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Molybdenum disulfide (MoS;) nanostructures have recently earned substantial thoughts from the
scientific communities owing to their unique physicochemical, optical and electrical properties.
Although MoS, has been mostly highlighted for its industrial applications, its biological applicability
has not been extensively explored. The introduction of nanotechnology in the field of tissue engineering
has significantly contributed to human welfare by displaying advancement in tissue regeneration.
Assimilation of MoS, nanostructures into the polymer matrix has been considered a persuasive material
of choice for futuristic tissue engineering applications. The current review provides a general discussion
on the structural properties of different MoS, nanostructures. Further, this article focuses on the
interactions of MoS, with biological systems in terms of its cellular toxicity, and biocompatibility along
with its capability for cell proliferation, adhesion, and immunomodulation. The article continues to
confer the utility of MoS, nanostructure-based scaffolds for various tissue engineering applications. The
article also highlights some emerging prospects and possibilities of the applicability of MoS,-based
nanostructures in large organ tissue engineering. Finally, the article concludes with a brief annotation on
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the challenges and limitations that need to be overcome in order to make plentiful use of this wonderful
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1. Introduction

The development of novel materials has widened the scope of
their utility in numerous commercial applications. With the
evolution of nanotechnology, the use of orthodox materials and
production methods have been sidetracked and superseded
with new methodologies, and novel engineered materials with
remarkable features. It would not be an embellishment to
exclaim this era as the epoch of nanomaterials. Nanomaterials
offer distinctive properties compared to their counter bulk part,
which makes them a unique and interesting class of materials."

On a broader prospect, nanomaterials are classified as zero-
(0D), one-(1D), two-(2D), and three-dimensional (3D) based on
their shapes and structures.” Until recently, 2D nanostructures
and layered materials have marched rapidly and have lured the
attention of many researchers around the world, as an elegant
and efficient class of nanomaterials in a wide range of applica-
tions such as energy storage,’ transparent electrodes,* wearable
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material for tissue engineering applications.

devices,” cancer treatment,® and biosensing.” Since the inception
of graphene in 2004, the first known 2D material, remarkable
progress has been perceived on atomically thin 2D materials with
diverse applications across various scientific turfs.® Features like
transparency, high electrical and thermal conductivity, high spe-
cific surface area and young’s modulus have marked the success of
this fascinating class of material.” Owing to these stupendous
properties along with the shortcoming of zero band gap, efforts
have been bestowed to further explore 2D graphene analogues
with semiconducting nature. In this regard, Transition Metal
Dichalcogenides (TMD) with the general representation of MX,
(M as a transition metal atom (Mo, W, Ta, etc.)) and X is a
chalcogen atom (S, Se, Te, etc.) have emerged as promising
alternatives.'® Within a single layer of TMD, X-M-X atoms are
bonded covalently in a hexagonally packed plane and such single
layers are bound together by weak van der Waals forces. The TMD
monolayer crystal offers distinctive properties compared to their
bulk analogues due to the lack of a center of inversion, which
allows admittance to a new degree of freedom, the k-valley index,
and led to a new field of physics called valleytronics.'>'?

TMD demonstrates a distinctive amalgamation of the direct
band gap, resilient spin-orbital coupling, atomic-scale thick-
ness, high conductivity along with promising electronic and
mechanical properties. These features inscribe its attainment
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as a proficient material for applications in high-end electronics,
energy harvesting, flexible and wearable electronics, DNA
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sequencing and personalized medicine.”> Among different
layered TMDs, molybdenum disulfide (MoS,) has gained tre-
mendous attention owing to its fascinating properties such as
ease of synthesis, high catalytic properties, exceptional on/off
ratio, satisfactory biocompatibility, and enormous direct band
gap of 1.8 eV for the monolayer.'***

MoS, has achieved prime progress in the field of opto-
electronics,'® energy storage'” and conversion,'® hydrogen
evolution reaction (HER),"”*° and next-generation switches.”"**
Moreover, MoS, layers are often associated with crystal-dependent
fluorescence™ or the ability to quench fluorescence.* In addition,
thin nanosheets of MoS, exhibit strong absorbance in the near-
infrared region (NIR)* along with efficiency for photothermal
conversion.?® Also, the constituents of MoS,, i.e. molybdenum,
and sulfur also play a key role in maintaining biological systems.*”
All these characteristics along with the key attribute of MoS, of
having very high specific surface area makes imperative utilization
of this fascinating material across diverse biomedical applications,
which include but are not limited to drug delivery,”*?° antibacter-
ial activity,>* biosensing,*** and theranostics.**"**

Humans have always envisaged the revamping of damaged
organs and tissues with passable functioning, an aspiration,
which is feasible using tissue engineering. In tissue engineering,
cells/tissues, scaffolds, reinforcements, and growth factors are
coalesced to invigorate or amend damaged or pathologically
alimented tissues.’” Lately, a wide range of 2D nanostructures
has been explored for their utility for tissue engineering
applications.®® A comprehensive review by Liu et al although
focuses on the use of MoS,-based nanostructures for biomedical
applications™ it has not highlighted its use in tissue engineering
applications. Another review by Yadav et al. describes the applica-
tion of 2D MoS,-based nanostructures specifically for biosensing,
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Fig. 1 Classification, electronic structure, and physical properties of (a) two-dimensional (2-D), (b) two-dimensional (1-D), and (c) zero-dimensional
(0-D) materials. (DOS: Density of States). Reproduced with permission from.®* Copyright 2020 Elsevier.

bioimaging and therapeutics.”> Moreover, the review of Nguyen
et al. mainly focuses on the surface properties of 2D materials
from biosensing to tissue engineering.** However, to date, no
dedicated review is published on the application of MoS, nano-
structures in tissue engineering applications. In the current
review, we aim to explore the three main structural morphologies
of MoS,, i.e. nanosheets, nanotubes, and quantum dots with their
inherent properties. The review also focuses on the interaction of
MoS, nanostructures with biological systems. With this review, a
spotlight is also shed on the utility of MoS,-based scaffolds for
various tissue engineering applications. Finally, the review high-
lights some key shortcomings in using MoS,-based materials for
tissue engineering applications that could be addressed to make
this potential material a significant performer for next-generation
tissue engineering applications.

2. Structure and properties of different
forms of MoS, nanostructures

The diverse electronic properties of TMDs result from the
filling of the non-bonding d bands from group 4 to group
10 species.*® TMDs exhibit metallic properties, when the orbi-
tals are partially occupied, whereas when the orbitals are fully
occupied, TMDs display semiconducting properties. On the
contrary, compared to the influence of metal atoms, chalcogen
atoms exhibit a minor impact on the electronic structure;
however, it is examined that upon broadening of the d bands,
the band gap decreases by increasing the atomic number of the
chalcogen.*

MosS, has a 2D layered structure with each layer of thickness
of about 0.65 nm, which are heaped upon each other to form
bulk. Weak van der Waals forces clasp these layers together.*?
MoS, exists in three different crystal structures namely, a
trigonal phase (1T), a hexagonal phase (2H), and a rhombo-
hedral phase (3R). The letters in the representation correspond
to the crystal structures whereas the digits represent the

This journal is © The Royal Society of Chemistry 2022

number of monolayers in the unit cell. The Mo-S coordination
is octahedral in the IT phase, while the coordination is trigonal
prismatic in the case of 2H and 3R phases, respectively.*®
Naturally existing MoS, crystals (e.g. molybdenite) mostly occur
in the 2H phase, which is also the thermodynamically stable
phase, while synthetic MoS, mainly comprises 1T and 3R phases
and are metastable in nature.”” The next section describes differ-
ent forms of MoS, nanostructures.

2.1. 2D MoS, (nanosheets)

With the great success of graphene, researchers are motivated
with an equivalent encouraging surge to develop alternate 2D
materials that could result in the formation of atomic sheets
with astonishing properties.*>*® Among all known 2D TMDs,
MoS, is one such material that is accompanied by a naturally
layered structure, which makes it convenient to fabricate emi-
nent quality 2D nanosheets without making much efforts
during the synthesis process®”*® (Fig. 1(a)). The conversion
process of MoS, from bulk to single-layered nanosheets imparts
direct bandgap, resulting in exceptional photoelectric
properties.*® This significant bandgap transition is accompa-
nied by strong fluorescence emission signals in the visible
reason, which could be explored for numerous cost-effective
biomedical applications such as biosensing and imaging.*®
Owing to the large lateral dimensions, MoS, nanosheets are
easily dispersible in liquid/gaseous media. In addition, by
engineering the edges of MoS, nanosheets, to be terminated
with either Mo or S atoms, the overall electrical performance of
the nanosheets could be fine-tuned. These properties serve as
vital prerequisites for many applications involving electro-
chemical biosensors.’® Many researchers have elucidated the
unique properties of MoS2 nanosheets. Castellanos-Gomez
et al. assessed the elastic properties of a suspended portion
of MoS, nanosheets (5-25 layered) using AFM and reported an
exceptionally high Young’s modulus (E = 0.33 £+ 0.07 TPa) for
the nanosheets.”” Further, the stiffness and breaking strength

J. Mater. Chem. B, 2022,10, 2761-2780 | 2763


https://doi.org/10.1039/d2tb00131d

Published on 08 March 2022. Downloaded on 4/26/2024 10:42:33 AM.

Review

of ultrathin MoS, nanosheets were measured and reported by
Bertolazzi et al.>® The enhancement in mechanical properties of
2D MoS, could be explored as a reinforcement material for
numerous tissue-engineering applications, especially for bone
tissue engineering. Even though MoS, nanosheets display a
range of novel properties that are remarkably discrete from
their bulk counterparts, the production of large-scale and
defect-free atomic layers of MoS, with desired thickness and
control over substrates is still a challenging task.

2.2. 1D MoS, (nanotubes)

2D TMD materials have gained considerable attention from the
scientific community owing to their remarkable properties
compared to their bulk analogues.®® Over the past decade,
much of the research revolved around MoS,-based nanostruc-
tures, a key ambassador of the TMD family. As the dimension
of MoS,-based nanostructures is reduced to a single or few
layers, these materials tend to sustain their semiconducting
nature and thereby uncover extraordinary physicochemical
properties.>® Further modification in the structure of 2D TMDs
is achieved by draping individual layers, resulting in the
formation of chiral cylindrical-like structures known as 1D
nanotubes®® (Fig. 1(b)).

1D nanomaterials embrace two out of the three dimensions
in the nano regime, while the third dimension is in the
micrometer range.”” In the year 2000, Seifert et al. proposed
the existence of MoS, nanotubes in mainly two forms, zigzag
and armchair.”® They reported a narrow direct band gap
associated with zigzag MoS, nanotubes, while the armchair
MoS, nanotubes demonstrate a nonzero moderate direct gap.
Moreover, the alteration in their structural arrangement has
direct implications on their electrical properties.>® The cylind-
rical tube-like arrangement of MoS, nanotubes serves as con-
tainers in which molecules/nanomaterials could be trapped.
These properties could further be explored for numerous
biomedical applications including biosensing, bioimaging
and drug delivery.°®®" The bond length of MoS, nanotubes is
slightly more than MoS, nanosheets. Further, MoS, nanotubes
share a similar band structure with carbon nanotubes with the
exception that in the case of MoS, nanotubes the bandgap
augments as the diameter of the nanotubes increases.®” Efforts
are being made to fabricate hybrids MoS, nanotubes, which
could offer the property of high mechanical strength that is a
key requirement of bone tissue engineering. Also designing
hollow tubes could be of high importance for nerve tissue
engineering. MoS, nanotubes could also be used as reinforce-
ment for polymer scaffolds in order to improve their thermal
and mechanical strength. Several key issues must be addressed
if 1D MoS, nanotubes are to be realized for their complete
scientific and technological potential in the field of tissue
engineering.

2.3. 0D MoS, (quantum dots)

The size of quantum dots (QDs) is in the range of 2-10 nm.
At these low dimensions, the quantity of atoms existing in the
material reduces. This reduction in the number of atoms results
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in a significant drop in the number of overlapping energy levels,
thereby increasing the energy gap between the valence band and
the conduction band. The energy levels of the electrons in this state
are not continuous but tend to form a discrete set of energy bands,
a phenomenon known as quantum confinement. Due to quantum
confinement and edge effect, the QDs present remarkable optical,
and chemical properties® (Fig. 1(c)).

Monolayer MoS, QDs have become an important class of
materials due to their outstanding properties that include
abundant active edge sites, high specific surface area, excep-
tional electrical conductivity and photophysical properties
along with strong hydrogen adsorption properties.®>®® These
characteristics make it a potent material for applications such
as electrocatalysts for hydrogen evolution reactions (HERs),
and energy storage.®” MoS, QDs comprise monolayered hollow
closed nanostructures, with the smallest permitted unit
“nanooctahedra” within the range of 3-8 nm®® and can be
classified as n-type semiconductors as determined by Vikraman
et al. by fabricating field-effect transistors (FETs) utilizing thin
MoS, QD layers.®® A decrease in the size of bulk material in the
nano regime within the range of QDs tends to impart strong
optical nonlinearity properties making QDs a favourable photo-
luminescence material.

The impact of size variation in MoS, QDs is linked to their
optical properties, which in turn can be tweaked by altering the
size of MoS, QDs. As the confinement energy is dependent on
the size of the QD, the emission wavelength is precisely linked
to the QD size. With the alteration in the size of QDs, the band
gap changes, these results in altered emission and absorption
of light. For a QD with less confinement, the size is bigger
thereby reflecting color towards the reddish side, and the more
the confinement, the lesser is the size of QDs, the bluish it is.
The optical properties of MoS, QDs also cover their ability for
photoluminescence, which is significantly dependent on the
excitation wavelength. It is well acknowledged in the literature that
polydispersed MoS, QDs exhibits significantly more excitation-
dependent emission compared to monodispersed MoS, QDs.*
This notion is remarkably dependent on the adsorption of oxygen
atoms at the edges of QDs thus creating defects.”” The optical
properties of MoS, QDs are of significant importance in terms of
biomedical applications such as real-time imaging,”* biosensing,”
drug delivery,” and early cancer diagnosis.'® Even though MoS,
QDs are at a very early stage in the field of tissue engineering, the
remarkable properties of this material have opened a new arena
for innovative aspects in tissue engineering and regenerative
medicines. Table 1 summarizes the different fabricating strategies
for different MoS, nanostructures.

3. Cellular interactions of different
forms MoS, nanostructures
3.1. Biocompatibility and cellular toxicity

In order to fabricate a material with its utility for biological
interactions, biocompatibility and cytotoxicity assessment play
a crucial role. It is a well-documented notion that cell penetration

This journal is © The Royal Society of Chemistry 2022
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and cleavage of active cell lines are the two main hurdles that
restrict the clinical use of any nanomaterials.'*”'*" Recently, MoS,
nanostructures have been widely explored for their biological
interactions with cell membranes due to the large surface
area.'” The unique features of MoS, nanostructures have sup-
ported its utility as a potent material for numerous biomedical
applications’* ™% (Fig. 2). Despite the reported compatibility of
MoS, nanostructures for biomedical applications, MoS, nanoma-
terials have also been associated with the provocation of cellular
membrane damage in different unicellular systems.

In this regard, Chng et al. studied the dependency of the
level of toxicity on the extent of exfoliation of MoS,. This work
demonstrated that the lesser exfoliated MoS, presents more
level of toxicity.'®® Through this work, the severity of the
mechanical interaction between the cellular membrane and
MoS, nanostructures was assessed, which is accounted for the
phospholipids extraction, which in turn destroys the integrity
of the membrane, directing to cytoplasm leakage and finally
cell death. Analogous work was also highlighted by Wu et al. in
the case of E. coli and S. aureus. The study revealed the interac-
tions between MoS, nanosheets and membrane phospholipids
supported by experimental and simulation-based data.'®” The
interaction of materials with the biological system has to undergo
a series of events starting from adhesion followed by recognition
and finally internalization. The first encounter of any material
with the cell membrane decides its fate and journey. The studies
highlighted above are concerned to access the toxicity of MoS,
nanosheets and their interaction with the phospholipids present
in the cellular membrane. The results will have a significant
impact on the utility of MoS, nanostructures while designing
scaffolds for tissue engineering applications.

Given the above context, investigation concerning biocom-
patibility assessment of MoS, nanostructures is an essential
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matter. In this regard, Yang et al. reported the linkage of the
antibacterial activity of chemically exfoliated 2D MoS, nano-
sheets to the production of reactive oxygen species (ROS).*®
Further, Shun et al. reported the enhancement in the antibac-
terial properties and cellular response upon modification of
MoS, with ultrafine-grained titanium.'® Along this line, Fan
et al. demonstrated the capability of single-layered MoS,
nanosheet suspensions to offer photocatalytic antimicrobial
activity upon exposure to visible light under the influence of
an electron donor, ethylenediaminetetraacetic acid (EDTA)."*°
In this case, the EDTA is responsible for transferring electrons
to MoS,, which results in increased light absorption and
augmented the separation of photoelectron-hole pairs, which
enhances the ROS yield, resulting in high antibacterial perfor-
mance. Moreover, few studies have also reported enhancement
of the photothermal performance of MoS, under light
irradiation,"'" and ROS-independent oxidative stress, disturb-
ing bacterial structure and vital functions''* as the reason for
the antibacterial property of MoS, based nanostructures.

The ability to impart antimicrobial properties makes MoS,
nanostructures a compelling candidate for wound healing and
tissue engineering applications. Moreover, the work carried out
by Teo et al. demonstrated the fact that TMDs are less toxic
compared to their graphene analogues.'”® The study also
emphasized the non-suitability of MTT assay as the sole criteria
to assess the cytotoxicity evaluation of nanomaterials.

The pulmonary hazard of 2D MoS, compared to the aggre-
gated MoS, (Agg-MoS,) was studied by Wang et al. The data
obtained from this study suggested the attenuation of toxicity
levels under exfoliation for 2D MoS, compared to Agg-MoS,.***
This data provide an important understanding towards the
safety assessment of 2D MoS, for biomedical applications.
Further, Domi et al. studied the fate of commercially available
colloidal solutions of MoS, and studied their physicochemical
and toxicological responses at in vitro levels.'*®> The study
emphasized the importance of the biocompatibility of the MoS,
nanoparticles as a key factor affecting cellular interactions.

Further, the degradation of MoS,-based nanostructures
could also present vital stats in terms of applications in bio-
logical systems. In this context, Wang et al. carried out a
detailed study on the degradation pathway in biologically
relevant media and presented a detailed analysis emphasizing
the molecular oxygen-driven dissolution process of MoS,
nanosheets in biological media.'*® It is well documented that
MoS, can be decomposed when exposed to hydrogen peroxide
(H,0,) due to the change in the oxidation state from Mo(wv) to
Mo(v1), mostly in the form of MoO3;/MoO,>~ ions while releasing
sulphur, which plays a central role in many biological activities
and functions (e.g, a constituent of sulfur-containing amino
acids, formation and activity of iron-sulfur proteins, etc.).""” ™"
Moreover, Kurapati et al studied the degradation of MoS,
nanosheets at a physiological concentration of H,0,."”*° In this
study, the biodegradation of MoS, materials has also been
examined using enzyme models of peroxidase enzyme horserad-
ish peroxidase (HRP), and human myeloperoxidase (MPO) under
the exposure of low concentration of H,0,. An elementary
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understanding of the degradation mechanisms, followed path-
way, and the performance of the resulting by-products of MoS2
nanostructures in biofluids is very crucial to further maximize the
potential benefit that could be extracted from them for their
application in the field of tissue engineering. In addition, the
biodistribution and clearance behaviour of nanomaterials are
vital for their utility in biomedicines/nanomedicines. To under-
stand the clearance of PEGylated-MoS,, Hao et al. carried out a
study, which depicted the accumulation of PEGylated MoS,
nanostructures mostly in reticuloendothelial systems (RES)
organs such as liver and spleen both at in vitro and in vivo levels.

Although, the data for cytotoxicity evaluation of MoS, nano-
structures are minimal, the assessment of their biocompatibility
along with stability and degradation upon interaction with the
biological system could provide insights into the impact of MoS,
in the field of biomedical sciences. Understanding the interaction
of MoS, nanostructures at the cellular level could be of high
importance to develop MoS, reinforced scaffolds for tissue engi-
neering applications.

3.2. Cellular adhesion and proliferation

2D nanomaterials have been receiving incessant consideration
from the scientific communities due to their remarkable fea-
tures of chemical functionality and structural anisotropy.'**
Recently, MoS, nanostructures have been extensively investi-
gated for numerous applications due to their band gap
tenability.'** Recently, these properties are being explored for
photothermal therapies'**'** and applications concerning cel-
lular interactions.'>*'?® In terms of cellular interaction, cell
adhesion and proliferation plays a crucial role in getting
adequate cellular responses. Understanding the mechanistic
pathway concerning cell proliferation upon interaction with
MoS, could lead to different application-oriented strategies.
A lot of new outcomes could be uncovered concerning photo-
based therapies, early diagnosis, cancer treatment and espe-
cially tissue engineering applications, where the fate of the
treatment process heavily depends on the cellular response,
interaction, and proliferation. In this regard, Ke et al. fabricated
a gold nanoparticles-modified monolayer MoS, sensor, capable
of rapidly detecting DNA molecules with high sensitivity, and
selectivity.””” The study was based on the change in the
dielectric environment of the MoS;.based probe upon the
interaction with nucleosides of DNA, which in turn alters the
band gap of MoS,. The sensitivity of this probe in real-time
applications will certainly depend on the interaction of cells
with the MoS,-based probe system. This work may have applic-
ability while designing scaffolds for tissue engineering applica-
tions with real-time monitoring.

Further, Carrow et al. studied the interaction of 2D MoS,
and human mesenchymal stem cells (hMSCs) at the molecular
level."® Here, the synthesized exfoliate 2D MoS, nanosheets
were physicochemically evaluated using XRD, AFM, TEM,
Raman spectroscopy and XPS. Further, it was reported that
the photoluminescent intensity for exfoliated MoS, decreased
upon lithium (Li) intercalation; subsequently, the phase transi-
tion from semiconducting 2H to metallic 1T phase took place.
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Fig. 3 Physicochemical characterization of exfoliated 2D MoS2 nanosheets. (A) X-ray diffractogram of bulk and exfoliated MoS2, (B) atomic force
microscopy (AFM) for confirming the 2D shape, (C) transmission electron microscopy (TEM) images of ultrathin MoS, sheets along with electron
diffraction pattern, (D) atomic composition of bulk and exfoliated MoS2 determined via elemental analysis, (E) X-ray photoelectron spectroscopy (XPS)
analysis, (F) Raman spectroscopy, (G) photoluminescent measurements, (H) response to near infra-red (NIR) light was determined using an infra-red (IR)
camera and change in temperature over time, (I) zeta potential and hydrodynamic size of exfoliated MoS, in water, phosphate buffer saline (PBS), and

media, and (J) 8-anilino-1-naphthalenesulfonic acid (ANS) assay shows protein structures are intact in the presence of exfoliated MoS,.

The study highlighted the effect of protein adsorption on 2D
MoS, on cellular adhesion and internalization because of the
formation of protein corona on MoS, nanosheets (Fig. 3).
Cellular adhesion is a crucial parameter in the area of
wound healing and tissue repair as in the case of tissue
engineering, the adhesion of cells to the external scaffolds
directly affects the tissue repair process. In this regard, Seung
et al. studied the self-healing and adhesion property of mono-
layer MoS, and silicon oxide.*® The concept could have utility
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in designing novel MoS,-based scaffolds for tissue engineering
applications. Further, the work carried out by Manish et al.
sheds light upon the wetting characteristics by modulating the
super-hydrophobic states of 2D MoS, that could be achieved by
controlling the atomic-level defects in MoS, nanostructures."°
The modulation in atomic defects of MoS, nanostructures is
suggested to have direct implications on the cell adhesion
characteristics that could be leveraged for tissue engineering
and biomedical applications. However, Anna et al. evaluated
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the applicability of surfactant-free liquid-phase exfoliated 2D
MoS, as a platform for the treatment and detection of cancer.*"
In order to further enhance the selectivity and efficiency of this 2D
MoS,-based platform, the system was equipped with antigen-
antibody binding modalities. The detection of cancer cells is
based on the level of internalization efficacy of cancer cells
towards a modified 2D MoS,-based detection system. Further,
assessment of cellular proliferation could be a vital stat to drive
this process for advancement.

The surface chemistry of a material plays a crucial role in tissue
engineering applications. The type of bonds formed between the
material and the cell surface dictates the efficiency of adhesion
and in turn, affects cellular behaviour and proliferation. In order
to utilize the MoS, nanostructures-based scaffolds for tissue
engineering applications, the surface functionality and modifica-
tions need to be carried out in a proficient manner. This will
impart better control over cell adhesion, proliferation and differ-
entiation, which is very essential for an effective tissue regenera-
tion strategy.

3.3. Immunomodulatory properties

The recent surge in MoS, nanostructures-based research has led
to the utility of MoS, in numerous fields ranging from cutting-
edge electronic devices to biomedical applications. However, in
order to evaluate the impact of MoS, on human health, the
necessity to understand the interaction of MoS, with a biological
system is crucial. When a tissue confronts adverse conditions
(tissue damage, injury, autoimmune response, or infections), the
defense system of our body tends to protect or minimize the
impairment caused through a complex biological response known
as inflammation.”*> The complete process of inflammation
involves a series of well-organized and dynamic responses com-
prising both cellular and vascular events with specific humoral
secretions."** Inflammatory response mainly includes cells of the
immune systems and inflammatory modulators.”*® The innate
immune response of a body is governed by cytokines which
include pro-inflammatory cytokines such as interleukin (IL)-1f
(IL-1B), IL-6, IL-8, and tumour necrosis factor-o. (TNF-t), and anti-
inflammatory cytokines such as IL-10."*

Accompanied by its widespread applicability, the immuno-
modulatory response of MoS, has also gained considerable
attention owing to its utility in biomedical applications. In this
regard, Moore et al. studied the inflammatory responses of
different sized MoS, flakes on various cell lines (monocyte,
THP-1; inhalation, A549; ingestion, AGS), which were selected
to represent different means of exposure.’*® This work demon-
strated the size-dependent response of macrophages with the
smallest sized MoS, flake exercising maximum cytokine upre-
gulation. This size dependency of the macrophage response
could be associated with the increased concentration of endo-
toxin on the surface of the nanomaterial. As the size decreases,
the surface-to-volume ratio increases, thereby providing more
surfaces for exposure. However, Gu et al. studied the underlying
mechanism of MoS,-mediated immune response in detail.**”
The work included both molecular dynamics simulation and
flow cytometric experimentations to investigate the molecular
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mechanism of cytokines production by MoS, and PEG-
functionalized MoS,. Moreover, Han et al. reported the fabrication
of nanoconjugates of MoS, nanosheets functionalized with cyto-
sine-phosphate-guanine (CpG) and PEG."*® The fabricated nano-
conjugate was reported to have augmented the cellular uptake of
pristine MoS, and improved the production of pro-inflammatory
cytokines leading to an efficient immune response. The study
presented the capability to modulate immunotherapy-based can-
cer treatment. To further investigate the immunomodulating
properties of MoS,, Jiang et al. fabricated MoS,~-CuO hetero-
nanocomposites loaded with bovine serum albumin and imiqui-
mod (R837), an immunoadjuvant.'*® In this study, it was demon-
strated that MoS,-CuO nanocomposites were able to generate
hydroxyl free radicals when exposed to overproduced hydrogen
peroxide in tumours. The study also reported the ability of the
designed nanocomposites for modulating immunotherapy-based
cancer treatment. For a successful regeneration of damaged
tissue, inflammation, repair and remodeling are the three main
phases. The efficiency and time taken in crossing each phase are
very crucial and decide the fate of the tissue regeneration process.
While designing a scaffold for tissue engineering, assessment of
the immunological process is very important. In terms of explor-
ing MoS,-based scaffolds for tissue engineering, major emphasis
could be given to designing immune-compatible scaffolds by
incorporating external agents such as fibrinogen and interleukins.

Zhan and co-workers further investigated the immunostimula-
tory property of 2D MoS,. Their study reported the role of few-
layered MoS, nanosheets in enhancing dendritic cells (DC)
maturation, migration and T cell elicitation."” In this work, the
migration ability of DCs was examined upon the introduction of
MoS, nanosheets (MSNs). It was also demonstrated that the
exposure of MSNs increases the migration distance and velocity
of DCs compared to non-treated controls. The work presented a
detailed study on the important parameters of dendritic cells such
as maturation, migration and T cell activation backed with statis-
tical analysis. Activation and proliferation of CD** and CD®*" T cells
were observed at in vivo levels, implicating immunomodulating
effects of MoS, nanosheets (Fig. 4). Moreover, Baimanov et al.
studied the immunological responses of MoS, nanosheets—protein
corona complexes.'*’ They provided an insight into the pro-
inflammatory effect of native MoS, nanosheets and their complex
with blood proteins and highlighted the contribution of blood
proteins corona towards the enhancement of inflammatory
responses of MoS, nanosheets. All these studies revealed the
immunomodulatory effect of MoS,. Assessment of the immunolo-
gical response of MoS, will provide important insights for the safety
evaluation of MoS, based nanostructures. This will further ensure
the fabrication of rational MoS,-based designs to be used for tissue
engineering applications.

4. MoS,-based nanostructures in
tissue engineering

Tissue engineering is a dynamic field that deals with the regen-
eration of tissues/organs that are damaged or incapable of
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self-revival. In order to engineer a tissue construct, cells are
usually seeded on scaffolds/biomaterials that imitate the extra-
cellular matrix (ECM) and tissue microenvironment to aid in
tissue development. Biodegradable polymers (synthetic and natural),
nanocomposites, and porous scaffolds have been under constant
investigation to be used for tissue engineering applications.'** Gen-
erally, the scaffolds designed using polymer composites/nanocom-
posites and biomaterials for tissue regeneration must possess high
porosity that is helpful in inducing cell migration, nutrient transpor-
tation and tissue growth.'** However, in certain cases, the mechan-
ical stability (in case of bone tissue engineering),"** and conducting
nature (in case of neural and cardiac tissue engineering)'*® of the
designed scaffolds could also play a crucial role.

In this regard, MoS,-based nanostructures are being
explored owing to their remarkable properties of high surface
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area/mass ratio, decent electrical conductivity, exceptional
optical properties, and suitable biocompatibility.'"® The appli-
cation of femtosecond (fs) laser pulses to micropattern MoS,/
acrylamide electrospun nanofibers was studied by Paula
et al."*® The work reported the impact on the topography of
composite nanofiber under the influence of laser pulse energy
and scanning speed. The application of fs laser resulted in the
formation of micropores while preserving the nature of
the composite nanofibers. The proposed nanofibers could be
utilized for their applicability in the field of tissue engineering
due to the additional advantage of photoluminescence and
enhanced mechanical strength upon strengthening with
MoS,. Further, Chen et al. proposed CVD-grown monolayer
MoS, nanosheets to use as bioabsorbable electronics-based
biosensors.'*” The cytotoxicity and biocompatibility studies of
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the as-synthesized MoS, nanosheets provided a set of para- high yield."*® The study presented a detailed investigation of
meters that could be vital in understanding the effectiveness of silk fibroin-based MoS, dispersions as a function of centrifuga-
the synthesized nanosheets for biological systems. The study tion speed, time taken for sonication, and initial concentra-
emphasized the enhancement of the dissolution rate of the tions of silk powder and solvent. In order to design effective
monolayer MoS, in PBS solution upon reduction of its grain MoS, based scaffolds for tissue engineering applications, the
size and intensification of intrinsic defects. This feature could yield and uniformity of MoS, nanostructures are very impor-
be very important in terms of controlling the lifetime of the tant. Careful assessment and controlling of these parameters
designed material and its usefulness as a scaffold for tissue will result in the fabrication of scaffolds with enhanced immu-
engineering applications and wearable implants. nomodulation and tissue regeneration ability.

To further implicate the applicability of 2D MoS, in tissue MoS, has also been mixed with other low dimensional
engineering, biosensors, and electrochemical electrodes, Sim nanomaterials to further improve the scaffold properties and
et al. fabricated silk fibroin exfoliated MoS, nanosheets with a impart a synergistic effect in terms of mechanical strength that
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(EDS) elemental mapping of the cross-section of MoS,—AKT interface: all elements (d), element Mo (e), element S (f); EDS line scanning profiles of all
elements (g), element Mo (h) and element S (i) from the interior to the strut surface of the scaffolds, which exhibited a step profile, confirming the
elemental interpermeation between MoS; and AKT.**° (Il) Immunostaining of the focal adhesion protein vinculin. (a) Vinculin (red fluorescence) of MSCs
grown on the flat substrate and the nanostructured MoS,. Scale bar: 25 m. The images are merged images of F-actin (green fluorescence), vinculin
(red fluorescence) and DAPI (blue fluorescence). (b) Percentage of the vinculin expressed area against the cell spreading area. Reproduced with
permission from.*** Copyright 2018 Elsevier.
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is advantageous for tissue engineering applications. In a study
by Feng et al., 0 D nanodiamond particles and MoS, nanosheets
were uniformly dispersed into poly (3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) scaffolds using selective laser sinter-
ing. However, the synergistic effect of graphene oxide with
MoS, was studied by Wan et al. High mechanical strength
was recorded for these reinforced and synthesized scaffolds
and a detailed mechanism concerning their enhanced tensile
and compressive strength was also reported with enhanced
electrical conductivity and mechanical property. These studies
have provided a new approach for designing scaffolds for
various organ-specific tissue engineering applications. The
proceeding section will further discuss a few specific tissue
engineering aspects in detail.

4.1. Bone tissue engineering

Ailments related to the bone have global predominance since
they can be occurred due to multiple causes, which include
cancer, injuries, and accidents. Since its inception in the early
90s, bone tissue engineering has always been explored to
fabricate inventive novel biological materials that could aid in
bone regeneration and enhance the repairing process. Wang
et al. explored the synergistic effect of MoS, in both tissue
engineering and tumor therapy by fabricating a bifunctional
scaffold of MoS, nanosheets grown on 3D-printed bioceramic
scaffolds of akermanite (AKT) (Ca,MgSi,05) in situ. It was also
demonstrated that, upon irradiation, the temperature of the
designed scaffold (MS-AKT) rapidly increased, which in turn
decreased the viability of osteosarcoma cells and breast cancer
cells, thereby inhibiting the growth of tumours in vivo. Further,
MS-AKT scaffolds supported the cell adhesion, proliferation,
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osteogenic differentiation of bone mesenchymal stem cells,
and encouraged bone regeneration in vivo. The fabrication
method was a merger of 3D printing technology and the
hydrothermal method.**® The ability of the designed scaffold
to generate bone was also tested at in vitro and in vivo levels
(Fig. 5(I)). Moreover, Wang et al. reported a novel scaffold of 2D
MoS,-PLGA with 3D printed bioactive borosilicate glass as a
platform for the synergistic treatment of bone repair and tumor
therapy.'*° The prepared scaffolds could stimulate proliferation
and differentiation of rat bone mesenchymal stem cells and
promoted bone repair for calvarial defects in the rat. With high
photothermal efficiency, the designed scaffold has promising
futuristic applications for bone cancer-related defects. All these
studies assessed the ability of MoS, nanostructure-based scaffolds
to support and promote osteogenic differentiation and angiogen-
esis. Further, a hydrothermal method was employed by Zhang
et al. to fabricate MoS, for tissue engineering applications."”"
In this work, the influence of MoS, on the focal adhesion (FA) was
detected using the immunofluorescent staining for detecting
vinculin (adaptor protein forming FA). Apart from the focal
adhesion formation, upregulation of osteogenic genes and cell
proliferation was added advantage of the synthesized MoS,
nanostructures (Fig. 5(1I)).

The bone-forming ability of akermanite-based scaffolds has
been reported by Huang et al. with beta-tricalcium phosphate
(beta-TCP) as a control.’* Further, Liu et al. reported the effect
of akermanite-based scaffolds on the proliferation, adhesion,
and osteogenic differentiation of human adipose-derived stem
cells.”® The application of MoS, in the akermanite scaffold not
only improved bone regeneration but also showed applicability
in tumor reduction. This makes it a promising material for

I
i

7 days 14 days
WPZ wPZM-0.01 PZM-0.02 PZM-0.04

14 days

PZM-0.02 = PZM-0.04

Fig. 6 ARS staining and alkaline phosphate (ALP) test results. (a) The digital images, (b) absorbance data, and (c) ALP activity. For ARS, the respective
scaffolds were stained at (7 and 14) days. The ALP activity was also evaluated on (7 and 14 days). Reproduced with permission from ref. 155. Copyright

2020 Elsevier.
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tumor-induced bone defects. Furthermore, Wu et al. combined
the electrospinning technique with doping to fabricate poly-
acrylonitrile/MoS, nanofibrous scaffolds.'* The designed scaf-
folds promoted cell proliferation and activity and offered
excellent biocompatibility and osteogenic differentiation. The
ability of MoS, as an excellent reinforcement for bone tissue
engineering was further explored by Awasthi et al. who fabri-
cated polycaprolactone/zein (PZ) composite nanofibers supple-
mented with albumin induced exfoliated MoS, nanosheets
(PZM)."> The MoS,-reinforced scaffold offered improved wett-
ability and mechanical properties compared to the pristine
polycaprolactone/zein composite nanofibers. Improved calcium-
phosphate deposition upon assessment with simulated body fluid
(SBF) biomineralization and Alizarin Red S (ARS) test were added
advantages associated with MoS,-reinforced composite nano-
fibers (Fig. 6).

In order to tackle the in situ bacterial infection and promote
osteointegration of orthopaedic implants, Yuan et al. fabricated

View Article Online
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MoS,/polydopamine/RGD peptide coated titanium implants.
The work highlighted the capability of the modified titanium
implants to kill bacteria with an efficiency of almost 92% upon
NIR radiation exposure without causing damage to the normal
tissue. The work could be applicable for reoccurring infections
after surgery and could have significant potential for bone
tissue engineering, as antibacterial and upregulation of genes
responsible for osteogenesis. The capability of 2D MoS,-reinforced
hydroxyapatite (HAP) scaffolds to provide osteogenic differentiation,
proliferation, and bone regeneration at in vitro and in vivo levels was
investigated by Yadav et al.">® The cells incubated with the designed
scaffolds presented higher cell adhesion and proliferation along
with enhanced alkaline phosphatase activity (ALP). The obtained
results were also supported with increased levels of osteogenic
markers and bone morphogenetic protein-2.

Moreover, for a successful bone tissue engineering outcome,
enhancement in the osteogenic process is very important as it
gives a clear indication of repair of bone deformations and

200 400 600 800 1000 1200 1400 1600

Raman Shift (cm)*

Electrical Conductivity (uS/cm)

1800 2000
Nylon Nylon/MoS,

Fig. 7 (a) Scanning electron microscopy (SEM) image of MoS, nanosheets, (b and c) TEM images of MoS, nanosheets, (d) Raman spectroscopy MoS,, (e)
electrical conductivity of nylon and nylon/MoS2 scaffolds, (f and g) SEM micrograph of nylon and nylon/MoS; nanofibers, (g—k) TEM micrograph of nylon/
MoS, nanofibers. Reproduced with permission from ref. 157. Copyright 2019 Wiley.
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injuries. The regeneration of bone without the aid of external
growth factors further provides a promising outcome for a
potent scaffold for tissue engineering applications. Apart from
high porosity and pore interconnectivity, load-bearing effi-
ciency is also very crucial while designing scaffolds. Further
research could be implemented to study the load-bearing
capacity of MoS, based scaffolds.

4.2. Cardiac tissue engineering

The field of cardiac tissue engineering deals with the repair and
regeneration of cardiac tissues, muscles and cells. Close coor-
dination between the cardiac cells and the support system
(scaffold) is required for effective cardiac tissue regeneration.
The application of MoS, nanosheets in cardiac tissue engineering
was studied by Nazari et al. The study reported the fabrication of
electrospun nanofibers of MoS, nanosheets incorporated nylon
6."7 In this work, the fabricated MoS, NPs were mostly in the
shape of nanosheets with a size of approximately 400 nm with the

(A)
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24 h
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Anode Cathode
Ly — -80°C freezer
e 3 24 h
h
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t 24 h

LiCIO« + PC electrolytes

*Lithium ion intercalation of MoS; thread

(B)

Ultra-sonication

CPAM thread in
MoS: solution
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presence of some sheet-like nanostructures with a size >2 pm. In
addition, the mean diameter of nylon and nylon/MoS, nanofibers
was found to be approximately 182 and 161 nm, respectively
(Fig. 7). The synthesized nanofibers offered high mechanical
properties and enhanced electrical conductivity with improved
cell proliferation and attachment. The study emphasized the
ability of MoS, to upregulate cardiac functional genes and induc-
tion of cardiogenic differentiation and maturation of mouse
embryonic cardiac cells (mECCs). The electrical signaling
response of MoSy-based scaffolds needs to be investigated in
detail as this could open gates for the intense utilization of
MosS,-based scaffolds for nerve and cardiac tissue engineering.
Further, the application of MoS, to enhance the mechanical,
electrical, thermal and structural properties of chitosan was
studied by Feng et al'®® The reinforcement effect and well
dispersion state of MoS, with chitosan were credited for the
enhancement in the properties of pristine chitosan films. This
work could be utilized to develop MoS,-chitosan scaffolds for

Dy
Soaked 12 hin
MoS: Solution

30 mins

Washed in PBS
3 times

h

i/

*Lithium ion Intercalation of MoS;

Li* ions

Q o
# o

0() O

o (9]

Bulk MoS;

—

Li MoS;

Fig. 8 (A) Schematic diagram illustrating the workflow of pre-treating the thread with cationic polyacrylamide (CPAM) and preparing lithium-
intercalated MoS, nanoflake coated thread. (B) Depiction of lithium-ion intercalation of MoS,-thread to render the thread conductive, Reproduced

with permission from ref. 161. Copyright 2019 American Chemical Society.
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providing necessary electrical stimulus that can be explored for
cardiac tissue engineering applications. The regeneration of func-
tional cardiac tissues with adequate response will have a signifi-
cant impact in eradicating many ailments related to
cardiovascular tissue damage. The properties of cardiogenic
differentiation, cell adhesion, and proliferation should be the
key parameters to be targeted while designing scaffolds for
cardiac tissue beginning.

4.3. Neural tissue engineering

The cases of nerve injuries are on the rise and can be a result of
accidents, trauma, ailment, and congenital defects. However,
nerves with a gap smaller than 1 cm could be restored through
the surgical process but large nerve injuries are difficult to
fix.">*1%° In order to meet this demand, designing biocompa-
tible artificial cylindrical constructs imitating the structural
and functional property of nerves has been intensively
explored. In this regard, Taheri et al. developed lithium inter-
calated MoS,-coated cotton thread as a potent candidate for

View Article Online
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nerve tissue-engineering applications'®' (Fig. 8). Apart from
testing the biocompatibility and cytotoxicity of the designed
scaffolds for multiple cell lines, the conductivity and perme-
ability of the scaffolds were also evaluated. The work could
impart an opportunity to fabricate biomimetic fibrillary con-
struction of the ECM. In another study, Wang et al. investigated
the application of PVDF-MoS, scaffolds for promoting neural
stem cell (NSC) differentiation with high efficiency and without
including external growth factors."®* In this work, the immuno-
fluorescent staining method was executed with precise neural
markers, such as neuronal associated class III beta-tubulin
protein (Tuj1) and glial fibrillary acidic protein (GFAP), to
account for the degree of differentiation of NSCs into neural
cell types. The study showed a positive effect that the nanos-
tructured MTFs exhibit significantly positive effects on NSC
proliferation and attachment with negligible cytotoxicity.
Good electrical conductivity and large surface area are
tagged as added advantages associated with the designed
scaffolds that help ion cell adhesion and proliferation. The

Table 2 MoS,-based scaffolds for tissue engineering applications

S.  Nature of Processing Cell Targeted
No MoS, Composition Scaffold type method line tissue Features Ref.
1. Quantum Polyamide Nanofibers Electrospinning General Threshold energy of nanofibrous 146
dots scaffold membrane reduced from 3.5 to
1.8 nJ, uniform distribution of MoS,
in the membrane, micropatterning of
pillars
2. Nanosheets Silk fibroin Nanosheets Freeze-dried General Significant output for scale up, 148
thickness of 3-6 nm, high aqueous
stability
3. Nanosheets Akermanite Scaffold 3D-printing Saos-2  Bone tissue Supports cell attachment, prolifera- 149
technology and  cells, engineering tion and osteogenic differentiation of
hydrothermal MDA- rBMSCs, induced bone regeneration
method MB-231 at in vivo level
cells
4. Nanosheets Bioactive Scaffold 3D-printing MNNG/ Bone tissue Retention up to 60 days, tumour 150
borosilicate glass technology HOS engineering therapy, stimulate differentiation of
cells rBMSCs, upregulate osteogenic genes
expression
5. Nanoflakes Fluorine doped Scaffold Hydrothermal rBMSCs Bone tissue Formation of focal adhesion between 151
tin oxide coated method engineering cells and substrate, promoted
glass osteogenesis
6. Nanofibers Polyacrylonitrile Composite Electrospinning rBMSCs Bone tissue Promote rBMSCs growth, 154
nanofibers technology engineering proliferation and activity
scaffold
7. Nanosheets Polycaprolactone, Composite Albumin- MC3T3- Bone tissue Enhanced cell attachment, 155
zein nanofibers induced El engineering proliferation and differentiation
scaffold exfoliation
8. Nanosheets Hydroxyapatite Nanocomposite Hydrothermal MG-63  Bone tissue In vitro and in vivo osteogenic 156
scaffold method cells engineering differentiation, proliferation, rapid
osteogenesis
9. Nanoflakes Nylon Nanofibers Electrospinning mECCs Cardiac Maturation and upregulation of 157
scaffold technology tissue cardiac functional genes, elongated
engineering morphology
10. Nanoflakes Chitosan Composite Acidic General Enhanced mechanical and thermal 158
scaffolds exfoliation properties
11. Nanoflakes Cotton thread Thread Exfoliation and  NG108- Nerve Electrical conductivity of 9.4 X 161
scaffolds Electrochemical 15, PC  tissue 101 S m™ ', cell proliferation over a
method 12 engineering period of 3 days
Nanosheets Polyvinylidene Nanofibrous Hydrothermal NSC Nerve Promote cell differentiation of NSC 162
fluoride scaffold method and tissue and neural maturation,
electrospinning engineering
technology
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field of MoS, based neural tissue engineering is still under
exploration and has a lot of potential. In this area, inspecting
the simulation-based electrical signalling response of designed
scaffolds will certainly have an edge in further developing
improved scaffolds with remarkable properties. A detailed sum-
mary of the applications of MoS,-based nanostructures for different
organ-specific tissue engineering is provided in Table 2.

5. Conclusions and future prospective

MoS,-based nanostructures signify as one of the most promis-
ing and attractive materials for numerous applications ranging
from the industrial segment to the biomedical field. The
unique set of physicochemical properties associated with
MoS, nanostructures makes it an exceptional candidate for
its widespread utility. The review discusses the different struc-
tural arrangements (2D, 1D, 0D) in which MoS, could be
perceived. The review also addressed the structural-based
alterations in the properties of different MoS,-based nano-
structural morphologies. To further investigate the compatibil-
ity of MoS, with biological systems, comprehensive wisdom of
their cellular interaction is very essential. Thus, the effect of
nanostructured MoS, on cellular toxicity, biocompatibility,
proliferation, adhesion, and immunomodulation is thoroughly
reviewed. This will render an approximation of the level of
MosS, that could be utilized for their applicability with biologi-
cal systems. The review further presents a comprehensive
overview of the exploitation of nanostructured MoS, in tissue
engineering applications with emphasis on bone, cardiac and
neural tissue engineering. Further, the tissue-specific features
of the fabricated MoS,-based scaffolds are thoroughly reviewed
and analyzed to implicate their practicality in regenerating
large organs as well.

Although, considerable progress is still underway in terms of
the applicability of nanostructured MoS,-based scaffolds for
tissue engineering applications, in-depth knowledge of the
cellular interaction of MoS, is deficient. Different forms and
sizes of any material will give an altered response when exposed
to a living system, which in turn will affect the anticipated
application of any material. This unlocks new opportunities,
which need to be explored to design effective MoS,-based
scaffolds for tissue engineering applications. In addition, novel
strategies to synthesize and functionalize uniform MoS, nano-
structures with substantial control over their size and proper-
ties will further aid in their widespread utility. However, in
order to utilize MoS,-based scaffolds for large tissue regenera-
tion such as skin, further refinement in fabricating process is
required. To design such scaffolds, imitating ECM could not be
the sole criteria but repair and improvement of diseased tissue
ECM is a vital criterion to be handled for effectual tissue
regeneration. To tackle this hurdle, additive manufacturing
techniques could be explored for effectual MoS,-based scaffold
production. An interdisciplinary approach with collaborative
effort is necessary to see the clinical translation of nanostruc-
tured MoS,-based scaffolds for tissue engineering applications.
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