of successful wound healing. 
TMSs have been proven effective for bactericidal effect and 
noninvasive for major organs, and thus represent a promising 
therapeutic platform for wound healing [43, 45, 100, 144, 197]. 
Actually, large research efforts have been inspired into exploring 
the successful wound treatment using TMSs-based therapeutic 
platforms with fruitful results. Generally, little or no erythema, 
bacterial abscess and edema appear at the traumas during 
treatment. Then scabs are formed in a shorter period, usually 
within 2–3 days, and then wound sizes decrease rapidly as well 
(Fig. 15(a)) [43, 45, 100, 144, 197]. Yin et al. treated the wound  
using PEG-MoS2 NFs assisted with H2O2, and this could 
effectively kill bacteria and achieve the successful wound 
healing. On the fifth day, the migration of keratinocytes from 
normal tissue to wound site and the regeneration of collagen 
fibers were observed in the treatment group and the wound 
size decreased rapidly [110]. As depicted in Fig. 15(c), Hu 
and colleagues indicated that, after six days of white and NIR 
double light-driven treatment using fucose-functionalized 
MoS2 loaded with CAZ, more densely packed keratinocytes, 
well-developed dermis, and more collagen and granulation 
tissue deposition could be clearly observed, which indicated 
the accelerated wound healing process. On day 12, double 
light-driven group displayed more uniform and straight 
collagen bundles and dermis, approaching to normal tissue with 
adequate thickness. Simultaneously, the results of the bacteria 
count in wound tissue also identified that the composites 
exhibited the best bactericidal effect with respect to the controls 
(Fig. 15(b)) [43]. Wu’ group suggested that a large number of 
macrophages, especially neutrophils, were observed in the 
controls through H&E staining, indicating that there is still an 
army of pathogenic microorganisms in the wound. In contrast, 
similar phenomena cannot be observed in the treatment 
group using mesoporous silica modified CuS NPs [197]. The 
above obvious treatment effects indicated that the treatment 
group using TMSs-based therapeutic is apparently superior to 
the controls. The successful wound healing promoted by TMSs- 
based therapeutic platforms could also proceed through other 
meritorious processes. Wu’s group suggested that the released 
Cu2+ ions from CuS NPs stimulate fibroblast proliferation and 
angiogenesis [197]. Qiao and colleagues chose human foreskin 
fibroblast cell (HFF-1) to identify this effect through in vitro 
scratch assay, and this result indicated that Cu2+ ions could 
promote the migration of HFF-1 [126]. Wang and colleagues 
indicated that the hypoxia inducible factor 1 alpha (HIF-1α) 
and vascular endothelial growth factor (VEGF) which resulted  
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Figure 15  Wound healing process with or without the treatment of 
TMSs-based antibacterial agents. Light-driven wound healing process 
using fucose-functionalized MoS2 loaded with CAZ (Fuc-sheet@CAZ). 
Representative photographs of (a) P. aeruginosa -infected wounds and (b) 
bacterial cultures from the infected wounds. During the therapy without 
(–) and with (+) treatment of CAZ or Fuc-sheet@CAZ without (–) and 
with (+) light irradiation (NIR light alone for 2 h, white light alone for 1 
or 2 h of NIR followed by 1 h of white light irradiation). (c) Histologic 
analysis of wound tissue taken out from the mice using H&E, Masson’s 
trichrome, and Giemsa staining. The NIR and white light source using 
in the treatment is 808 nm (1 W/cm2) and 400–700 nm (1 W/cm2), 
respectively. Reproduced with permission from Ref. [43], ©WILEY-VCH 
Verlag 2019. 

in compromised neovascularization in response to hypoxia 
could be stimulated by Cu2+ ions released by cuprous sulfide 
nanoparticles at low concentration (0.064 to 32 μg/mL) in 
human bone marrow stromal cells and thus accelerate the wound 
healing process [100]. This superior effect has been verified by 

other studies [86, 183]. CO2 administration has been known 
to promote microcirculation and local oxygen supply in the 
wound through the Bohr effect that is favorable to wound 
healing. Yeh’s group prepared a hollow porous CuS bridged 
both dopamine and bicarbonate, which can release CO2 under 
the irradiation of NIR lamp and achieve the Bohr effect to 
accelerate the wound healing [183]. To summarize, TMSs-based 
therapeutic platform brings unprecedented opportunities for 
pursuing efficient and effective wound treatment means owing 
to their versatile meritorious processes. We also look forward to 
the development of more seminal and efficient wound treatment 
methods using TMSs-based therapeutic platform.  

4.3  TMSs-based antibacterial coatings on medical 

implants 

Pathogens tend to colonize and adhere to the surfaces of 
medical implants and form biofilms, leading to implant- 
associated infections and even implant failure [7, 109, 198, 199]. 
Currently, the prevalence of peri-implant mucositis and peri- 
implantitis remain at a high level, reaching approximately 47% 
and 20%, respectively [200]. Additionally, even after traditional 
antibiotic therapy, biofilm infections are still difficult to be com-
pletely eradicated which results in recurring symptoms [109]. 
The removal of bacteria-infected implants is usually regarded 
as the only viable remedy, causing prolonged hospitalization 
periods and increased healthcare costs [109, 198]. Insufficient 
bone tissue integration is another pivotal issue restricting the 
development of medical implants [70]. Consequently, besides 
the excellent bacteriostatic efficacy, satisfying biocompatibility 
and osteogenic activity are also urgent demands for ideal bone 
implants [70]. To circumvent these issues, great efforts have 
been dedicated to developing high-performance antimicrobial 
implant surfaces. In recent years, due to its remarkable 
characteristics such as satisfactory bacteriostatic efficacy and 
minimal invasiveness for mammalian cells, TMSs have been 
intensively studied as a promising candidate for versatile 
implant surfaces. Wu’s group reported that an antibacterial 
rate of 99.84% and 99.65% against E. coli and S. aureus could 
be achieved on a chitosan-assisted MoS2 hybrid coating under 
both 660 and 808 nm dual-light irradiation for 10 min. This 
coating exhibited the synergistic antibacterial effects between  

 
Figure 16  TMSs-based medical implant coatings with both bacteriostatic efficacy and osteogenic activity. (a) The preparation process diagram of
Ti-MoS2-IPR implants. (b) 3D images micro-CT of Ti and Ti-MoS2-IPR implants. The pink rod (inner) represents implant and the gray coating (outer)
represents new bone. (c) Images of H&E staining infer the infectious degree after cultured for three days with different samples, in which the bacteria
marked by yellow arrows (scale bars, 50 μm). Reproduced with permission from Ref. [109], ©WILEY-VCH Verlag 2019, Relative osteogenic-specific 
mRNA expressions of mesenchymal stem cells cultured on different surface: (d) Runx2, (e) ALP, (f) Col I, and (g) OCN. Reproduced with permission 
from Ref. [186], ©Elsevier B.V. 2019. 
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PDT and PTT, which gave the Ti implant with rapid in situ 
bacteria-killing ability [187]. Hereafter, as depicted in Fig. 16(a), 
their group envisaged a biocompatible antibacterial implant 
surface based on MoS2, IR780 photosensitizer, and arginine- 
glycine-aspartic acid-cysteine (RGDC), in which MoS2 exhibits 
high photothermal conversion efficiency, while IR780 is a 
photocatalyst that can transfer the energy of NIR lamp to 
dissolved oxygen molecules to produce 1O2. MoS2 was deposited 
on the surfaces of Ti implants via magnetron sputtering and 
subsequently positively charged IR780 can be adsorbed into 
the MoS2 layer with negative charges through electrostatic 
interaction. The polydopamine (PDA) can also be used as 
the reaction points to graft RGDC onto Ti implants and 
simultaneously RGDC coating could facilitate cell adhesion 
and proliferation and thus promote osteogenic differentiation. 
prepared Ti-MoS2-IR780-PDA-RGDC (Ti-MoS2-IPR) antibacterial 
surfaces exhibited excellent antibacterial effect in vivo and 
accelerated osseointegration (Figs. 16(b) and 16(c)) [109]. 
Similarly, Yuan and colleagues fabricated a multifunctional 
MoS2/PDA-arginine-glycine-aspartic acid (RGD) coating on 
Ti plates which not only endowed orthopedic implant with 
effective antibacterial ability under irradiation of NIR light 
but also promoted the osteogenesis of mesenchymal stem cells 
through up-regulating osteogenesis-related genes including 
alkaline phosphatase (ALP), runt-related transcription factor 2 
(Runx2), type I collagen (Col I), and osteocalcin (OCN) 
(Figs. 16(e)–16(g)). Moreover, under NIR irradiation, the MoS2/ 
PDA-RGD implant effectively improved new bone formation 
even in an infected microenvironment in vivo [186]. According 
to the aforementioned investigations, TMSs equipped with 
natural bioactive materials could bring about medical implants 
with satisfactory bacteriostatic efficacy and biocompatibility, 
which provides great possibilities for the development of medical 
implants. 

5  Conclusions and perspectives 
Globally, millions of people lose their lives because of bacterial 
infection-related diseases every year. In order to protect 
human health and improve the quality of life, the development 
of efficient and minimally invasive bactericidal therapeutic 
agents is paramount, and as a result, research interests on 
nano-antibacterial materials are rapidly growing. TMSs offer 
new opportunities to solve this dilemma because of their 
excellent antibacterial performance, satisfactory biocompatibility, 
high solar energy utilization efficiency, and excellent photo-to- 
thermal conversion characteristics. In this review article, an 
introduction to the development of bactericidal weapons is 
provided with a particular focus on transition metal sulfides 
based antibacterial agents. It is followed by an overview of 
the current state-of-the-art studies on investigations into the 
mechanisms behind the bactericidal process of TMSs, including 
oxidative stress, photothermal effects, cell entrapment, piezoca-
talytic degradation, metal ions incursion, and polysulfane release. 
With the aim to further enhance the antibacterial performance 
on TMSs, several effective strategies, such as microstructure 
engineering, surface functionalization with organic ligands, 
and construction of heterogeneous architecture, have been 
developed. Eventually, the possibility of TMSs-based antibacterial 
agents in practical application including strain-selective 
bactericidal strategies and wound healing is detailed discussed, 
which clearly illustrates the bright prospects of this research 
area. These pioneering works significantly highlight the potential 
of TMS-based antibacterial agents for bactericidal therapeutic 
applications. Based on the aforementioned survey in this 
field, more studies should be conducted to further unravel 

the elusive mechanisms for bacterial ablation, develop novel 
strategies to improve the antibacterial activity of TMSs-based 
materials and explore their practical applications in clinic 
trials. In order to achieve this, we would like to emphasize the 
following points:  

(I) Although various fundamental mechanisms of bacterial 
ablation using TMSs have been proposed, there is still a big 
space for us to explore. For instance, it is necessary to unveil 
the mechanisms of the various surface chemical reaction 
processes involved, including the adsorption and conversion 
of oxygen or water molecules into the ROS. Specifically, 
more research efforts should be devoted to improving the 
understanding on how surface energy and reactivity of TMSs- 
based nanomaterials affect the adsorption energy and activation 
energy of oxygen or water molecules, thus constructing a 
rational model for ROS formation. Additionally, the generation 
mechanism of organosulfur during the bactericidal processes 
of TMSs is still elusive and this novel therapeutic approach 
mimicking the natural sterilization mechanism may inject new 
vitality into antibacterial research. Besides, mechanistic insights 
into the interactions between TMSs-based nanomaterials and 
bacteria, such as the electrostatic interactions and electron 
transfer processes, also need to be elaborated. Based on the 
in-depth understanding on the bactericidal mechanism, we 
can try to comprehensively employ the versatile antimicrobial 
mechanisms of TMSs to achieve more effective synergistic 
bactericidal effect. Creditably, these intensive investigations on 
the bactericidal mechanisms could provide theoretical guidance 
for the development of suitable candidate antibacterial agents 
in the future.  

(II) Although a lot of seminal progresses in enhancing the 
antibacterial performances of TMSs have been made in recent 
years, the quick recombination and weak reactivity of the 
charge carriers and inert nature still restrict their practical 
applications and thus the construction of TMSs-based materials 
for efficient and noninvasive antimicrobial applications is 
still an imperative issue. Owing to the controllable electronic 
energy structure and intense membrane destruction capability, 
TMSs with 2D microstructure have proven fascinating candidates. 
Meanwhile, the 2D TMSs can construct the van der Waals 
heterojunction, which greatly broadens the scope of material 
design for scavengers and arouses the interest of researchers. 
In consideration of the feasible surface functionalization and 
excellent light-to-thermal conversion, the development of a 
multifunctional synergistic antibacterial system using TMSs- 
based nanomedicine will open the broad avenue for bacterial 
inhibitory applications, which provides unprecedented oppor-
tunities for researchers in this area. Additionally, some other 
emerging novel antibacterial strategies, such as Z-scheme 
heterojunction and photoelectrochemical sterilization, are 
still in the development stage and are worthy of continued 
exploration by researchers.  

(III) Since the ultimate pursuit for our investigations on 
TMSs-based antimicrobial platform is to achieve a quantum 
leap in the healthcare industry, the development and envisagement 
of effective and efficient antibacterial therapeutic modalities for 
practical applications are our urgent demands. The prerequisite 
for the responsible development of TMSs-based nanomedicine is 
excellent biosafety, which needs to be further verified by more 
works. Meanwhile, we still face many challenges during the 
clinical translation of TMSs-based nanomedicine as well. It 
is worth noting that hyperthermia and ROS generation are 
commonly involved in photothermal and photodynamic therapy 
processes. These antibacterial therapeutic modalities are difficult 
to achieve selectivity. In other words, during the treatment 
process, normal tissue cells in the wound are also attacked.  



Nano Res. 2021, 14(8): 2512–2534 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

2529 

Consequently, it is an urgent desire that only harmful bacteria 
will be selectively killed without damaging normal cells and 
probiotic bacteria when using such antibacterial agents. In this 
review article, we have introduced that TMSs-based antibacterial 
agents with specific shapes or equipped with specific organic 
molecules can selectively capture the finely regulated and 
complicated outer membranes of microorganisms, leading to 
the construction of strain-selective bactericidal strategies. To 
further fully explore these capabilities, more bacterial targets 
and other strain-selective bactericidal mechanisms remain to 
be further elaborated. Additionally, we also need precise drug 
delivery modalities to control the concentration of scavengers 
at a reasonable threshold. Thereafter, the development of 
feasible therapeutic methods to facilitate wound healing and 
osteogenic differentiation is urgent and mandatory. Due to 
their high biocompatibility and bacteriostatic efficacy, TMSs 
has great potential to be developed in these aspects, which is 
worth more research efforts. 

In conclusion, owing to people’s urgent demand for better 
life, more and more research efforts for antibacterial agents 
need to be made. TMSs-based bacterial inhibitory agents will 
certainly continue to attract increasing research interests in 
the future due to their excellent antibacterial performance and 
minimal invasiveness for mammalian cells. From this viewpoint, 
it is very urgent to review the recent progress on the studies in 
antibacterial mechanisms and strategies for promoting their 
antibacterial properties. We hope that this review article can 
give researchers some enlightenment.  
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