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Abstract

Two-dimensional (2D) molybdenum disulfide (MoS2) is an ultrathin nanomaterial with a high 

degree of anisotropy, surface-to-volume ratio, chemical functionality and mechanical strength. 

These properties together enable MoS2 to emerge as a potent nanomaterial for diverse 

biomedical applications including drug delivery, regenerative medicine, biosensing and 

bioelectronics. Thus, understanding the interactions of MoS2 with its biological interface 

becomes indispensable. These interactions, referred to as “nano-bio” interactions, play a key 

role in determining the biocompatibility and the pathways through which the nanomaterial 

influences molecular, cellular and biological function. Herein, we provide a critical overview 

of the nano-bio interactions of MoS2 and emphasize on how these interactions dictate its 

biomedical applications including intracellular trafficking, biodistribution and biodegradation. 

Also, a critical evaluation of the interactions of MoS2 with proteins and specific cell types such 

as immune cells and progenitor/stem cells is illustrated which governs the short-term and long-

term compatibility of MoS2-based biomedical devices.

Keywords: 2D nanomaterials; MoS2; nano-bio interactions; biomedical; regenerative 

medicine; drug delivery. 
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1. Introduction 

Two-dimensional (2D) nanomaterials have attracted a great deal of attention in the field 

of biomedical engineering due to its unique structure and biophysicochemical characteristics[1, 

2]. With a sheet-like planar morphology held together by weak van der Waal’s forces, 2D-

nanomaterials are endowed with unique optical, electrical and mechanical properties which are 

quite different from their bulk counterparts[3]. The large surface area to volume ratio provided 

by 2D nanomaterials allows loading of different therapeutic cargoes onto its surface through 

non-covalent interactions[4, 5]. Moreover, the presence of surface and edge defects on 2D 

nanomaterials gives rise to high surface energy[6]. These defects provide necessary active site 

for diverse range of surface chemistries and functionalization[6]. High surface tunability can 

be used to design biocompatible nanomaterials, for diverse applications including drug 

delivery, bioimaging, biosensors, stimulus-responsive theranostic agents as well as 

regenerative medicine.  

Transition metal dichalcogenides (TMDs), a potential alternative to graphene, have 

made significant progress in the field of nanomedicine. 2D-TMDs  have X-M-X layered 

structure, where two chalcogenides (S, Se, Te), denoted by X sandwiches  a transition metal 

atom (M) from groups IV to VII (Mn, Mo, Ta, W and Re)[7]. Advancement of the exfoliation 

techniques have led to the synthesis of different types of TMD nanosheets such as MoS2, 

MoSe2, WS2, WSe2, etc. The optical, mechanical, and electronic properties of these nanosheets 

differ greatly from their bulk materials[8, 9]. Amongst other TMDs, molybdenum disulfide 

(MoS2) (Figure 1) has gained significant interest due to its unique optical, electrical, and 

biological properties[10-12]. The high surface area to volume ratio, near infrared (NIR) 

absorbance, photothermal property, easy surface modification and biocompatibility have 

resulted in 2D MoS2 being applied for a wide range of biomedical applications like drug/gene 

delivery, phototherapy, antibacterial, bioimaging, biosensing, and theranostics[12]. Recently, 

2D MoS2 nanocomposites have also demonstrated its regenerative potential and have been 

explored for tissue engineering applications, where studies have shown that 2D-MoS2 

nanosheets promote the differentiation of stem cells into various cell types like bone, neural, 

heart and skin[13-18].

It is well recognized that the success of any nanomaterial designed for a biomedical 

application depends heavily on its interactions with the biological environment. Upon entering 

the host body, nanomaterials are challenged with a very complex and diverse 
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microenvironment, which determines its biodistribution and biotransformation. Such 

interactions of nanomaterials with physiological microenvironment are referred to as “nano-

bio interactions”. A number of physiological processes that are essential for normal functioning 

of any cell can be differentially regulated in presence of nanomaterials. For example, 

interaction of nanomaterials with proteins can alter the structure as well as function of 

proteins[19, 20]. 2D nanosheets, with their large surface area, are known to interact with a 

variety of proteins. Such changes in protein structure/function can result in the activation of 

specific signaling pathways, which can either upregulate or downregulate expression of distinct 

gene types associated with cell proliferation, differentiation, metabolism and cell death[19]. 

Similarly, the chemical and biological identity of the nanomaterial can influence how the host 

immune system reacts to it, which subsequently regulate its biocompatibility and 

biodegradation. Thus, it is crucial to understand how 2D-MoS2 nanomaterials interact with 

biomolecules and different cell types in the body. With enhanced understanding of the MoS2-

protein, -stem cell and -immune cell interactions, we can design next-generation of biomedical 

devices containing MoS2. 

Publications related to 2D MoS 2 for biomedical
engineering
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Figure 1. Biomedical applications of 2D Molybdenum disulfide (MoS2). 
(a) Data showing number of publication and number of citations related to ‘‘Molybdenum disulfide’’. Data 
obtained from ISI Web of Science using ‘Molybdenum disulfide’ (obtained till December 2021). Exponential 
increase in the field of 2D MoS2 as evident from number of publications in past decade (2010–2021). 
(b) Contribution of 2D MoS2 for various biomedical applications in the last decade (2010–2021). Data obtained 
from ISI Web of Science using “Molybdenum disulfide” AND “Biomedical applications” OR “Drug delivery”, 
“gene delivery”, “phototherapy”, “bioimaging”, “biosensing”, “antibacterial”, “tissue engineering” (obtained 
December 2021). 

This review focuses on nano-bio interactions of 2D MoS2 under physiological 

microenvironment. We begin with a brief introduction about the structure and properties of 

MoS2. Next, the interactions of MoS2 nanosheets with specific components of the biological 

environment such as biomolecules (proteins), immune cells and stem cells are discussed. 
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Specifically, we highlight how different physio-chemical properties of 2D MoS2, such as 

surface area, size, surface chemistry & functionalization influence its nano-bio interaction. In 

addition, we also discuss the cellular uptake of 2D MoS2, its intracellular trafficking and 

cytocompatibility. Furthermore, the biodistribution, biotransformation and biodegradation of 

MoS2 have also been discussed to provide a comprehensive insight into the biological fate and 

toxicity of these nanomaterials. Finally, we discussed how the nano-bio interactions of MoS2 

can be exploited in regenerative medicine and tissue engineering applications. 

2. Molybdenum disulfide: Structure, properties, and biomedical applications

MoS2 consists of a hexagonal lattice structure where each layer is made up of three-atom-thick 

S-Mo-S stack (Figure 2a). The layers are bonded by weak van der Waals forces, while the Mo 

and S atoms within a layer are connected by strong covalent bonds[12, 21]. The properties of 

MoS2 can vary with variation in their crystal structure, which depends on the coordination of 

metal atoms with chalcogenides[22]. 2H- MoS2, 1T-MoS2, and 3R- MoS2 are three polytypes 

known so far, where 1, 2, and 3 indicate the number of layers and H, T, and R represents 

hexagonal (H), trigonal (T), and rhombohedral (R) crystal structures, respectively (Figure 2b). 

Among them, 2H-MoS2 and 3R-MoS2 are both naturally occurring and stable forms, with 2H- 

MoS2 polytype being the most abundant. Interestingly, both 3R-MoS2 and 1T-MoS2 can be 

transformed into the 2H-MoS2 form. 2H-MoS2 and 3R-MoS2 share similar properties, such as 

trigonal prismatic coordination among the Mo atoms, diamagnetic nature and are n-type 

semiconductors[23]. But, the manner in which the layers are arranged in these two polytypes, 

make them structurally different. 1T-MoS2 is paramagnetic and metallic [24]. In addition, the 

number of layers can also alter the electrical and optical properties of MoS2 nanosheets. For 

example, the conductivity of the MoS2 nanosheets can be improved by decreasing its thickness, 

which can facilitate fast electron transport[25]. Interestingly, the absorption and 

photoluminescence properties of exfoliated MoS2 stems from a large direct bandgap (1.8 eV), 

while bulk MoS2 has an indirect bandgap of 1.2 eV[26]. Moreover, MoS2 nanomaterials can 

also be synthesized with desired and controlled structures such as nanosheets[27], flower-like 

particles [28], quantum dots [29], and nanotubes [30], which have been demonstrated for 

different applications (Figure 2c). The different morphologies, structure, and polytypes of 

MoS2 nanosheets influence bandgap and optical properties, indicating the flexibility of MoS2 

nanomaterials for various biomedical applications.
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Among different MoS2 nanostructures, 2D nanosheets have been intensively studied 

for biomedical applications due to its facile preparation method, biocompatibility, and superior 

NIR light absorption properties[31, 32]. The 2D MoS2 nanosheets can be synthesized through 

the process of lithium ion intercalation, referred to as the Morrison method[33]. It is a two-step 

process, which starts with the introduction of small ions of lithium in-between the layers of 

MoS2. This lithium intercalation results in widening and weakening of the stacked layers, which 

are further loosened during the second step of the process by introducing water into the system. 

The ions react with water to release hydrogen gas which separates the layers leading to the 

formation of single or few-layered sheets in solution. To avoid cytotoxicity caused by the 

organic solvents and chemicals such as lithium during the intercalation, biocompatible methods 

have been developed using bio-friendly and eco-friendly agents such as a mixed solvent of 

water and ethanol and using proteins like bovine serum albumin (BSA), silk fibroin and 

keratin[34, 35]. The hydrophobic surface of MoS2 nanosheets along with its high surface area, 

makes it very favorable to adsorb hydrophobic drugs, biomolecules, and genes for the delivery 

of therapeutics. To improve the stability of the MoS2 nanosheets in an aqueous environment, 

conjugating hydrophilic polymers on the surface is frequently used. The interaction between 

Mo and sulfur atoms can be used to conjugate thiol or disulfide containing molecules at the 

atomic defects of MoS2 nanosheets[36]. For example, the aqueous stability of MoS2 nanosheets 

can be improved through surface functionalization using disulfide containing lipoic acid-

modified PEG (LA-PEG), which can attach at the defect sites of MoS2 [37]. The enhanced 

aqueous stability and biocompatibility of MoS2 nanosheets accelerated its applications in 

biomedicine.

Since the surface modification strategies and exfoliation method of MoS2 have become 

more mature, many groups have explored the use of MoS2 for bioimaging[12, 38], cancer 

therapeutics[37], biosensing[39], antibacterial[40, 41], tissue engineering[42] and 

bioelectronics[43]. First, owing to a high absorbance profile in NIR wavelength region, where 

the biological fluids and tissues are relatively transparent, the MoS2 nanosheets have been 

widely explored for photothermal therapy[44]. The MoS2 nanosheets have superior 

photothermal conversion efficiency, which could quickly heat the surrounding cancer cells or 

bacteria, with a mass extinction coefficient of 29.2 L g−1 cm−1 at 800 nm[44]. Considering the 

similarities in the structure and morphology between the MoS2 nanosheets and graphene, the 

MoS2 nanosheet also arises as a material of choice for multifunctional drug delivery for various 

types of combination therapies. The large surface-to-volume ratio of MoS2 nanosheets enables 
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efficient loading of therapeutic molecules such as doxorubicin (DOX), chlorine e6 (Ce6), and 

siRNA[37, 45]. MoS2 nanosheets can non-covalently adsorb drug molecules by - or 

hydrophobic adsorption or covalently conjugated to thiol-functionalized therapeutics. 

Interestingly, MoS2 nanosheets have also shown antibacterial properties toward both Gram-

positive and -negative pathogens [40, 41, 46] without any resistance generation. Both reactive 

oxygen species (ROS) -dependent oxidative stress and rapid membrane depolarization is 

attributed to the antibacterial properties of MoS2 nanosheets. 

The MoS2 nanosheets have a direct bandgap and hence show photoluminescence[10], 

which allows for its usage as probes in biosensing and bioimaging applications. The 

photoluminescence lies in the visible wavelength region and can be facilely modulated upon 

bio interactions. With small lateral dimensions and low toxicity, the MoS2 nanosheets can be 

taken up by live cells and utilized for cell-targeted labeling[38]. The MoS2 nanosheets can 

further be used for intracellular tagging and imaging different cell organelle. Thus, MoS2 

nanosheet offers a treatment strategy combing therapy and diagnosis together in a single 

multifunctional platform.

Other than MoS2 nanosheets, MoS2 quantum dots or nanodots (0D) also possess some 

distinct electronic and optical properties. These properties arise due to quantum confinement 

and edge effect in nanodots. There are several synthesis routes of MoS2 quantum dots, 

including tetrabutylammonium-assisted sonication[47], one-step hydrothermal method[48], 

laser ablation method[49], etc.  MoS2 quantum dots too have great potential in fluorescence 

sensing, catalysis and bioimaging.  MoS2 quantum dots have shown both good down-

conversion and up-conversion photoluminescence which can suitably be applied for 

bioimaging applications[47]. Furthermore, MoS2 quantum dots have the ability to produce 

singlet oxygen, 1O2  and thus can suitably be used for photodynamic therapy[47]. The 

biomedical applications of MoS2 quantum dots could be further widened by overcoming 

challenges, such as low quantum yield and short fluorescence emission.

A wide range of approaches has been developed for synthesizing different 

morphologies of MoS2 nanomaterials such as nanodots (0D)[50], nanotubes (1D)[51] and 

nanosheets (2D)[52]. MoS2 nanotubes can be synthesized by rolling nanosheets into a 

cylindrical shape along a specified direction[53]. Such structures are semiconductor in nature 

with larger bond lengths than nanosheets and smaller band-gap than that of bulk. Using these 

MoS2 nanotubes, further modifications in the structure have been made to develop hybrid 
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morphologies such as nano-ropes and nano-pods[54]. Most of the research mainly focuses on 

investigating the uses of MoS2 nanosheets and nanodots in the biomedical field due to the 

challenges associated with the complex synthesis process of other MoS2 nanostructures with 

unique structures and lack of understanding about its biocompatibility; which needs to be 

assessed before using it for biomedical applications. 

Figure 2. Structure of 2D Molybdenum disulfide (MoS2). 
(a) Schematic representation of top and side view of the atomic framework of MoS2. Purple is metal (molybdenum, 
Mo), while yellow is chalcogen (sulphur, S). “c/2” show inter-layer distance, while “a” represent lattice.  
(b) Schematic representation of the atomic framework of three different MoS2 polytypes namely, 2H- MoS2, 1T- 
MoS2 and 3R- MoS2. The dashed lines show how the top views and the lateral views match with each other. In 
case of the 1T and 2H polytypes, atoms of the underlying layers exactly overlap with the layers above. However, 
in case of the 3R polytype, some atoms of the underlying layers do not overlap with the above layers, and thus 
they are shown faint in the top view. Reproduced with permission from [55].
(c) Electron micrographs showing morphology of MoS2 nanosheets[56], MoS2 nanoflowers[57], MoS2 quantum 
dots[58] and MoS2 nanotubes[59]. Reproduced with permission from [51, 52, 53 & 54].

3. MoS2-Protein interactions

Under physiological conditions, nanomaterials first interact with proteins and results in 

formation of protein corona. In case of 2D MoS2, presence of a unique planar morphology, 

large surface area to volume ratio, high surface free energy and hydrophobicity results in rapid 
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adsorption of proteins onto the nanosheet surface (Figure 3a). These protein-MoS2 interactions 

are mostly non-covalent in nature involving van der Waals forces and hydrophobic 

interactions, and to some extent formation of hydrogen bonds [19]. Hydrophobic interactions 

between the hexagonal lattice of MoS2 nanosheets and aromatic amino acids such as 

tryptophan, tyrosine, phenylalanine, methionine etc. are predominant. This allows use of 

proteins like BSA, gelatin and keratin as exfoliating agents to prepare protein functionalized 

MoS2 nanosheets[34, 60-62]. In case of graphene derivatives like graphene oxide and reduced 

graphene oxide, the presence of different oxygen containing functional groups on the nanosheet 

surfaces regulate the interactions with proteins [16]. The presence of functional groups such as 

hydroxyl, carboxyl, epoxy etc favors interactions with polar residues of proteins mainly 

through hydrogen bonding. Such interactions have often been associated with imparting 

physiological stability to the nanosheets. On the other hand, hydrophobic interactions and Π-

Π bonding are predominant among graphene-protein interactions owing to the aromatic 

backbone of graphene sheets. In MoS2-protein interactions, hydrophobic interactions mostly 

initiate the process of protein adsorption/anchorage onto the surface of the nanosheets, but it is 

the van der Waal’s energies and electrostatic interactions that stabilize the overall nanosheet-

protein binding event and regulates the conformation of the adsorbed protein[20, 63]. 

Protein corona on nanomaterials dictate its biological interactions and 

compatibility[56]. Such interactions can facilitate cellular uptake of nanomaterials, activate 

intracellular signaling pathways[56] and trigger immune response[64]. Thus, the outcome of 

such interactions significantly affects the biological fate of the nanosheets. Baimanov et. al. 

have investigated the interaction of blood plasma proteins such as human serum albumin, 

transferrin, fibrinogen and immunoglobulin with MoS2 nanosheets, and observed a differential 

protein binding behavior of the nanosheets[64]. Proteins having a higher content of β-sheets in 

their structure like immunoglobulins showed the maximum binding affinity towards the MoS2 

nanosheets as compared to fibrinogen, which was least adsorbed. Such protein coated MoS2 

nanosheets were taken up by cells through receptor mediated endocytosis and were found to 

activate macrophages towards a pro-inflammatory immune response.

Further, interaction of nanosheets with proteins can also directly have an impact on the 

protein structure which can result in modulation of the biological function of a protein. Human 

serum albumin, transferrin and fibrinogen underwent conformational changes like decrease in 

alpha helical content and increase in random coils upon interacting with MoS2 nanosheets, 

while immunoglobulins remained favorably stable[64]. Additionally, the interaction of human 
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serum albumin with MoS2 nanosheets decreased protein fibrillation, reduced the degree of 

albumin’s non-enzymatic glycosylation and increased the esterase-like activity of the 

protein[65]. Adsorption of the villin headpiece (HP35) onto MoS2 nanosheet surface resulted 

in denaturation of the protein[66]. However, research from our group has observed favorable 

interactions between proteins and MoS2 nanosheets, over a wide concentration range, where 

the native conformations of the proteins were preserved upon interaction with the MoS2 

nanosheets[56]. Such interactions were found to render excellent colloidal stability to the MoS2 

nanosheets in physiological conditions, which further contributed towards improving its 

interaction with cells and its subsequent uptake.  

The surface chemistry of nanosheets have also been found to regulate protein-nanosheet 

interactions. MoS2 nanosheets having high density of surface defects in the form of sulphur 

vacancies show protein adsorption profiles distinct from that of pristine nanosheets which are 

devoid of any such defects. These sulphur vacancies act like affinity centres for thiol groups 

and results in the preferential adsorption of proteins having thiol groups (cysteine) in their 

structure. As a result, the chemistry of the protein corona formed on a defect rich MoS2 

nanosheet differs from the composition of the protein corona on a pristine nanosheet, which 

directly regulates the biological response of the nanosheets. For example, the toxicity of 

sulphur vacancy containing MoS2 nanosheets towards algal cells was found to be more than 

that of pristine nanosheets. This was because of the preferential and selective interaction of 

sulphur vacancy containing MoS2 nanosheets with thiol-rich algal proteins involved in 

pathways regulating photosynthesis, oxidative stress, membrane permeability and cytoskeleton 

formation in algae[67]. 

4. MoS2-cell interactions: Cellular uptake, intracellular trafficking & biocompatibility

For nanomaterial-based therapeutics to elicit an effective response, it is important to understand 

the sub-cellular localization of the nanomaterials. Since the plasma membrane is impermeable 

to most inorganic nanoparticles, trafficking of nanomaterials across the plasma membrane 

occurs mainly via endocytotic pathways. The uptake and intracellular trafficking of 

nanomaterials is dependent on a variety of factors, primarily the physical properties of the 

nanomaterials such as surface chemistry, shape and most importantly size. Endocytosis 

pathways responsible for the internalization of cargo is generally divided into the following 

pathways: macropinocytosis/phagocytosis, clathrin-dependent, caveolae-dependent, or 
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clathrin/caveolae-independent endocytosis[68]. Following endocytosis, the cargo is generally 

localised in membrane bound intracellular vesicles and are trafficked to different site within 

the cell depending on the type of endocytotic pathway followed. 

The size dependent cellular uptake of MoS2 nanosheets is illustrated in Figure 3b[69].  

Larger nanosheets (~700nm in diameter), are primarily internalized in cells through 

phagocytosis/macropinocytosis[56]. Phagocytosis is initiated by the adsorption of proteins 

such as immunoglobulins (IgG and IgM), complement factors and other serum proteins (such 

as laminin, fibronectin) on the surface of nanoparticles. This process of tagging of the  

nanoparticles with proteins enable it to interact with the cell surface receptors such as Fc 

receptors, mannose receptor and complement receptors [68] and initiates a signaling cascade 

that results in actin rearrangement and phagosome formation. The phagosome can vary in size 

and undergoes a fusion with other vesicles such as endosomes and lysosomes, resulting in the 

formation of phagolysosome [70]. Smaller MoS2 nanosheets (< 300 nm in diameter), have been 

reported to internalize either through the caveolar or clathrin mediated uptake pathways[71, 

72]. In the case of clathrin mediated endocytosis, uptake is initiated by interaction between the 

nanosheet and cellular membrane receptors, such as Tyr kinases (such as EGFR) and G protein-

coupled receptors (such as beta-adrenergic receptors)[73]. Following the initial formation of 

vesicles, cytoplasmic proteins such as adaptor proteins (adaptor protein 2 (AP2) and accessory 

cargo proteins (ARH, β-arrestin and Dishevelled etc.) are recruited to the vesicle. These 

constituent adaptor and cargo protein play a key role in the subsequent trafficking of vesicles 

within the cell[73]. 

Once the nanosheets are taken up inside the cells, they are first sorted into endosomes. 

From here, they get trafficked to mature endosomes and to other compartments such as 

multivesicular bodies and lysosomes. Alternatively, caveolar mediated endocytosis is initiated 

by the interaction of caveolae and caveolin-containing membrane domains with specific 

ligands bound to the nanosheets (such as folic acid, albumin, alkaline phosphatase etc.), 

followed by rapid internalization of this membrane domain[74]. The internalization of these 

membrane domains, following initiation by the ligands, is achieved by the phosphorylation of 

caveolin-1 by Src-family tyrosine kinase within the cell[74]. Post internalization, the vesicles 

are commonly trafficked to cell organelles (specifically the golgi body and the endoplasmic 

reticulum) or undergo fusion with late stage endosomes[74]. 
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Figure 3. MoS2-protein interactions, cellular uptake and biocompatibility. 
(a) Interaction of 2D MoS2 nanosheets with proteins result in the formation of a protein corona on the surface of 
the nanosheets, which regulates different cellular processes like nanosheet uptake, protein function and regulation 
of immune response. 
(b) Size dependent cellular uptake of 2D MoS2 nanosheets occurs through macropinocytosis or clathrin/caveolae 
mediated endocytosis. Presence of protein corona also facilitates receptor mediated endocytosis. 
(c) Intracellular trafficking of 2D MoS2 nanosheets through endo-lysosomal pathway leads to its degradation into 
ionic products such as molybdate and sulphur species. 2D MoS2 nanosheets can induce mTOR-dependent 
autophagy in cells through membrane perturbations and surface receptor downregulation, even without getting 
internalized. 
(d) Biocompatibility checklist of 2D MoS2 nanosheets.

In a recent study, PEG coated MoS2 was co-localized with Clathrin-, Caveolin-, and 

Rab34-positive vesicles, implying the uptake of the nanomaterials occurs through both 

caveolar- and clathrin- mediated endocytosis[72]. In the same study, it was also noted that the 

mechanism of uptake varies depending on cell type. It was observed that caveolae-dependent 

endocytosis was the primary method of endocytosis for Hela and MCF-7 cell lines, whereas 

cellular uptake occurred predominantly via micropinocytosis in the case of human aortic 

endothelial cells (HAoEC). Both pristine and surface capped MoS2 nanosheets have been 

reported to localize within single membrane vesicles consistent with localization within 

endosomes or lysosomes (Figure 3c)[71, 75]. A similar observation was found with few layered 

graphene and protein coated graphene nanosheets. Both pristine as well as functionalized 

graphene showed a size-dependent cellular uptake either through endocytosis or via 

phagocytosis, thereby ending up into phagocytic vacuoles inside the cells[76, 77]. This shows 

that the presence of surface capping agents does not play a role in regulating the mode of 

cellular uptake for 2D MoS2 nanosheets.



13

Even without getting internalized, 2D MoS2 nanosheets can remotely regulate cellular 

behavior through interactions with membrane proteins and induce mTOR-dependent 

autophagy (Figure 3c) [78]. In a study by Zhou et al., it was observed that the thickness of 

MoS2 nanosheets played a role in its interaction with cells. Few-layered MoS2 nanosheets were 

found to mostly interact with the cell membrane and did not get internalized. Whereas, thicker 

nanosheets were readily internalized by cells. Interaction of the thin nanosheets with cell 

membrane resulted in perturbation of cell signaling networks through downregulation of cell 

surface receptors and membrane proteins (IGF-1 and APP respectively) in a concentration 

dependent manner. This resulted in decreased phosphorylation of mTOR, hence enhancing 

cellular autophagy[78].

Cytocompatibility of MoS2 nanosheets has been investigated by a host of groups with 

results varying significantly due to changes in parameters such as synthesis conditions, capping 

agent, and size of nanosheet[56, 71, 78-87]. Several studies have reported no appreciable loss 

in viability of cells treated with MoS2 at concentrations ranging from 1-100 µg/mL[79, 88]. 

Further, PEG capped MoS2 nanosheets have been shown to cause no toxicity even at 

concentrations as high as 500 µg/mL[80]. Contrarily,  Liu et al. have reported increase in cell 

toxicity, loss of membrane integrity, increased ROS generation and enhanced pro inflammatory 

cytokine expression in HepG2 cells treated with uncapped 2D MoS2 at concentrations as low 

as 30 µg/mL[84]. Similarly, Yu et al. reported that chitosan functionalized MoS2 nanosheets 

were able to induce EGFR dependent ROS generation, resulting in the activation of cell 

inflammation and apoptosis via Smad and IL-1, respectively. These ROS resulted in  DNA 

damage, loss of cell viability and disruption of cell division in human dermal fibroblasts at 

concentrations ranging from 25-100 µg/mL[85]. Studies have also reported changes in 

metabolic profile of cells following treatment with MoS2 nanosheets, specifically MoS2 

nanosheets were shown to decrease nutrient absorption and lipid metabolism in 3D Caco-2 

spheroid model[87]. This variation in reported toxicity results in a lack of consensus regarding 

the effective therapeutic concentrations of 2D MoS2 nanosheet, with most studies indicating 

that cells show a high tolerance for this material at concentrations less than 100 µg/mL. 

5. MoS2-cell interactions: Immune cells

Interaction of any nanoparticles with cells of the immune system, such as monocytes, 

macrophages and dendritic cells, contribute towards sculpting the overall biological response 
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towards the nanoparticles and subsequently determines its fate. The immune recognition of 

nanomaterials is governed by several factors such as nanomaterial size, morphology, surface 

chemistry and protein corona[89]. These factors can either promote stronger interaction and 

recognition by the immune cells leading to an inflammatory response, or can help the 

nanomaterials to evade the immune system. For nanomaterials that are designed for the purpose 

of any diagnostic or therapeutic application, such encounters with the host immune system are 

inevitable as soon as these particles enter into the systemic circulation. So, understanding how 

2D nanomaterials like MoS2 interact with the immune system and the consequences of such 

interactions is crucial in designing safer nanomaterials for potential biomedical applications. 

5.1 Interaction of MoS2 with macrophages

MoS2 nanosheets have been found to get rapidly internalized by human macrophages 

within 4 h leading to the generation of mild oxidative stress and secretion of pro-inflammatory 

cytokines (Figure 4a)[77, 90]. However, such interactions were not found to be toxic towards 

the macrophages and the phagocytosed MoS2 nanosheets got degraded within 72 h resulting 

only in mild increase in the intracellular lipid levels as a defense mechanism[90]. 

It has been observed that the chemical composition of the protein corona is crucial in 

modulating the immune response. 2D MoS2 nanosheets showed a high degree of adsorption of 

key blood proteins like HSA, Tf, Fg, and IgG, with IgG showing the highest binding affinity 

towards the MoS2 nanosheets[64]. This differential protein binding by MoS2 nanosheets greatly 

influenced its interaction with macrophages and stimulated it to mount an inflammatory 

immune response. Pristine MoS2 nanosheets and the four MoS2-protein complexes were found 

to polarize the macrophages from a non-activated M0 phenotype to an activated pro-

inflammatory M1 phenotype. This polarization resulted in the production and secretion of pro-

inflammatory cytokines such as TNF-α, IL-6 and IL-1β by the macrophages. The inflammatory 

response was found to get enhanced in case of LPS-primed M1 macrophages in comparison to 

M0 macrophages, thereby showing that LPS priming made the macrophages more sensitive 

and receptive towards the MoS2-protein complexes. Among the four MoS2-protein complexes, 

MoS2-Fg and MoS2-IgG induced more inflammatory responses as compared to pristine 

nanosheets and the two other protein-nanosheet complexes, with MoS2-IgG stimulating the 

maximum production & release of the cytokines. On the other hand, the pristine MoS2 

nanosheets in the absence of any protein corona caused the highest secretion of IL-1β from the 

macrophages indicating a potential membrane-damaging role of the pristine nanosheets 
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resulting in greater inflammation. However, such membrane damaging events by MoS2 

nanosheets have been found to be more prominent only at higher concentrations (>100 µg/mL). 

Further investigations into understanding the inflammatory potential of MoS2 

nanosheets and its protein complexes revealed the activation of the NF-κB signaling pathway 

through direct interaction of the MoS2-protein complexes with cell surface receptors such as 

FcɤRs, which are highly expressed on the surface of macrophages and have high affinity 

towards IgG molecules. MoS2-IgG complexes bind to the FcɤRs and gets internalized by the 

macrophages through receptor-mediated endocytosis and activated the inflammatory pathway. 

Blocking these FcɤRs with antibodies significantly reduced the activation of NF-κB pathway 

by MoS2-IgG complexes and also decreased its cellular uptake, thereby revealing the 

involvement of cell surface receptor recognition of MoS2-protein complexes in inducing the 

inflammatory response. This probably also explains the low immunogenic response observed 

in case of pristine MoS2 nanosheets in comparison to the four MoS2-protein complexes. 

Apart from protein corona, surface passivation of MoS2 nanosheets using ligands such 

as PEG has also been found to activate macrophages and induce a pro-inflammatory 

response[91]. MD simulation studies involving pristine MoS2 nanosheets and MoS2-PEG 

nanosheets demonstrated the molecular mechanism behind such robust macrophage responses. 

It was found that both pristine and PEGylated nanosheets were capable of penetrating the 

macrophage membrane, which was thought to be the reason for the observed immune response. 

However, the PEGylated MoS2 was found to be more potent in mounting a higher inflammatory 

response as compared to pristine nanosheets. This was explained to be the result of better 

anchorage of MoS2-PEG nanosheets with the macrophage membrane and slower penetration 

into the membrane than pristine nanosheets. This slower uptake allowed the PEGylated 

nanosheets to remain adsorbed on the membrane surface for a longer time and thus stimulate 

it to a greater extent to release pro-inflammatory cytokines such as IL-6, TNF-α, IFN-γ, and 

MCP-1 (Figure 4a). 

As an alternate immunotherapeutic strategy, MoS2 based nanosystems have also been 

explored as drug delivery vehicles for modulating macrophages towards an anti-inflammatory 

phenotype (Figure 4b)[92]. Spinal cord injuries (SCI) are often associated with acute 

inflammation and presence of elevated levels of pro-inflammatory cytokines in patients 

suffering from the condition, which eventually leads to chronic pain syndrome, tissue damage 

and motor dysfunction. One treatment strategy to address this condition is to modulate the 
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inflammation towards an anti-inflammatory response. Treatment with conventional anti-

inflammatory drugs have been found to be effective in reducing the inflammatory response and 

disease condition to an extent, but has been limited due to the requirement of high doses, 

systemic toxicity, off-target immunosuppression and other associated deleterious effects. To 

address this challenge, nano drug delivery vehicles which can efficiently load and deliver 

controlled doses of therapeutic payloads to a desired target can be a very effective solution. 

Sun et al demonstrated the use of PEGylated MoS2 nanoflowers as delivery vehicles to carry 

the anti-inflammatory drug, etanercept (ET) across the blood-spinal cord barrier to the damaged 

tissues of spinal cord in a mouse model of SCI. The PEGylated MoS2 nanoflowers showed 

high drug loading capacity owing to the increased surface area provided by multiple nanosheets 

of the flower structures and were able to release the drug ET over a period of 6 days in a slow 

and sustained manner. In the mouse model of SCI, the nanoflowers were found to circulate for 

long durations in blood and could reach the injured spinal cord tissues through passive targeting 

and deliver drugs even after 96 hours of injury. This significantly improved the window for 

controlled therapeutic intervention. The nanostructures did not induce any signs of in vitro or 

in vivo toxicity and were efficient in modulating the immune response through macrophage 

polarization. In vitro cellular uptake showed rapid internalization of the drug loaded MoS2 

nanoflowers by macrophages, which resulted in polarization of the LPS activated M1 

macrophages to an anti-inflammatory M2 phenotype. A clear downregulation of pro-

inflammatory markers such as iNOS, TNF-α, CD86, and subsequent upregulation of anti-

inflammatory markers like Arg1, IL-10, CD206 was observed in the treated macrophages. 

Similar polarization from M1 to M2 was also observed in the damaged tissues of spinal cord 

in the SCI mouse model following treatment with ET loaded PEGylated MoS2 nanoflowers. A 

significant upregulation in the expression of anti-inflammatory cytokines such as IL-10 and 

IL-4, along with downregulation of pro-inflammatory markers like IL-1a, IL-6, IFN-c, TNF-a, 

monocyte chemotactic protein 1 (MCP-1), and macrophage inflammatory protein-1b (MIP-1b) 

was clearly observed in the spinal cord tissues of mouse treated with drug loaded MoS2 

nanoflowers. This controlled modulation of the immune response towards an anti-

inflammatory phenotype exerted by MoS2 nanoflowers resulted in providing neuroprotection 

to the injured mouse and also improved the locomotory responses of the mouse. These results 

showed the immense potential of utilizing MoS2 based nanomaterials for drug delivery and 

immunotherapy purposes. 
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The interaction of MoS2 nanosheets with macrophages has also been exploited in a 

completely different approach for achieving targeted photothermal therapy of tumours. The 

superior phagocytotic ability of macrophages combined with its tumour infiltrating properties 

were exploited by Song et al as a tumour targeting vehicle for carrying NIR responsive MoS2 

nanosheets specifically to desired tumour locations[93]. Macrophages upon encountering 

MoS2 nanosheets internalized them through phagocytosis and carried these photothermal 

agents to tumour sites, where NIR irradiation resulted in selective photothermal ablation of the 

tumours without inducing any systemic toxicity and unwanted side effects.

5.2 Interaction of MoS2 with dendritic cells

In addition to macrophages, MoS2 nanosheets can also modulate the function of another 

key antigen presenting cell known as the dendritic cells (DC). DC plays a very significant role 

in sculpting the overall immune response of an antigen or a foreign material such as 

nanoparticles. It acts as a bridge between the innate immune arm and the adaptive immune arm 

of the immune system and respond to invaders by activating the T cells. This process of 

activating the adaptive immune system through T cell priming requires the transition of DCs 

from an immature phase to a mature phase. Immature DCs residing in different tissues and in 

circulation usually have low lymphoid homing and T cell priming abilities, however they 

possess excellent phagocytic activity. On encountering a pathogen, these immature cells get 

stimulated through toll-like receptor (TLR) activation and transform into mature DCs by 

increasing the expression of co-stimulatory molecules (CD40, CD80, CD86) on its cell surface 

and secrete elevated levels of pro-inflammatory cytokines. This transition creates a favorable 

milieu for the DCs to migrate to different lymphoid tissue regions and carry out T cell 

activation. Immunomodulation of DCs using adjuvants that can regulate the maturation, 

migration and T cell activation potential of these cells in a controlled manner can play a very 

crucial role in designing immunotherapies and nano-vaccines. 

The possibility of using nanomaterials as immunomodulatory agents or nano-adjuvants 

to regulate/manipulate the immune response has been a subject of interest for quite some time 

now for developing better nano-based immunotherapies. One such study focused on 

understanding the interactions of 2D MoS2 nanosheets with DCs and their role as potential 

immune-modulatory agents[94]. Upon interaction with DCs, the MoS2 nanosheets were 

phagocytosed into intracellular vesicles and regulated the maturation, migration and T cell 

priming functions of DCs in a size-independent and dose-dependent manner (Figure 4c). The 
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nanosheets did not induce any toxicity to the cells. Nanosheet primed DCs showed significantly 

elevated levels of costimulatory signal molecules (CD40, CD80 and CD86) on their surface in 

comparison to non-primed DCs, and also enhanced secretion of pro-inflammatory cytokines 

IL-6 and TNF-α, thereby showing that MoS2 nanosheets could strongly regulate the maturation 

of DCs. Higher concentrations of MoS2 nanosheets was found to enhance the degree of DC 

maturation. Following maturation, the effect of MoS2 nanosheets on lymphoid homing ability 

of DCs was also investigated which revealed a positive regulation on the migration of matured 

DCs. Under ex-vivo conditions, the nanosheet treated DCs demonstrated increased migration 

distance and velocity as compared to control DCs, indicating a possible role of MoS2 in 

improving the homing abilities of DC. Further investigations into understanding the in vivo 

effects of MoS2 on DC homing revealed that MoS2 primed DCs when injected into mouse 

footpads could migrate better to popliteal lymph nodes in comparison to non-primed ones. A 

~2-fold increase in the local lymphoid homing ability of DCs was observed when treated with 

MoS2 nanosheets. Further, when directly injected into systemic circulation, the MoS2 primed 

circulatory DCs were found to be more committed towards migrating and localizing in the 

para-pulmonary lymph nodes and liver lymph nodes of mouse, whereas the control DCs 

remained mostly confined to lungs. This improvement in migration abilities of DCs was 

believed to be a result of cytoskeleton rearrangement induced via MoS2 mediated intracellular 

ROS generation. Finally, these MoS2 treated DCs were found to be capable in activating T cells 

and regulate the adaptive immune response. The size of the popliteal lymph nodes in mouse 

injected with MoS2 primed DCs were significantly larger as compared to control, which 

validated the presence of an ongoing immune response in the lymph nodes. Further analysis of 

the lymph nodes indicated an increase in the population of T-lymphocytes (CD4+ and CD8+) 

and B-lymphocytes in the MoS2 group. In addition, the T-lymphocytes also showed elevated 

levels of activation markers (CD69, CD107a, ICOS) and expression of intracellular cytokines 

(TNF-α and IFN-γ). Immunization of mice with MoS2 nanosheets resulted in improved antigen 

presentation, lymphoid homing and T cell priming of DCs when compared to a standard 

cytokine-cocktail immunotherapy. Such immunostimulatory potential of MoS2 nanosheets 

make them suitable candidates as vaccine adjuvants, where the utilization of these nanosheets 

in combination with specific antigens can give rise to novel “nano-vaccines” having the 

potential to elicit much stronger and heightened immunological response leading to better 

therapeutic outcomes. 
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Figure 4. MoS2-Immune cell interactions. 
(a) 2D MoS2 nanosheets are phagocytosed by macrophages which leads to polarization of macrophages from M0 
to M1 pro-inflammatory phenotype. 
(b) Delivery of anti-inflammatory drugs to M1 macrophages using 2D MoS2 nanosheets as drug delivery vehicles 
can polarize them to M2 anti-inflammatory phenotype and reduce inflammation. 
(c) 2D MoS2 nanosheets can activate tissue resident dendritic cells, which then migrates to lymph nodes upon 
maturation and executes T-cell priming for an adaptive immune response.

One such example is the design of NIR responsive PEGylated MoS2 nanosheets as a 

multifunctional drug delivery vehicle for carrying out photothermally enhanced 

immunotherapy of cancers[95]. CpG, a known TLR9 agonist used for activating macrophages 

and dendritic cells was delivered using these PEGylated MoS2 nanosheets. Macrophages upon 

internalizing these nanocarriers got activated and secreted high levels of pro-inflammatory 

cytokines, TNF-α and IL-6. This immunostimulatory potential of the CpG loaded MoS2 

nanocarriers was further enhanced through NIR stimulation, which resulted in greater 

production of these cytokines on account of increase in membrane permeability as a result of 

NIR irradiation leading to greater uptake of the nanocarriers. Further, these nanocarriers were 

also found to stimulate the maturation of DCs as evidenced by the elevated expression of 

maturation markers CD80 and CD86 in DCs. Similar to macrophages, the extent of DC 

maturation by these nanocarriers was also increased under NIR irradiation. TLR-9 activation 

in macrophages and DCs results in the production of cytokines, many of which are known to 
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demonstrate anticancer activities and thus can result in stimulation of both innate and adaptive 

immune responses. The CpG loaded MoS2 nanosheets were found to enhance the anti-

proliferative abilities of murine macrophages against breast cancer cells in a co-culture system, 

which resulted in increased cytotoxicity to the cancer cells. This anticancer effect was again 

observed to get enhanced in the presence of NIR irradiation, which established the usefulness 

of using photothermal therapy as a tool for enhancing the therapeutic outcomes of existing 

immunotherapies. 

6. MoS2-cell interactions: Stem cells

The physical microenvironment plays a crucial role in modulating stem cell behavior 

by providing physical and chemical cues. These cues can be in the form of surface topography, 

stiffness, interactions between cell-matrix components and mechano-sensing (Figure 

5a&b)[96-98]. These signals influence the arrangement and orientation of cell cytoskeleton 

and also promote enhanced interactions between the cells and their surrounding matrix. Such 

events in turn stimulate several intracellular signaling pathways within the stem cells which 

progress in a coordinated manner, either to promote or inhibit lineage-specific differentiation 

of stem cells. 

Nanomaterials, especially two-dimensional nanosheets, have emerged as potential 

substrates for stem cell growth. The high surface area to volume ratio and strong mechanical 

properties of nanosheets provide crucial nano-topographical and mechanical cues for 

modulation of stem cell fate and differentiation[99, 100].  Surface chemistry and composition 

of 2D nanomaterials also contributes towards sculpting the nature of interaction between stem 

cells and 2D nanomaterials. Presence of specific functional groups on the surface of nanosheets 

can provide preferential anchorage sites for stem cells to adhere and grow[101]. Similarly, 

nanomaterial composition can also influence stem cell differentiation through release 

(dissolution) of specific ions that can trigger lineage specific differentiation of stem cells[15, 

102-105]. Furthermore, the remarkable protein adsorption properties of nanosheets have also 

been found to significantly contribute towards enhancement of stem cell adherence, 

proliferation and differentiation. This results from the creation of biochemical signal enriched 

regions (pre-concentration effect) within the nanostructured microenvironment through surface 

sequestration of proteins, growth factors and differentiation signals from the cell culture 

medium as well as from the secreted extracellular matrix (Figure 5c)[106]. Consequently, a 

sustained and controlled release of these biochemical cues from the nanosheet 
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surfaces/scaffolds exerts a spatiotemporal regulation of stem cell growth and differentiation. 

Thus, understanding the key molecular events happening inside stem cells as a result of 

interaction with nanostructured microenvironment is very crucial in properly evaluating the 

actual role of nanomaterials in designing scaffolds for tissue engineering. 

The effect of such a nanostructured biointerface, designed by depositing MoS2 

nanosheets on a solid substrate, was evaluated by Zhang et al with respect to growth, adhesion 

and differentiation of mesenchymal stem cells (MSCs)[107]. The MoS2 coated substrates 

supported the adhesion and proliferation of MSCs without inducing cell death. In comparison 

to a plain tissue culture plate, the nanostructured substrate was found to induce cytoskeletal 

rearrangements in the MSCs which resulted in better spreading and attachment of the cells on 

the surface (Figure 5a). The MSCs growing on the MoS2 coated surface demonstrated more 

protrusions and elongated morphology as compared to a flat surface. Further, these cells were 

also found to express higher levels of vinculin, especially at the ends of the protrusions, thereby 

showing the formation of focal adhesions on the nanostructured surface, which were ~2.4 times 

more than that on a flat surface (Figure 5b). This showed that the MoS2 nanostructured 

interface acted like an extracellular matrix (ECM) mimic and provided nano-topographical 

cues to the stem cells for regulating the assembly of its focal adhesion proteins. This in turn 

resulted in mechanical stimulation of the stem cells through reorganization of cytoskeletal 

elements such as F-actins. The actin stress fibers of the MSCs growing on the MoS2 

nanostructured interface were more pronounced and connected to the focal adhesions (Figure 

5b). Such changes in focal adhesion and cytoskeleton arrangements of stem cells are known to 

alter the expression profiles of genes associated with differentiation[108]. The MoS2 coated 

substrates also promoted osteogenic differentiation of the MSCs. The cells showed increased 

alkaline phosphatase activity, enhanced deposition of calcium nodules and upregulation of key 

osteogenic markers like osteocalcin (OCN), osteopontin (OPN) and Runt related transcription 

factor 2 (Runx2), both at the mRNA and protein level. Not only osteogenesis[109], MoS2 based 

nanostructured surfaces have also been found to promote adipogenic differentiation of human 

adipose derived MSCs through upregulating the expression of a key differentiation marker 

lipoprotein lipase (LPL), along with stimulation for increased formation of lipid droplets[109, 

110]. 

Research from our group has recently shed some new and interesting insights into how 

two-dimensional materials like nanosilicates[111] and MoS2[56] regulate the cellular and 

molecular functions of stem cells, and also demonstrated the possibility of utilizing the unique 
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NIR responsive photothermal behaviour of MoS2 nanosheets as a novel tool for influencing 

stem cell behaviour on demand, towards therapeutic and regenerative applications[56]. Global 

gene expression profiling of human mesenchymal stem cells (hMSCs) treated with MoS2 

nanosheets, with or without NIR stimulation, revealed significant changes in the gene 

expression signature of hMSCs. MoS2 alone was found to differentially regulate the expression 

of ~103 genes in hMSCs, which increased to ~157 genes under photothermal stimulation. 

Majority of these differentially regulated genes were observed to be related with cellular 

migration and wound healing abilities of the stem cells (Figure 5d). It was observed that 

photothermal modulation of stem cells using MoS2 nanosheets played a significant role in 

regulating cell function and behaviour associated with extracellular matrix organization, 

angiogenesis/vasculature development, cell motility and proliferation, cell-cell interactions, 

wound healing, ion homeostasis, nucleic acid homeostasis, stress signaling and protein 

binding/intracellular signaling. Among these, the effect on cell motility and wound healing was 

found to be very prominent. A number of genes related to wound healing were down regulated 

in hMSCs undergoing MoS2 mediated photothermal modulation. Expression of one such gene, 

limb bud and heart development (LBH), known to be associated with activation of 

cardiogenesis, vascular development and transcription, was significantly suppressed. Similarly, 

GREM1, a therapeutic target in breast cancer known for its association with promoting cell 

migration, invasion and angiogenesis, was also significantly down regulated, while another 

gene HMOX1, known to inhibit breast cancer migration and invasion was found to be up-

regulated by MoS2 mediated photothermal modulation. This negative regulation of cell 

migration and wound healing was corroborated by both 2d- and 3d- in vitro cell 

migration/invasion assays. The assays showed the decreased migration abilities of not only 

stem cells, but also of smooth muscle cells, breast cancer cells and endothelial cells, in response 

to treatment with MoS2 nanosheets and NIR stimulation. To gain a better mechanistic 

understanding of the observed effect on cell migration and wound healing, the expression of 

integrin molecules on the stem cells was quantified. Integrins are membrane receptors 

belonging to the family of glycoproteins which interact with ECM components and regulate 

different intracellular signalling pathways related to cell migration, matrix deposition and 

angiogenesis. It was observed that there was a significant decrease in the levels of unbound 

integrin β-1 in cells treated with MoS2. Also, the expression levels of several genes involved 

in cell-ECM adhesion (IGFBP2, IGFBP5, ITGA7, ITGA11, NID2, HAPLN3), cytoskeleton 

rearrangement (ACTA2, ACTG2, MYH9, MYH10) and focal adhesion (FAX, vinculin, paxillin), 

both at transcript as well as protein level, were significantly decreased. This downregulation 



23

clearly showed the role of nanosheets in modulating integrin signalling to reduce cell adhesion 

and thus suppress cell migration. This aspect of light mediated modulation of stem cell 

behaviour using two-dimensional MoS2 nanosheets has the potential to find application in 

tissue engineering, cancer therapy and regenerative medicine.

Figure 5. MoS2-Stem cell interactions. 
(a) Biophysical cues such as substrate stiffness and nano-topography regulate stem cell adherence, spreading and 
elongation. 
(b) Biophysical cues promote formation of focal adhesions and induce cytoskeletal rearrangements. 
(c) Sequestration of growth factors on MoS2 nanosheet surface (pre-concentration effect) promotes stem cell 
differentiation (Biochemical cues). 
(d) Photothermal modulation of stem cells by MoS2 affects cell migration and adhesion.

7. Biodistribution, biotransformation & biodegradation of MoS2

To effectively evaluate the efficacy of a nanomaterial as a therapeutic agent, it is essential to 

understand it’s in vivo biodistribution and biodegradation. The mode of administration plays a 

key role in the in vivo localization of a given 2D nanomaterial, with intravenous delivery being 

one of the preferred modes of administration. Previous research has shown majority of 

nanomaterials are mostly localized/filtered within the liver and spleen, followed by filtration 

at the kidneys. The biodistribution of albumin coated MoS2 nanosheets was evaluated by Cao 

et al. using a C57BL/6 mouse model[112]. They first identified the composition of the protein 
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corona forming around the MoS2 nanosheets as this would affect both the mechanism of uptake 

and the type of cell internalizing the nanosheets. They reported that the protein corona was 

composed of fibrinogen γ chain (Fgg), immunoglobulin μ chain (IgM), apolipoprotein and C3, 

with Fgg being the most abundant. As mentioned in the earlier section, adsorption of these 

proteins on the nanosheets can initiate its uptake by macrophages through phagocytosis. Post 

formation of the protein corona, it was observed that long term localization (60 d) of MoS2 

occurred within the mononuclear phagocyte system (MPS) of the liver and spleen. The Mo was 

found to be distributed in the liver sinusoid structure, which closely interfaces with the blood 

vessels in the liver, specifically within the hepatic Kupffer cells, where Mo uptake was found 

to be 5.4- to 9.2-fold higher than in normal hepatocytes. This further establishes macrophages 

as the primary cell type involved in the internalization of the nanosheets (Figure 6a). Similarly, 

it was observed that Mo primarily localized within the splenic red pulp as compared to the 

splenic white pulp, specifically within the splenic red pulp macrophages (RPMs).Further, the 

initial trafficking (first 30 minutes) of the albumin coated MoS2 nanosheets (post intravenous 

injection) showed that the nanosheets travelled via deoxygenated blood to the lung where they 

are cleared by the pulmonary capillary system and re-enter the blood stream before localizing 

within the liver and spleen. Additionally, it was observed that the site of MoS2 localization was 

independent of the dosage of nanomaterials administered. Other groups utilizing PEG-coated 

MoS2 nanosheets, also identified the liver and spleen as the primary site of Mo localization. It 

was further reported that despite accumulation within the liver and spleen, histological 

examination of the organs 30 days post-treatment with nanosheets showed no signs of increased 

abnormality or inflammation. Following this localization within the liver and spleen, both 

studies indicate that the MoS2 is degraded and utilized by cells through oxidative degradation 

and subsequent conversion into bioavailable molybdate. 

Studies have determined that unlike bulk MoS2, 2D MoS2 nanosheets are 

thermodynamically unstable in aqueous environment, resulting in the formation of molybdate 

(MoO4
2–) and thiosulfate (S2O3

2-) ions (Figure 6b)[113-115]. In microenvironments 

mimicking that of lysosomal vesicles, such as PBS containing low concentration of H2O2 (10 

× 10−6 M), MoS2 nanosheets have been shown to undergo near complete degradation within 14 

days of exposure[75, 115]. Addition of peroxidase enzymes to such microenvironments such 

as human myeloperoxidase (MPO), commonly overexpressed in activated neutrophils, further 

enhance the degradation rate of MoS2 nanosheets, resulting in significant degradation within 

24h of exposure[75]. In the same study it was also observed that the presence of capping agents 
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such as PEG or albumin results in a decreased degradation rate as compared to pristine MoS2 

nanosheets[75, 112]. X-ray absorption near-edge spectroscopy (XANES) of livers in mice 

treated with MoS2 have reported that following biotransformation of MoS2 to molybdate ions, 

the Mo ions can be utilized by cells to synthesize molybdenum cofactors (MOCOs) such as 

molybdopterins and iron–molybdenum cofactors[112]. The enhanced synthesis of MOCOs 

results in increased specific activities of molybdoflavoenzymes such as aldehyde oxidase 

(AOX) and xanthine oxidoreductase (XOR) in the liver of MoS2 treated mice (Figure 6c).

Figure 6. Biodistribution, biotransformation and biodegradation of 2D MoS2 nanosheets. 
(a) Intravenous administration of 2D MoS2 nanosheets leads to its accumulation in the Kupffer cells and red pulp 
macrophages of liver and spleen, respectively. 
(b) In the physiological environment, 2D MoS2 nanosheets undergo biotransformation and biodegradation into 
non-toxic molybdate and thiosulphate species. 
(c) The molybdate species are utilized by liver cells in the production of more molybdenum cofactors (MOCOs), 
which in turn regulate the activity of molybdoflavoenzymes.

Thus, MoS2 nanosheets are not only localized within the liver and spleen but are further 

subjected to oxidative degradation resulting in the formation of bioavailable molybdate ions. 

Future MoS2-based therapies or diagnostics need to take into account the generation of these 

molydabte ions and the subsequent enhancement of molybdoflavoenzymes activity at the site 

of accumulation. In addition, further research regarding the role of capping agents in 

distribution of MoS2 nanosheets is needed in order to develop MoS2 based therapies capable 

of localizing at sites other than the liver. The summary of various nano-bio interactions of 2D 

MoS2 are shown in Table 1. 
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Table 1. Summary of the nano-bio interactions of 2D MoS2

Nano-bio 
interactions

Characteristics

MoS2-
Protein 
interaction

 Rapid adsorption of proteins onto the nanosheet surface due to high surface to volume 
ratio
 van der Waals forces and hydrophobic interactions are the dominant forces
 Protein corona identity is regulated by MoS2 surface chemistry 
 Modulate secondary structure of adsorbed proteins
 Determines biological fate of nanosheets

MoS2-Cell 
interaction

 Cellular uptake of nanosheets mainly through endocytotic pathways
 Larger nanosheets internalized through phagocytosis/micropinocytosis
 Smaller nanosheets internalized through caveolar or clathrin mediated pathways
 Without internalization, MoS2 can induce mTOR-dependent autophagy
 Mostly biocompatible

MoS2-
Macrophage 
interaction

 Rapid internalization by macrophages
 Polarization of macrophages from M0 to M1 phenotype
 Secretion of TNF-α, IL-6 and IL-1β
 FcɤRs receptor mediated activation of NF-κB pathway
 PEGylated MoS2 mounts heightened inflammatory response
 MoS2 as drug delivery vehicle for immunomodulation

MoS2-
Dendritic 

cell 
interaction

 Regulate the maturation, migration and T cell priming functions of DCs in a size-
independent and dose-dependent manner
 Upregulation of CD40, CD80 and CD86 on DC surface
 Enhanced secretion of IL-6 and TNF-α
 Increase in lymphoid homing ability of mature DCs
 T cell activation and adaptive immune response
 Act as nano-adjuvants

MoS2-Stem 
cell 

interaction

 Spatiotemporal regulation of stem cell growth, proliferation and differentiation
 Biophysical cues such as nanosheet topography and stiffness influence stem cell 
adhesion, spreading and elongation
 Sequestration of growth factors on MoS2 nanosheet surface (pre-concentration effect) 
promotes stem cell differentiation (Biochemical cues)
 Photothermal modulation of stem cells by MoS2 affects cell migration and adhesion
 Promotes bone, nerve, heart and skin regeneration

In vivo fate

 MoS2 nanosheets accumulates in the Kupffer cells and red pulp macrophages of liver 
and spleen
 MoS2 nanosheets undergo biotransformation and biodegradation into non-toxic 
molybdate and thiosulphate species
 Incorporation of molybdate species into molybdenum cofactors (MOCOs)

8. Applications of MoS2 in tissue engineering and regenerative medicine

The previous sections focuses on “nano-bio” interactions of 2D MoS2 which has direct 

implications in the field of tissue engineering and regenerative medicine. Planar morphology, 

high surface area and biocompatibility of 2D materials together with their nano-topographical 

surface characteristics, have made them promising materials for guiding and regulating cell 

function. The superior mechanical as well as electrical properties of 2D materials have led to 

the design and fabrication of mechanically strong and electrically conductive scaffolds for 
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tissue engineering. In addition to graphene, other 2D materials such as nanoclay, layered 

double hydroxides, transition metal oxides, transition metal dichalcogenides, black 

phosphorous, metal carbides and nitrides have also shown potential in the field of tissue 

regeneration[3, 116-121]. However, transition metal dichalcogenides, especially MoS2, have 

gained considerable momentum in this direction and is emerging as one of the next-generation 

materials for designing tissue engineering scaffolds and regenerative applications. The process 

of bone regeneration and repair involves voltage changes across strain gradients within the 

bone extracellular matrix. The semiconducting nature of MoS2 nanosheets make it behave as a 

piezoelectric material, which can respond to these changes in voltage associated with strain 

gradients, thereby making it highly suitable as scaffolds for bone tissue engineering[21]. 

Further, the high electrical conductivity of 2D MoS2 also holds promise for designing 

electrically conductive scaffolds for cardiac and neural tissue regeneration. The advent of 

additive manufacturing and 3D printing era has further fueled the interest in the generation of 

bioinks for 3D printing and fabrication of complex 3D scaffolds for tissue engineering and 

replacement of organs. Recent progress in the development of MoS2 nanosheet incorporated 

hydrogels, capable of supporting stem cell growth and proliferation and also responsive to NIR 

stimulus for sustained drug delivery, have opened up new possibilities for design and 

fabrication of next-generation nanoengineered bioinks for regenerative applications[28, 57]. In 

this section, we present the recent progress in the application of MoS2 in the field of bone, 

cardiac, neural and skin tissue regeneration.

8.1 2D MoS2 nanosheets for bone regeneration

The main challenge in designing tissue engineering scaffolds, especially for high load 

bearing tissues such as bone, is to achieve the desired mechanical strength and stiffness in the 

scaffolds so that it can bear the stress and efficiently dissipate the load without damaging the 

tissues. The mechanical properties of 2D MoS2 have proved to be very helpful in overcoming 

this limitation to a great extent. Single layered 2D MoS2 nanosheets possess a mechanical 

stiffness of ~270±100 GPa (Young’s modulus), comparable to other materials used in ortho 

implants such as steel. These nanosheets also exhibit a breaking strength of ~23 GPa[122].  

This shows that 2D MoS2 can acts as nanofillers and reinforce the mechanical properties of 

polymeric scaffolds and hydrogels, which can lead to the development of lightweight, ultra-

strong biomaterials for tissue regeneration (Figure 7a). The mechanical properties of a 

biodegradable bone tissue engineering scaffold made of the biocompatible polymer 

polypropylene fumarate (PPF) was found to be significantly improved upon incorporation of 
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2D nanostructures such as graphene oxide nanoribbons and graphene oxide and MoS2 

nanoplatelets[14]. All the 2D nanostructures contributed towards increasing the compressive 

and flexural properties of the polymeric scaffold, however, MoS2 nanoplatelets demonstrated 

the maximum reinforcing effect in improving the mechanical strength of the scaffold. In 

comparison to 1D nanostructures like carbon nanotubes, which are also used as nano-

reinforcing agents to impart mechanical strength, the 2D nanostructures were found to be much 

superior in terms of providing mechanical reinforcement to scaffolds. Furthermore, the 2D 

nanostructure reinforced PPE scaffolds exhibited mechanical properties similar to that of 

trabecular bone, thereby clearly establishing the potential of further exploiting these 

nanostructures, especially MoS2, in fabricating scaffolds directed towards trabecular bone 

regeneration. 

In addition to improving the mechanical properties of scaffolds, MoS2 nanosheets have 

also been observed to impart bioactivity to osteoconductive scaffolds. Bioactivity of a scaffold 

is strongly influenced by the surface property and chemistry of the material used in designing 

the scaffold. A bioactive scaffold allows for the deposition of a layer of apatite on its surface 

which acts as a bonding layer to the bone tissue, thereby assisting in the process of bone growth 

and regeneration. Raskow et al in their study observed increased apatite formation on the 

surface of MoS2 nanoplatelets incorporated porous PLGA scaffolds as compared to bare PLGA 

scaffolds, when incubated in a simulated body fluid for a period of 14 days[123]. The MoS2 

nanostructures present in the polymeric matrix acted as nucleation sites for the apatites to grow 

and deposit, thus guiding bone tissue regeneration. The short (2 weeks) and long (6 weeks) 

term biocompatibility of MoS2 nanoplatelet reinforced porous poly(lactic-co-glycolic acid) 

(PLGA) scaffolds in a rat model of critical-sized bone defect showed that the nanomaterial 

incorporated scaffolds did not induce any adverse effects towards hard and soft tissues[124]. 

The bone quantity and density remained unaffected by the presence of the nanomaterial-based 

scaffolds. Modification of the PLGA scaffolds with 0.2% MoS2 nanoplatelets resulted in 15% 

greater bone growth after 2 weeks of implantation, as compared to bare PLGA scaffolds, which 

indicated that presence of MoS2 nanoplatelets assisted in bone regeneration.

Nanofibrous electrospun scaffolds, which mimic extracellular matrix morphology and 

organization, have been found to play a positive role in supporting stem cell growth and 

proliferation for tissue regeneration. Polyacrylonitrile (PAN) nanofibers prepared through 

electrospinning and doped with MoS2 nanosheets were found to serve as an excellent scaffold 

for promoting the growth and proliferation of bone mesenchymal stem cells (BMSCs)[125, 

126]. In comparison to undoped PAN scaffolds, the stem cells were observed to attach much 
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better to the MoS2 doped nanofiber surfaces and acquired elongated and protruded morphology 

over time. Also, the cell-cell contact was found to be more prominent in case of MoS2 doped 

PAN nanofiber scaffolds, thereby demonstrating a positive regulation on stem cell behaviour 

by the nanosheet incorporated scaffolds. Further, the osteogenic potential of the seeded BMSCs 

were also upregulated in the presence of MoS2 nanosheets, which showed higher expression of 

ALP with increase in MoS2 concentration in the scaffolds. In another study, the effect of MoS2 

nanosheet incorporated polycaprolactone/zein nanofibrous scaffolds towards stem cell growth, 

proliferation and osteogenic differentiation was studied[13]. The nanosheet incorporated 

nanofibers demonstrated much better pre-osteoblast (MC3T3-E1) cell attachment and 

proliferation, as compared to scaffolds without MoS2. The bioactive potential of the 

nanofibrous scaffolds was also improved in the presence of MoS2 nanosheets, which promoted 

higher deposition of apatite on the surface of scaffolds. The scaffolds also demonstrated good 

osteogenic differentiation of the pre-osteoblast cells which was again found to be enhanced in 

the presence of MoS2 nanosheets. Thus, the ability of MoS2 nanosheets to promote stem cell 

growth and proliferation, and improve osteogenic differentiation of MSCs shows the immense 

potential of this 2D material for bone regeneration.

Treatment of tumour related bone defects remains a serious challenge as majority of 

surgical interventions to remove such tumours result in creation of large bone defects which 

becomes difficult to repair and reconstruct. One potential approach to address this concern is 

development of integrative therapeutic regimes that can kill tumours as well as promote bone 

regeneration. In an interesting study by Wang et al., the tissue regeneration potential and NIR 

responsive photothermal property of MoS2 was exploited to develop a 3D printed 

nanocomposite scaffold that could promote regeneration of bone defects, as well as assist in 

simultaneous removal of tumour tissues through photothermal ablation[127]. A bioceramic 

AKT scaffold was 3D printed which was then modified with MoS2 through a hydrothermal 

process. The MoS2 modified AKT scaffolds (MS-AKT) showed a rapid increase in surface 

temperature in presence of NIR irradiation, which could be modulated by tuning the 

concentrations of MoS2 on the scaffold surface. This photothermal response of the scaffolds 

helped in decreasing the viability of breast cancer and osteosarcoma cells. It also assisted in 

inhibiting tumour growth in an in vivo cancer model. Furthermore, the scaffolds were found to 

be very effective in supporting the attachment, proliferation, and osteogenic differentiation of 

bMSCs and promoted in vivo bone regeneration. Similarly, in another study, this integrative 

treatment approach was further demonstrated for treatment of bone cancer. 3D printed 

bioactive borosilicate glass scaffolds coated with a layer of MoS2-PLGA nanocomposite 
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demonstrated successful photothermal ablation of osteosarcoma cells in vitro and also inhibited 

tumour growth in nude mice[128]. It further stimulated the proliferation and differentiation of 

rat bMSCs upregulated expression of osteogenesis-related genes such as Col-I, OCN, and 

Runx-2 and promoted bone repair in critical-sized monocortical defects in a rat model. 

Interestingly, hydroxyapatite scaffolds reinforced with 2D MoS2 nanosheets promoted 

osteogenic differentiation of human osteoblasts, both in vitro and in vivo, and helped in the 

regeneration of distal femoral defect in rat without any exogenous growth factors[18]. All these 

studies show the possibility of further exploiting 2D MoS2 nanosheets for designing scaffolds 

that can achieve a combined therapeutic and regenerative treatment.

8.2 2D MoS2 nanosheets for neural tissue regeneration

The good electrical conductivity of MoS2 nanosheets can be exploited to design 

scaffolds and surfaces for tissues like nerves, where electrical stimulation and conduction are 

important parameters for maintaining the tissue function and regulating neural differentiation 

(Figure 7b). MoS2 thin films prepared by assembling MoS2 nanosheets on a flat substrate 

showed excellent biocompatibility towards neural stem cells (NSCs) and also supported the 

attachment, spreading, proliferation and maintenance of stem-cell properties like stemness and 

self-renewal of NSCs[129]. When compared to a normal tissue culture plate, NSCs growing 

on MoS2 thin films showed formation of more pronounced and distinct focal adhesions with 

the substrate, as evidenced through increased expression of vinculin and its localization 

towards the periphery of the cells. The attached cells also showed elongated filoreticulopodias 

and cytoplasmic fringes in close contact with the surface of the MoS2 thin films. Moreover, it 

was observed that MoS2 thin films could enhance the differentiation of NSCs into neurons and 

neuroglial cells in long-term cultures. Expression of neural lineage specific differentiation 

markers like glial fibrillary acidic protein (GFAP) and microtubule associated protein-2 

(MAP2) were 2.3 and 1.3-fold higher in NSCs cultured on MoS2 thin films as compared to 

tissue culture plates, on the 15th day of culture. This was also associated with a lower expression 

of the early-stage neural marker neuronal associated class III beta-tubulin protein (Tuj1) in the 

NSCs growing on the MoS2 thin films, which further validated the differentiation of the cells 

towards neurons and glial cells. Furthermore, the differentiating cells were also found to mature 

into functional neurons on the MoS2 thin films as seen from higher expression of neuron-

specific enolase (NSE) and MAP2 after 21 days. In addition, the MoS2 thin films also promoted 

neurite outgrowth and elongation in the differentiated cells better than that on tissue culture 

plates. Construction of 3D living nerve conduits using these MoS2 thin films resulted in 
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generation of living scaffolds which showed cell-seeding ability, good conductivity and 

flexibility, thereby opening up the possibility of using these conducting scaffolds as nerve 

replacements in injury and damage. In another study, the feasibility of using cotton threads as 

nerve regeneration scaffolds was demonstrated by incorporating MoS2 nanosheets into the 

cotton threads[17]. The nanosheet modified cotton threads exhibited a conductivity of 9.4 × 

101 S m-1, and also supported the growth of PC 12 and NG108-15 cells on its surface, thereby 

opening up future possibilities of exploring this scaffold for neural tissue regeneration. 

8.3 2D MoS2 nanosheets for cardiac tissue regeneration

Repair or replacement of injured heart muscles through cardiac tissue engineering is 

much needed to address the emerging problems associated with cardiac diseases and heart 

failure. Electrospun nanofibrous scaffolds, with its ability to mimic extracellular matrix 

microenvironments such as that of myocardium, have attracted a great deal of attention lately 

for potential application in cardiac tissue engineering. However, these scaffolds suffer from 

poor mechanical property and also lack inherent electrical conductivity, which are very crucial 

for mimicking the native myocardium environment for successful cardiac regeneration. The 

mechanical properties coupled with electrical conductivity of MoS2 nanosheets have been 

explored in this regard to design nanofibrous scaffolds suitable for cardiac tissue engineering 

(Figure 7c). MoS2 nanosheet incorporated electrospun scaffolds made of silk fibroin and 

nylon-6 have been developed, both of which were found to be able to support the growth and 

proliferation of cardiac stem cells on its surface, and also promoted differentiation into cardiac 

cells[16, 42]. Incorporation of MoS2 nanosheets resulted in significantly improving the 

mechanical properties of these scaffolds and also imparted electrical conductivity to them. 

Enhanced upregulation of cardiac marker genes such as c‐TnT, Nkx 2.5 and α‐MHC in the 

stem cells growing on these scaffolds, in comparison to bare scaffolds, demonstrate the 

potential of MoS2 nanosheet incorporated nanofibrous scaffolds in cardiac tissue regeneration.

8.4 2D MoS2 nanosheets for skin regeneration and wound healing

MoS2 has also been found to promote skin regeneration and assist in wound healing. In the 

study by Ma et al., sodium alginate hydrogels containing MoS2 nanoclusters showed excellent 

disease-impaired wound healing under in vivo conditions[15]. A careful investigation towards 

understanding the mechanism of the observed healing process revealed that the MoS2 

nanoclusters released Mo4+ ions through the hydrogel which promoted proliferation and 
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migration of human dermal fibroblasts (HDFs), human hair dermal papilla cells (HhDPCs) and 

human umbilical vein endothelial cells (HUVECs) (Figure 7d). In addition to this, the released 

Mo4+ ions were also found to upregulate expression of genes associated with hair follicle 

regeneration (KGF, HGF, IGF, BMP-6, VEGF) and angiogenesis (VEGF, HIF-α, bFGF, eNOs, 

KDR) in HhDPCs and HUVECs, respectively. Moreover, in an in vivo diabetic mouse model, 

the rate of wound healing was observed to be the fastest in animals treated with MoS2 

containing hydrogel, in comparison to untreated and bare hydrogel treatments. Furthermore, 

the MoS2 containing hydrogel system was exploited for an integrated treatment of skin cancer 

in an in vivo mouse model. The MoS2 containing hydrogel, in the presence of NIR irradiation, 

caused significant decrease in tumour size and volume as compared to controls, and also 

promoted rapid healing of the wounds associated with the tumours by releasing Mo4+ ions into 

the wound bed surrounding the tumours. 

Figure 7. 2D MoS2 nanosheets for tissue regeneration. 
(a) Bone regeneration: MoS2 nanosheets promote matrix mineralization and support the attachment, proliferation 
and osteogenic differentiation of bone mesenchymal stem cells.
(b) Neural regeneration: MoS2 nanosheets promote attachment, spreading, proliferation and differentiation of 
neural stem cells into mature neurons.
(c) Cardiac tissue regeneration: MoS2 nanosheets provide mechanical strength and conductivity to scaffolds, and 
upregulate expression of cardiac functional genes in stem cells.
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(d) Skin regeneration: Dissolution of Mo4+ ions from MoS2 promote proliferation and migration of human dermal 
fibroblasts (HDFs), human umbilical vein endothelial cells (HUVECs) and human hair dermal papilla cells 
(HhDPCs), and upregulate expression of genes related to hair follicle regeneration and angiogenesis. 

9. Future outlook

2D MoS2 has started to garner a significant interest in biomedical engineering due to 

their application in a variety of fields such as biosensing, bioimaging, photothermal therapy, 

therapeutic delivery and regenerative medicine. Specifically, the large surface area, NIR photo-

responsiveness, strong mechanical and electrical properties, and biodegradability of 2D MoS2 

nanosheets make them ideal as delivery vehicles, photothermal agents and nano-reinforcing 

materials for scaffolds. Interaction of proteins with MoS2 results in the adsorption of different 

types of proteins on its surface leading to the formation of protein corona. The chemical identity 

of this protein corona is regulated by MoS2 surface chemistry. Presence of sulphur vacancy 

containing defects on MoS2 surface leads to the formation of a protein corona enriched with 

thiol containing amino acids, which is quite distinct from that formed on defect-free pristine 

nanosheet. This protein corona modulates further interaction of MoS2 with different cell types 

and plays a crucial role in determining the immunological and toxicological fate of these 

nanosheets. Moreover, interaction of MoS2 nanosheets with different immune cell types results 

primarily in invoking a pro-inflammatory immune response. Such a response is quite normal 

for an immune cell when interacting with a foreign material such as nanoparticles. However, 

the inflammatory response induced by MoS2 nanosheets have not been found to be toxic or 

detrimental for the immune cells as well as for the host. Rather, the immunostimulatory 

property of these MoS2 nanosheets provide us with the option to modulate the host immune 

system in a diseased condition by using these nanosheets as adjuvants to enhance the immune 

response. It also allows us to utilize the high surface area to volume ratio of these nanomaterials 

along with its strong NIR responsiveness for designing newer drug delivery systems that can 

deliver drugs, oligonucleotides and other therapeutic payloads to immune cells for further 

modulation of therapeutic outcome. 

The effect of MoS2 on the biological function of stem cells is intriguing, especially with 

respect to the potential of MoS2 to assist and promote regeneration of different tissues. The 

nano-topographical cues provided by these nanosheets combined with its material properties 

such as stiffness, roughness etc., helps stem cells to adhere to its surface and proliferate without 

losing its stemness. Further, the ability of these nanosheets to strongly interact with proteins 

such as growth factors and differentiation signals helps in directing lineage-specific stem cell 
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differentiation by concentrating the proteins in a localized environment on its surface and then 

providing them to the nearby stem cells in a controlled and sustained manner. Such properties 

of MoS2 nanosheets have led to the fabrication of MoS2 incorporated tissue engineering 

scaffolds for promoting bone, neural, cardiac and skin tissue regeneration.

However, to fully unlock the potential of MoS2 based nanomaterials in the field of 

biomedical engineering, a robust and extensive understanding of the cellular 

processes/pathways modulated by MoS2 nanosheets is required. This lack of understanding is 

primarily due to dearth of studies evaluating the holistic effect of nanosheet exposure on 

sensitive cell types (such as stem cells). In addition, there is an urgent need to determine the 

role of nanoscale properties like size, surface chemistry, capping agent etc. in key processes 

such as formation of protein corona, cellular trafficking, modulation of cellular function and 

biodistribution. While different groups have reported high cytocompatibility for MoS2 utilized 

in their work, variation in physical properties such as size, surface chemistry, surface charge 

and presence /absence of capping agent makes it difficult to compare toxicity of the MoS2 

nanosheets across different studies. Furthermore, a major limitation with existing research is 

the use of cancer cell lines for evaluation of in vitro toxicity, as they do not mimic the cellular 

behaviour of healthy cell derived from the same tissue. Moreover, since these nanosheets are 

used as drug delivery agents and tissue regeneration scaffolds, so it is very important to evaluate 

the precise nature of interactions of these nanosheets with tissue-specific cell types. Also 

noteworthy is the fact that MoS2 nanosheets have been shown to interfere with common 

reduction-based viability reagents such as MTT and thus these should be avoided for future 

toxicity studies[130].The combination of these factors restricts the evaluation of the effect of 

exposure to MoS2 nanosheets on cellular function or pathways across multiple cell types, 

resulting in an incomplete understanding of cellular mechanism by which exposure to MoS2 

can modulate cell fate. 

2D MoS2 is an emerging biomaterial and studies are still underway to unravel several 

aspects of its interactions with the biological system. The current state-of-the art understanding 

about the nano-bio interactions of 2D MoS2 is presented here based on the research made so 

far. There is plenty of scope in understanding the in vivo fate of the 2D MoS2 nanosheets and 

research should be focussed in this direction in order to evaluate the actual translational 

potential of 2D MoS2 nanosheets in biomedical applications.  Future studies also need to 

evaluate and identify specific molecular mechanisms that get regulated because of exposure to 
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MoS2 nanosheets and to determine the role of individual nanoscale properties in the modulation 

of cellular behavior.
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