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properties, particularly associated to the
high electronic and thermal conductivity.[5] The family of 2DMs comprises
different chemical classes, the most popular of which include 2D layered transition-metal dichalcogenides (TMDCs),
transition metal dioxides (TMDOs), hexagonal boron nitride (hBN), graphitic
C3N4 (g-C3N4), 2D clay materials, such
as layered double hydroxides (LDHs) and
laponite (LAP), and the recent member
consisting of ultra-thin black phosphorous
(BP) monolayers.[6–9] These types of materials are finding numerous applications
in electronics, optoelectronics, energy
storage, sensors and catalysis,[10] but also
hold great potential in the biomedical
field.[8,11,12] Indeed, it is possible to obtain
stable aqueous dispersions under physiological conditions with 2DMs, either by chemical functionalisation or coating with surfactants to favor interactions with
living systems. Towards this direction, these materials represent a great alternative for the development of the next generation of tools for biomedical applications, potentially surpassing
the performance of carbon-based nanomaterials (i.e., carbon
nanotubes, nanohorns, graphene, carbon dots, etc.). This can
be due to the possibility of tuning their electronic and optical
properties, exploiting their surface area for combination with
other molecules or materials, and insertion of chemical modifications by appropriate functionalisation strategies.[13]
2D transition metal dichalcogenides, transition metal oxides,
and g-C3N4 are being intensively explored as field-effect transistors (FETs), gas sensors, including biosensors, and in bioimaging due to their wide direct band-gap compared to that
of their bulk form.[2,14] On the other hand, TMDCs have been
applied for potential applications in photothermal therapy
(PTT) along with multimodal imaging guidance for treating
tumours due to their unique optical properties.[15] hBN (known
as “white graphene”) is also widely explored as alternative to
graphene. Although hBN nanosheets act as pure insulators
and do not absorb light in the visible light region, they have
received increasing attention due to their superior mechanical
strength, thermal conductivity, low fluorescence quenching
along with chemical inertness over other 2DMs.[16–19] They have
been used to improve the mechanical and thermal properties of
polymer composites and high-temperature oxidation-resistance
coatings.[16,18,20,21] In addition, functionalised hBN nanosheets
have been also used in biomedical applications such as bioimaging due to their excellent water dispersibility combined with
very low cellular toxicity.[22] However, there are very few reports

Currently, a broad interdisciplinary research effort is pursued on biomedical
applications of 2D materials (2DMs) beyond graphene, due to their unique
physicochemical and electronic properties. The discovery of new 2DMs is driven
by the diverse chemical compositions and tuneable characteristics offered.
Researchers are increasingly attracted to exploit those as drug delivery systems,
highly efficient photothermal modalities, multimodal therapeutics with noninvasive diagnostic capabilities, biosensing, and tissue engineering. A crucial
limitation of some of the 2DMs is their moderate colloidal stability in aqueous
media. In addition, the lack of suitable functionalisation strategies should
encourage the exploration of novel chemical methodologies with that purpose.
Moreover, the clinical translation of these emerging materials will require undertaking of fundamental research on biocompatibility, toxicology and biopersistence in the living body as well as in the environment. Here, a thorough account
of the biomedical applications using 2DMs explored today is given.

1. Introduction
The isolation and discovery of the extraordinary properties of
graphene have become a strong motive in the search of new
two-dimensional materials (2DMs) exhibiting different optical,
electrical and thermal properties.[1,2] 2DMs are currently intensively investigated as alternative to graphene-based materials,[3,4] and in their planar form show unique physicochemical
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on the biomedical application of BNs, therefore more studies
are needed to explore their potential in biomedicine.[22]
The g-C3N4 nanosheets also hold promising characteristics
such as water dispersibility without addition of any surfactants
or oxidation treatments as seen for other 2DMs (TMDCs or
graphene-based materials). Indeed, g-C3N4 can be easily exfoliated directly in aqueous solutions.[23] Moreover, graphitic C3N4
sheets exhibit a large band-gap similar to TMDCs as well as
superior photocatalytic features ranging from UV to visible
region, thereby finding applications in biosensing, bioimaging,
drug delivery and photothermal therapy.[24–26] Graphene analogues such as MoS2 and g-C3N4 display large band-gaps compared to graphene, which can be tuned between semiconductor
or insulator forms in a controlled manner,[27] preventing current leakage and allowing higher sensitivity and accuracy of
readings.[28] Very recently, metal-free layers made of black phosphorous, displaying thickness-dependent band-gap is attracting
the interest of researchers.[29] Applications in electronics and
optoelectronics started to be investigated.[30] However, compared to other 2DMs, bioapplications are still rudimentary due
to the lack of suitable exfoliation methods. BP nanosheets were
shown to generate singlet oxygen species under the entire visible light region and applied for photodynamic therapy to treat
tumours in mouse models.[6,31] The family of 2D clay materials, including LDHs and LAP nanodiscs, holds interesting
biomedical possibilities, especially in drug delivery. These
materials allow a sustained drug release, the delivery of hydrophobic molecules, and they are highly biocompatible.[7,32] They
resulted also useful in tissue engineering and as antimicrobial
coatings.[33–35]
Some initial reports showed reduced levels of cytotoxicity
for the different 2DMs mentioned above compared to other
nanomaterials.[6,22,26,36,37] The low cytotoxicity of 2DMs have
been postulated to be due to the lack of sharp edges (e.g.,
MoS2 sheets) compared to graphene-based materials.[38,39]
These 2DMs have been also described to possess material-type
dependent antimicrobial properties similar to those reported
for graphene or graphene oxide.[40,41] However, all such reports
are too preliminary to reach any validated conclusions.
The assessment of the health and environmental impact
from exposure to 2DMs is certainly facilitated by their chemical
nature and composition. While it is quite challenging to track
the fate of carbon nanomaterials quantitatively, necessitating
their labelling in order to distinguish them from endogenous
carbon, the metallic composition of TMDCs and LDHs may
allow a much more facile detection at the cellular, tissue and
organ level.
In view of the promising characteristics of 2DMs for biology
and medicine, in this review article we will outline the possibilities offered in some of these applications. We will not cover graphene-based materials, as they have been recently extensively
described in many interesting and exhaustive reviews.[42–54] In
addition, to clearly diversify our contribution from other recent
reviews,[55] we have organized the sections not based on the
type of material but on the different biomedical applications to
highlight their emerging importance in biomedicine. We will
describe in particular the use of 2DMs in therapy, imaging and
diagnosis (Figure 1). A brief section will initially discuss the
main methods used to prepare these materials. We will finally

cover aspects related to knowledge generated on safety and toxicity of 2DMs and provide future perspectives.

2. Synthetic Methods and Surface
Functionalization
The preparation of 2D layered nanomaterials can be achieved
using two distinct methods: i) the top-down approach; and
ii) the bottom-up approach. Both have been extensively covered
in recent reviews.[3,5,56,57] In this section, we will briefly summarise the main differences between these two approaches. In
addition, we will also underline the importance of modulating
the surface chemistry of 2DMs for biomedical applications
by adding appropriate functionalization groups necessary to
render them compatible with biological (i.e., cells and tissues)
and living systems (i.e., animal models) (Figure 2).
The top-down method is based on the direct exfoliation
of bulk material. Exfoliation covers alternative possibilities
including mechanical treatments, ion intercalation, liquidphase and surfactant-assisted exfoliation/dispersion. By
applying these processes, almost all types of 2D materials can
be obtained as single-, few- or multi-layered nanosheets in different solvents including water and physiological solutions.
Among the different exfoliation processes listed above, the
liquid-phase can be considered the most efficient and versatile
as it allows preparation of large amounts of any materials,[58]
particularly suited for biomedical purposes.[12] This method can
also produce specific surface functionalizations that are particularly advantageous to stabilise the nanosheets in solution.[59–63]
Generally, modifications of 2DM surfaces introduce defects that
can affect the electronic properties. However, these defects are
fundamental for further chemical functionalisation and tuning
material characteristics.[61,62,64]
The bottom-up method is the alternative process to generate
2D layered materials via atomic level control of their composition and structure. It can be used to synthesise 2DMs that
cannot be obtained by direct exfoliation from bulk. Chemical
vapor deposition (CDV) growth and wet chemical synthesis
allow preparation of size-controlled and chemically pure materials. Between these two bottom-up processes, the second is the
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Figure 1. Molecular structures and biomedical opportunities offered by 2DMs.

more versatile, as CVD is limited by the choice of an appropriate substrate to grow the desired material, high temperature
and high vacuum conditions, followed by the requirement of
its final removal from the substrate.[65] In general, the CVD
method is suitable to grow single-crystalline 2D sheets for
device fabrication, but less appropriate for biomedical applications.[12,33] Wet chemistry is instead particularly useful for
layered hydroxide-like materials where the fine control of the

composition and the ratio between single atoms are fundamental to endow these materials with the desired properties.[33]
Wet chemistry starting from the appropriate reagents can be
also exploited to synthesise novel hybrid materials, like carbondoped hBN or metal ion-doped WS2 sheets.[66,67]
In the biomedical field it is of paramount importance
to maintain any materials stable in solution. Most of
2DMs suffer from rapid reaggregation and precipitation in

Figure 2. Schematic representation of the synthetic methods to obtain multifunctional 2D materials.
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3. Biomedical Applications using 2DMs
3.1. In Vitro and In Vivo Anticancer Applications
Different 2DMs are finding interesting applications in the
therapy of cancer as they can combine the capability to deliver
a drug and to undergo photothermal induced release of the
drug under irradiation in the near infrared (NIR) region, as
summarised in Table 1. PEGylated MoS2 has been used to
deliver anticancer drugs in an approach combining photothermal ablation and chemotherapy.[68] Following chemical
exfoliation, MoS2 nanosheets were stabilised in water by lipoic
acid conjugated PEG (LA-PEG) and loaded with doxorubicin
(Dox), Ce6 and an analogue of camptothecin (SN38) reaching
very high amounts of drug loading on the sheet surface
(>200% in weight). The PEG chain was also modified with
folic acid (FA) as the targeting ligand. The complex demonstrated efficient targeting to KB cells (that overexpress folate
receptors) in comparison to HeLa cells. Following the uptake
of the MoS2 nanosheets loaded with Dox, the cells that were
irradiated with NIR laser light were ablated to a large extent.
The biological activity was enhanced by the synergistic combination of the drug action and the NIR irradiation. Combination of chemotherapy and photothermal therapy was also
applied in vivo. The complexes of MoS2 were administered
to mice either intratumorally or intravenously. Both routes
of administration led to high accumulation of the targeted
PEGylated MoS2 into the tumour site. Tumour growth was significantly inhibited by the synergistic effect of Dox treatment
and laser irradiation.

Adv. Mater. 2016, 28, 6052–6074

Besides the combination with anticancer drugs, exfoliated
MoS2 can be used alone as a NIR photothermal agent.[70,83] In
vitro experiments on HeLa cells demonstrated the photothermal
ablative activity under irradiation at 808 nm, leading to complete cell killing. More recently, Shi and co-workers reported a
novel and efficient one-pot synthesis of PEG-MoS2 nanosheets
via the bottom-up approach starting from ammonium molybdate and thiourea.[39] This original method allowed control of
the size, crystallinity and enhancement of the colloidal stability
of PEG-MoS2. In turn, the photothermal performance was
optimised based on the size and PEGylation of the sheets. In
vitro viability tests on 4T1 and L929 cells revealed low cytotoxicity of this 2DM, while under laser irradiation at 808 nm cells
showed a dose-dependent apoptosis. Highly efficient in vivo
photothermal activity was then achieved in a tumour-bearing
mouse xenograft model. This work clearly highlights the potential application of MoS2 sheets for NIR-mediated photothermal
therapy.
NIR photothermal properties are intrinsic to all elements
of metallic nature, so alternatively to metal-transition dichalcogenides, other noble metals can be obtained in the form
of nanosheets and exploited for cancer photothermal ablation. Ultra-small palladium sheets with size below 10 nm
were modified with glutathione and administered to tumourbearing mice.[71] The long blood circulation of this material
allowed high accumulation in the tumour. Following laser
irradiation at 808 nm, the tumour growth was significantly
inhibited.
More recently, metal-free black phosphorous monolayered
sheets have also been obtained by direct exfoliation in aqueous
medium without use of any surfactants (Figure 3). These sheets
were stable up to 2 weeks without any degradation of the
sheets in the dark.[6] Importantly, these monolayer BP sheets
were found to be highly efficient photosensitizers, resulting
in generation of singlet oxygen under the entire visible light
region, with quantum yields much higher than those reported
for established photodynamic therapy (PDT) agents.[84] These
BP sheets were injected in Balb/c nude mice intratumorally,
followed by 660 nm laser irradiation of the tissue. Tumour
growth was significantly reduced in BP sheets-treated mice
compared to untreated animals, indicating the potential use of
this material for in vivo PDT. In addition, these BP sheets could
be degraded readily into biocompatible phosphorous oxides by
short-time light irradiation. This is a unique property of BP
that has not been reported for other 2DMs. In another study,
BP quantum dots (QDs) exhibited excellent biocompatibility,
non-immunogenicity, long blood circulation time and were
employed instead for PTT.[31]
Within the 2DMs, hBN nanosheets have also been proposed as drug delivery systems for anticancer therapy. hBN has
been rendered highly water soluble by functionalisation with
hydroxyl groups,[22] making this material capable to efficiently
complex Dox. Once added to prostate cancer cells, the drug
was released from the nanosheets, affecting cell viability in a
dose-dependent manner, and with more efficacy than the drug
alone. Further studies are necessary to determine the biological
activity of these constructs in in vivo disease models.
In addition to the different 2DMs reported above, LDHs and
laponite, a synthetic type of silicate nanodiscs, have also emerged as
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physiological conditions. Chemical functionalisation is therefore essential to endow the nanomaterial with high colloidal
stability. In addition, the functionalisation can also impart targeting characteristics that can allow localisation of conjugates
with therapeutic activity into the tumour for cancer treatment.
Functionalisation can be non-covalent when surfactants or
polymers are used to disperse the nanosheets, or covalent if
an appropriate function reacts with the surface atoms of the
2DMs (Figure 2). For example, the covalent functionalisation
of MoS2 has been very recently described by Presolski and
Pumera.[63] The advantage of this method resides in the chemical stability of the bond between the nanomaterial and the
functional molecule.[68] The most explored molecule to obtain
homogenous aqueous dispersions with any 2DMs is polyethylene glycol (PEG). In this case the polymer was mainly
physisorbed onto the 2D surface. PEG can potentially offer
further benefits as it can also prolong blood circulation of the
nanosheets.[39] Alternatively, bovine serum albumin was also
exploited for the preparation of homogenous and stable dispersions of 2D crystals.[69] The following sections that describe
different biomedical applications of 2DMs will also cover the
specific functionalisation strategies and multiple functionalisation approaches performed today. The combination of 2D
materials with different nanoparticles also will permit further
expansion of their capabilities and applications towards development of novel multimodal technologies for diagnostics or
therapeutic applications.
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Table 1. In vitro and in vivo applications for anticancer therapy and regenerative medicine.
Material

Functionalisation/
Coating

Drug

Modality

In vitro

In vivo

Toxicity
effects

Ref.

MoS2

LA-PEG, Folic acid

Dox, Ce6, SN38

PTT and
Chemotherapy

HeLa, KB cells

Mice

No cytotoxic effects after 24 h
even at high concentration Induction of minimal oxidative stress

[68]

MoS2

Intracellular protein
complexation

PTTHost-guest protein interaction
& enzyme inhibition under NIR
light

HeLa

No cytotoxicity without
light irradiation

[70]

Reversible inhibition
of enzymatic activity
PEG

MoS2

–

PTT

4T1

Mice

L929

Biocompatible up to
500 µg/mL

[39]

Hemocompatibility
After 40 days, Mo level in liver,
spleen, lungs was reduced

Pd sheets

Reduced
glutathione

–

Photothermal ablation
under NIR irradiation

–

Mice

Long blood circulation
Renal clearance
Low organ accumulation
No organ damage
No body weight changes

[71]

BP sheets

–

–

PDT in
Visible light

MDA-MB-231
cells

Mice

Biocompatibility,
tumor growth inhibition

[6]

Hydroxylation

Dox

Drug delivery

NIH/3T3

–

No cell mortality without drug

[22]

Porous hBN and

LNCaP

BN(OH)x
Mg-Al LDH

–

MTX

Drug delivery

HOS and MTXresistant cells

–

Bypassed MTX resistance,
prevented cell proliferation

[72]

LAP

–

Dox

Drug delivery

KB cells

Mice

Enhanced cellular uptake of
LAP/Dox

[7,73]

No changes in body weight
No damage of the organs
LAP

Folic acid

Dox

Drug delivery

PEG-lactobionic acid

HeLa

–

FA enhanced anticancer activity

[74,75]

L929 cells
HepG2

LAP

PEG-poly(lactic
acid) copolymer

Dox

Drug delivery

CAL-72

–

Cytocompatibility

[76]

Ti-Ni LDH &
Ni(OH)2 films

–

–

Tissue engineering,
ROS generation,
pH dependent nickel uptake

RBE, HIBEpic,
SMMC-7721,
HepG2

–

Normal cell proliferation

[77]

MoS2
(0.01 – 0.2%)

Polypropylene
fumarate

–

Bone tissue engineering

–

–

Biocompatible scaffolds, but
biodegradation products are
cytotoxic

[78,79]

PLGA nanofibers

–

Bone tissue engineering

hMSCs

–

Hemocompatible,

[80]

LAP

L929 fibroblasts

Cytocompatible
Biodegradability

LAP

Bioceramics

–

Bone tissue engineering

Pig RBCs

LAP

Gelatine methacrylate hydrogel

–

Bone tissue engineering

MC3T3 cells

Mice

Hemocompatibility

–

Improved cell adhesion,
biocompatibility, induced
biomineralisation

rMSCs
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Figure 3. Preparation and morphology of ultrathin BP nanosheets (a) Schematic illustration for the water exfoliation of bulk BP into ultrathin nanosheets.
(b) Transmission electron microscopy (TEM) image. (c) Atomic force microscopy image. (d) Corresponding height image. Reproduced with permission.[6] Copyright 2015, American Chemical Society.

novel drug delivery carriers. LDHs have been proposed in drug
delivery because of many atomic combinations and high biocompatibility that can result in diverse compositions. Drugs or
biomolecules can then be intercalated in LDH layers resulting
in a unique drug carrier with high drug loading.[85,86] LDHs,
of generic formula [M2+1–xM3+x(OH)2][An–x/n·zH2O (M = di- or
trivalent metal cations, and A = interlayer anions) consist of
an outer positively charged metal hydroxide sheet and of an
inner interlayer of hydrated anions favoring cell internalisation.[32,85,87,88] For instance, methotrexate (MTX) intercalated
into a LDH hybrid inhibited cell proliferation in MTX-resistant
cells due to an improved permeability and retention effect of
LDH-MTX system.[72]
Alternatively, smectite clay laponite resulted in an interesting system for delivery of anticancer drugs because of the
high encapsulation efficiency it exhibited.[34,89–91] A novel anticancer therapy exploiting the incorporation of Dox into the
interlayer space of LAP (98.3% encapsulation efficiency) via
an ionic exchange process has been reported.[7] In vitro drug
release studies showed that Dox liberation from LAP was pHdependent. Cytotoxic assay using human epithelial carcinoma
KB cells revealed that LAP/Dox nanodiscs caused higher cytotoxicity than free Dox at the same concentration because of
better cellular uptake of the nanodiscs. The antitumour activity
of LAP/Dox system was then carried out using a tumourbearing mouse model.[73] In vivo biodistribution studies also
allowed demonstration of the biodegradability of such material. A higher amount of magnesium ions were measured in
the organs of the reticuloendothelial systems (RES) (mainly the
liver) compared to other organs. After 45 days, the amount of
magnesium was negligible revealing that LAP was easily eliminated. Moreover, no organ damage was observed as revealed by
histological studies. Recently, the covalent functionalisation of
LAP nanodiscs with folic acid, to target cancer cell lines overexpressing folate receptor, was achieved.[74] Similarly, the functionalisation of LAP with PEG-linked lactobionic acid allowed to
specifically target human liver HepG2 cancer cells.[75] Further,
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modifications of LAP with PEG-poly(lactic acid) copolymer
improved the aqueous colloidal stability of Dox loaded LAP.[76]
All these reports, and in particular the pilot in vivo antitumor
studies using LAP/Dox complexes,[73] revealed the exceptional
anticancer therapeutic potential of LAPs.

3.2. Tissue Engineering Applications
2DMs have been explored in tissue engineering and regenerative
medicine applications since they can offer greater added functionality to polymers due to their large surface area and good
mechanical strength (Table 1).[47,92] For example, stents based on
nickel and titanium are currently developed for the inhibition
of cancer cell proliferation in different organs. Indeed, integration of Ni(OH)2 and Ni-Ti double-layered hydroxide on currently
available nickel and titanium alloys can lead to new surfaces
with better inhibition rate of cancer cells and improved biocompatibility with normal cells (Figure 4).[77] The mechanism of
action is based on the release and uptake of nickel ions into the
cells with a consequent induction of high level of reactive oxygen
species. This effect on normal cells is reportedly reduced; therefore a selective inhibition effect is hypothesised to be dependent
on the reversed pH gradient in cancer cells. Again, such observations need to be verified by further studies and most importantly in vivo studies will be necessary.
A recent report showed that a hybrid material made of biodegradable polypropylene fumarate (PPF) and MoS2 sheets
(0.01 – 0.2%) provided greater mechanical strength in bone
tissue engineering than multi-walled carbon nanotubes (CNTs)
or graphene oxide with the same respective weight ratio.[78]
Additional results on the in vivo biocompatibility of the 2DM
reinforced polymer scaffolds and their ability to promote
osteogenic differentiation are needed to prove their safe use
for bone regeneration. In this direction, the functionalisation
of 2DMs with various biomolecules to modulate their toxicity
or to control biodistribution should be explored. Indeed, their
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Figure 4. Schematic representation of films composed of Ni(OH)2 or Ni−Ti layered double hydroxide (Ni-Ti LDH) on the top of a surface of nickel and
titanium alloy. The films with specific Ni/Ti ratios release a large amount of nickel ions under acidic environments leading to inhibition of cancer cell
proliferation while showing little effects to normal cells. Reproduced with permission.[77] Copyright 2015, American Chemical Society.

interactions with various tissues and the potential pro-inflammatory responses to such materials are still unknown. In addition, it is essential to examine the properties of metallic and
semiconducting 2DMs to understand how the tissues can benefit of the difference in electron transfer and charge transport.[8]
The inorganic bioceramics consisting of Ca and Mg silicates have been used in bone and tissue engineering for many
years, mainly because of their ability to stimulate cell proliferation, differentiation, osteogenic expression and regeneration
of bone cells.[33] Along the same direction, the inorganic layered materials such as LAPs and LDHs have also shown some
promising results in tissue engineering.[77,80] Especially, LAPbased materials have been shown to offer unique advantages
similar to bioactive glass in bone and tissue engineering due to
their high biocompatibility, biodegradation into non-toxic products [i.e., Na+, Si(OH)4, Mg2+, and Li+], and osteoinduction.[90,80]
LAP-doped nanofibers from poly(lactic-co-glycolic acid) (PLGA)
displayed improved cell adhesion and proliferation of L929
mouse fibroblasts and porcine iliac artery endothelial cells compared to PLGA fibers alone.[80] Importantly, LAP-PLGA scaffolds also induced osteogenic differentiation of human mesenchymal stem cells (hMSCs) without stimulation factors.
Zhao et al. have further demonstrated the applicability of
LAP for bone regeneration.[33] A LAP-based bioceramic, prepared by sintering LAP powder, showed an excellent surface
hydrophilicity and serum adsorption capacity. An in vitro haemolysis assay using pig red blood cells (RBCs) revealed that
the LAP bioceramic exhibited excellent hemocompatibility,
a key parameter for tissue engineering. In addition, the LAP
bioceramic showed good cytocompatibility on rat mesenchymal
stem cells (rMSCs). This composite was able to induce the
biomineralisation of hydroxyapatite on its surface after 7 days
in stimulated body fluid.[93] It regulated the osteogenic differentiation of rMSCs (Figure 5a) without any inducing factors
compared to cells cultured onto uncoated tissue cultured plates
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Figure 5. In vitro osteogenic differentiation of rat mesenchymal stem
cells (MSCs) and in vivo bone repair. a) Alkaline phosphatase (ALP)
activity of rMSCs cultured onto different substrates in growth medium
after 14 days culture. Insert of (a) shows the picture of alizarin red
staining of rMSCs cultured onto TCP (left) and LAP ceramic (right) in
growth medium without any inducing factors at day 14. Panels (b–f) show
the macroscopic appearance of bone defects; a 2 mm bone defect was
created in the middle of the tibia, and implanted with laponite ceramic
(d). Panels (b & e) show the macroscopic appearance of defects without
and with implantation during 24 weeks. A trace of laponite ceramic
residual is observed in (e) as pointed by the arrow. Panels (c & f) show
the radiographic images of bone defects without and with LAP implantation after 24 weeks. Reproduced with permission.[33]
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around 100 nm were found to exhibit stronger PL compared to
larger sheets due to quantum size effect,[97] and were imaged
within U251 glioblastoma cells. QDs from MoS2 or WS2 were
also highly dispersible in aqueous phases and with strong
fluorescence[98] compared to monolayered MoS2 sheets,[97] and
were imaged within HeLa and HEK293 cells. Apart from these
few examples of in vitro studies, the in vivo imaging of these
nanomaterials exploiting their intrinsic fluorescence is still
unexplored. Studies in this direction would allow better understanding of the efficiency of g-C3N4 in comparison to other
nanomaterials or organic dyes.

4. Bioimaging

4.2. X-ray Computed Tomography Imaging

Over the past two decades, the advances of nanotechnology
have allowed the development of new tools for bioimaging
and diagnosis. Inorganic QDs have been largely explored due
to their optical and semiconducting properties, high quantum
yields, broad absorption spectra, tuneable dimensions, and
strong resistance to photo-bleaching, becoming better candidates over organic fluorophores.[94] Although inorganic QDs
seem to be the promising materials for diagnostic applications,
the presence of heavy metals (e.g., Cd or Zn) have raised important toxicity concerns, limiting their potential for clinical translation. Recently, graphene-based QDs, devoid of metal atoms,
have been developed. Even if these materials resulted in equally
good signals for imaging, they suffer from poor photo-responsiveness and inherent hydrophobicity.[95] 2DMs also seem to
be suitable candidates for bioimaging and diagnosis due to
their tuneable large band-gaps (especially for MoS2, WS2, and
g-C3N4) along with strong excitonic and fluorescence properties.

X-ray computed tomography (CT) imaging is a well-established
biomedical imaging technique being routinely used in clinical
diagnosis.[99] CT is a non-invasive imaging technique which
offers a 3D visual reconstruction and segmentation of the targeted tissues, deep tissue penetration at high resolution. In
CT imaging, the weakening of incident X-rays is enhanced by
agents that adsorb these irradiations, thereby providing image
contrast.[100] Various nanoparticles have been explored as X-ray
contrast agents consisting of lanthanide complexes of gadolinium, dysprosium, and ytterbium including, iodine, gold, bismuth, tantalum oxide (Ta2O5) and more recently graphene.[99,101]
2DMs like MoS2, WS2, Bi2S3 and Bi2Se3 can attenuate X-rays
stronger than carbon-based materials, resulting in very promising contrast agents.[8,36,52,102] The strong contrast of X-rays
created by MoS2 sheets was superior to graphene and it was
applied for CT imaging and image-guided therapy.[36] In an
alternative work, strong X-ray attenuation ability was achieved
using PEGylated WS2 sheets (Figure 7a).[100] In this study, the
dual-modality imaging of tumours through enhanced CT and
photoacoustic tomography (PAT) (vide infra) was demonstrated.
The contrast agent efficiency of PEGylated WS2 increased linearly with the concentration of the conjugate (Figure 7b). Signal
strength for the PEGylated WS2 was found to be much higher
than that of commercially available iopromide (currently clinically used) and also higher than that of MoS2 sheets because of
the stronger X-ray attenuation ability of W over Mo atoms.[36] CT
imaging of tumours was performed after injecting of PEGylated
WS2 intratumorally (i.t.) or intravenously (i.v.) into Balb/c mice
(Figure 7c and d). This study confirmed that PEGylated WS2
nanosheets can offer strong X-ray attenuation for high-contrast
CT imaging to visualize tumours. In a similar approach, WS2
was coated with BSA and demonstrated to be again superior in
contrast to iopromide.[69] Bi2Se3 and Bi2S3 nanoplatelets were
also used as efficient contrast agents in CT imaging, since Bi
is a metal with high atomic number (Z = 83).[12] Subsequently,
various Bi-containing 2DMs were developed for imaging.[102–104]

4.1. Fluorescence-Based Imaging
One of the first examples of bioimaging applications reported
the use of water-dispersed exfoliated g-C3N4 nanosheets. The
materials were biocompatible and exhibited a pH-dependent
photoluminescence (PL) along with high quantum yield
allowing efficient imaging within HeLa cells (Figure 6).[96] In
addition to g-C3N4, MoS2 sheets have been explored for bioimaging. Strongly fluorescent MoS2 sheets of lateral dimension
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(TCP). In vivo healing of an induced bone defect was achieved
by implantation of LAP ceramic into the damaged tibia of a rat
(Figure 5b-f).
LAP nanodiscs in bone tissue engineering were further
developed by their incorporation into a gelatin hydrogel to
induce osteogenesis,[81] and as haemostatic agents.[82] These
studies illustrated the excellent properties of LAP-based materials to induce bone formation.
Overall, tissue and bone engineering studies of 2DMs are
still limited. There is certainly a need to explore more in this
field using 2DMs.

4.3. Photoacoustic Tomography Imaging

Figure 6. Exfoliation of g-C3N4 nanosheets in aqueous media and bioimaging of HeLa cells (right-hand panel). Reproduced with permission.[96]
Copyright 2015, American Chemical Society.
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PAT is an emerging modality in biomedical imaging. PAT
allows image reconstruction at multiple scales and multiple
contrast spectra in living species ranging from cellular organelles to entire organs.[105] This technique can also overcome
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Figure 7. In vivo dual-modality imaging in 4T1-tumour-bearing mice. a) CT images of WS2-PEG solutions at different concentrations. b) Hounsfield
unit (HU) values of WS2-PEG as the function of concentration. c) CT images of mice before and after intratumoral (i.t.) injection with WS2-PEG
(5 mg/mL, 20 µL). d) CT images of mice before and after intravenous (i.v.) injection with WS2-PEG (5 mg/mL, 200 µL). CT contrast was enhanced
in the mouse liver (green dashed circle) and tumour (red dashed circle). e) PAT images of tumours on mice before and after i.t. or i.v. injection with
WS2-PEG. f) Photoacoustic signals in the tumours from mice before and after i.t. or i.v. injections of WS2-PEG solution. For PAT imaging, 20 and
200 µL of WS2-PEG at the concentration of 2 mg/mL were i.t. or i.v. administrated, respectively. Reproduced with permission.[100] Copyright 2011,
Wiley-VCH Verlag.

the scattering of optical photons in the tissues by utilizing the
photoacoustic effect of light-absorbers, and it offers a remarkable increase of imaging in depth and higher spatial resolution compared to classical in vivo optical imaging.[100,105] The
photoacoustic effect is based on the generation of acoustic
waves by a material due to its ability for light absorption.[105,106]
When endogenous molecules (such as haemoglobin, melanin,
and water) fail to provide PAT imaging with high resolution,
contrast agents can be administered.
Different nanomaterials like metallic nanoparticles,[107,108]
CNTs[109] and graphene[106,110] have been used as contrast
agents for PAT and used to map the lymphatic system, engineered tissues and brain.[106] PAT has been combined with CT
to visualise the tumours in Balb/c mice after administration
of PEGylated WS2 nanosheets,[100] utilising its high NIR light
6060
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absorption. After i.t. or i.v. injection of PEGylated WS2, strong
photoacoustic signals were recorded in the tumours under NIR
laser irradiation (Figure 7e and f). PEGylated WS2 have been
described to result in better contrast signals for PAT imaging
than graphene-based materials.[110] Similarly, PEGylated MoS2
and TiS2 have also been used as PAT contrast agents.[111,112]
More recently, 2D PEGylated MoS2/Bi2S3 hybrid nanosheets
have been successfully synthesised by introducing bismuth
ions to react with the S atoms of (NH4)2MoS4, the precursor
molecule for MoS2.This hybrid material performed as a platform for both CT and PAT imaging.[113] Since Bi offers excellent X-ray attenuation ability, integration of Bi2S3 nanoparticles
onto MoS2 provided more sensitive CT and PAT imaging. This
multimodal imaging has been successfully applied during NIR
photothermal therapy for tumour treatment in mice models.[113]
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Material

Functionalisation/
Coating

Therapeutic/imaging
molecules/NPs

Modalities

In vitro

In vivo

Route

Ref.

LA-PEG6-Amino-PEG

Fe3O4 NPs64Cu

PTT, MRI/PET/PAT

–

Mice

i.v.

[15]

WS2

LA-PEG

–

PTT, PAT/CT

–

Mice

i.t & i.v.

[100]

TiS2

C18-PMH-PEG

–

PTT, PAT

4T1

Mice

i.v.

[112]

MoS2

Chitosan

Dox

Chemotherapy and PTT, X-ray CT

KB cells

Mice

i.t.

[36]

MoS2

PLGA

Dox

Chemotherapy and PTT, PAT

4T1

Mice

i.t.

[115]

Co9Se8

Polyacrylic
acid (PAA)

Dox

Chemotherapy and PTT,
PAT/MRI

HepG2

Mice

i.v.

[114]

g-C3N4

–

Dox

Chemotherapy and PDT,
PL imaging

HeLa

–

–

[26]

g- C3N4

Mesoporous SiO2 shell

Dox

Chemotherapy and PDT,
two-photon imaging/MRI

A549

–

–

[116]

HeLa

Mice

i.t.

[69]

–

Mice

i.v.

[66]

MoS2
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Table 2. Representative multimodal therapies combined to imaging applications of 2DMs.

PA-1 cells

PEG

Fe3O4 NPs

HeLa

RGD peptide
WS2

BSA

PS methylene blue

PTT and PDT
X-ray CT

WS2

Gd3+-doped

–

PEG

PTT and RT
X-ray CT/PAT/MRI

MnO2

PEG

Dox

Chemotherapy, MRI

MCF-7/ADR

Mice

i.t.

[117]

MnO2

UCNPs

–

PDT/radiotherapy,
PAT and UCL imaging

4T1

Mice

i.t. & i.v.

[118]

In addition to Mo, W and Ti dichalcogenide-based 2DMs,
more recently cobalt chalcogenides were also explored for
imaging purposes. Cobalt selenide (Co9Se8) sheets functionalised with poly(acrylic acid) (PAA) were exploited for PAT and
MR dual-modal imaging.[114] Overall, the presence of heavy
elements like Mo, W, Bi, and Ti render 2DMs more powerful
contrast agents, especially for CT and PAT imaging, than
graphene-based nanomaterials. Thus, tissue imaging can be
improved with the use of these 2DMs in comparison to commercially available contrast agents.

5. Cancer Theranostics
2DMs are also promising materials for the design of combinatory therapeutics and for theranostics. Due to the intrinsic
properties that have been evidenced by previous studies,
the possibilities to use 2DMs as platforms for chemo- and
photothermal therapies, multimodal imaging and their different combinations have inspired recent works (Table 2).
Transition-metal dichalcogenides are among the most explored
materials, with nanosheets of MoS2, WS2, and TiS2 at the center
of interesting studies.

5.1. Imaging Guided Photothermal Therapy
Following PEGylation of MoS2 nanosheets, this material
was used to prepare a new complex multimodal system.[15]
MoS2 was combined with superparamagnetic iron oxide (IO)

Adv. Mater. 2016, 28, 6052–6074

nanoparticles for magnetic resonance imaging (MRI). Two
PEGs [(d)PEG)] were added to stabilise the complexes in physiological conditions. Finally, radioactive 64Cu was adsorbed
to MoS2 due to the high affinity of copper for sulphur that
allows a chelating agent-free radiolabelling for positron emission tomography (PET). T2-weighted MRI of MoS2-IO-(d)
PEG evidenced a concentration-dependent darkening effect,
confirming the capability of this system as efficient T2-contrast
agents for MRI. These strong NIR responsive, radioactive and
superparamagnetic complexes can be also used for PAT, due
to high contrast and deep tissue penetration of ultrasound
offered by the 2DMs and the nanoparticles (Figure 8). This
triple modal imaging strategy combined to photothermal
therapy was applied to tumour-bearing mice. Following systemic administration, high accumulation of the complexes
into the tumour was observed using either PET, MRI or PAT.
Subsequent laser irradiation at 808 nm led to a complete elimination of the tumours proving the remarkable efficacy of this
advanced theranostic system.
The same strategy has been also applied to another type of
transition metal dichalcogenide, namely WS2.[100] The material
has been PEGylated and used in vivo for photothermal therapy
combined with imaging (Figure 7e and f). Mice were treated
intratumorally or intravenously and irradiation using NIR light
induced tumour ablation in both cases. Equivalent results were
obtained replacing W with Ti.[112] TiS2 stabilised with PEG
and intravenously injected to tumour-bearing mice underwent
photothermal activation leading to complete tumour regression.
PAT allowed the detection of the 2DM that accumulated at the
tumour site.
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Figure 8. In vivo PAT and MRI. (a) PAT images of 4T1 tumour in mice at various time points after intravenous injection with MoS2-IO-(d) PEG.
(b) T2-weighted MR images showing the transverse sections of a tumour-bearing mouse before and after injection with MoS2-IO-(d)PEG. The red circles
and blue arrows highlight the 4T1 tumour and liver of mice, respectively.Reproduced with permission.[15] Copyright 2015, American Chemical Society.

5.2. Imaging Guided Chemo- and Photothermal Therapy
Single layer MoS2 nanosheets have been recently proposed for
this purpose.[36] Exfoliated MoS2 have been first functionalised
with chitosan to improve their biocompatibility. The conjugates
were then loaded with Dox (Figure 9). Controlled release of
the drug was attained by irradiating the solution at 808 nm.
The MoS2 complexes were then used to treat cancer cells
and tumour-bearing mice. The combination of the treatment
resulted in a better synergistic effect than the chemotherapy or
phototherapy applied separately, with complete regression of
the pancreatic tumour model reported. The same system was
also exploited in the same study as theranostic tool because
MoS2 nanosheets are efficient contrast agents for X-ray CT
imaging.
Very recently, an injectable multifunctional composite constituted of PLGA, MoS2 and Dox has been proposed.[115] It
was characterised by the fast liquid/solid transition behavior
of PLGA that allowed an easy intratumoral administration followed by a rapid solidification in the body fluid. NIR laser irradiation of the solidified implant triggered the release of Dox
leading to complete tumour regression. The in vivo localisation of the composite was assessed by PAT imaging. As PLGA
matrix cannot enter into the blood circulation, this system is
potentially endowed of a better safety profile.
Since the transition metals and dichalcogenides offer many
possible chemical combinations, very recently cobalt and
selenium were combined to form nanoplates with Co9Se8
molecular composition, functionalised by polyacrylic acids and
complexed with Dox.[114] After intratumoral administration,
tumour growth was significantly reduced by the synergistic
effect of the anticancer drug combined with irradiation in the
NIR region. PAT imaging was combined to MRI, thanks to the
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large saturation magnetisation of cobalt, to observe the material into the tumour. The advantage of this 2DM likely resides
on the intrinsic magnetic properties of the metal present in the
form of clusters that make it an efficient T2-weighted contrast
agent for MRI.

5.3. Imaging Guided Chemo- and Photodynamic Therapy
Alternative 2DMs are represented by the forms that do not
contain metals but they are constituted of carbon and nitrogen
atoms. It is the case of graphitic C3N4 nanosheets.[26] This material is photoluminescent and therefore it can be imaged inside
the cells. A complex based on g-C3N4 has been loaded with
Dox and delivered to HeLa cells. A double therapeutic strategy,
exploiting the release of the anticancer drug at low pH inside
cancer cells and the capability of g-C3N4 to generate ROS, led
to a dose-dependent cytotoxic effect comparable to free Dox.
Although there was not a real gain in the anticancer activity, the
use of this type of carrier can overcome disadvantages of using
Dox alone. In addition, g-C3N4 could be detected inside the
cells when excited at 405 nm indicating their use as bioimaging
agents.
Very recently g-C3N4 has also been integrated in a more
sophisticated system.[116] The proposed multifunctional
nanocarrier is based on g-C3N4 decorated with iron oxide
nanoparticles and coated with mesoporous silica shells.
Mesoporous silica is able to impart additional properties to
the complex. It can better stabilise the 2DM in physiological
conditions, be further functionalised and its porosity is beneficial for the incorporation of a drug. A PEG chain with a cyclic
RGD targeting peptide was added to the silica surface. Dox
was then efficiently adsorbed into the silica channels and onto
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g-C3N4 nanosheets. The conjugate was used to treat two types
of cancer cells. A549 and HeLa cells were magnetically (by iron
oxide nanoparticles) and chemically (by RGD peptide) targeted
and underwent a synergistic chemotherapeutic (pH-triggered
Dox release) and photodynamic (ROS generation under visible
light) effect, leading to high percentage of cell death. In addition, cell imaging of the material was possible due to the
autofluorescence of g-C3N4 that can be exploited for one- or
two-photon detection modes.

5.4. Imaging Guided Photothermal, Photodynamic
and Radiotherapy

Figure 9. Illustration of the synthesis of MoS2-chitosan nanosheets as
a NIR photothermal triggered drug delivery system for efficient cancer
therapy. (a,b) Oleum treatment exfoliation process to produce single
layer MoS2 nanosheets subsequently modified with chitosan (CS);
(c) Dox loading; and (d) NIR photothermal-triggered drug delivery of the
MoS2 nanosheets to the tumour site. Reproduced with permission.[36]
Copyright 2014, American Chemical Society.

The versatility of WS2 for combined therapies has been further
proven by preparing a different complex stabilised in water
by BSA and coated with a photosensitiser (PS).[69] This conjugate has been used for a combined photodynamic and photothermal therapy (Figure 10). PS methylene blue was adsorbed
on BSA-WS2 and the therapeutic efficacy irradiating HeLa
cells at 808 nm (for photothermal therapy) and at 665 nm (for
photodynamic therapy) was superior to the modalities applied
separately, again confirming the presence of a synergistic effect
like in the examples previously described. The system was also
used as contrast agent for CT allowing in vivo imaging after
intratumoral injection.
Another complementary multimodal anticancer therapy
was proposed very recently using Gd3+ doped-WS2 nanosheets
using a solution phase bottom-up preparation approach.[66] PEG
functionalised WS2 sheets containing gadolinium were utilised
for in vivo treatment of tumour-bearing mice by a combined
photothermal and radiation therapy under tri-modal (CT, PAT
and MRI) image guidance. The doping of Gd3+ ions enhanced
the contrast of WS2 sheets in CT imaging as well as in MRI.

Figure 10. Illustration of the synthetic procedure to obtain WS2 nanosheets coated with BSA and loaded with PS methylene blue, and their application
as a multifunctional PS delivery system for combined photothermal and photodynamic therapy of cancer. Reproduced with permission.[69] Copyright
2014, the Royal Society of Chemistry.
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Figure 11. Schematic illustration of the decomposition of MnO2 nanosheets arising from the redox reaction between UCSs and acidic H2O2, which
leads to the enhanced UCL imaging for diagnosis/monitoring as well as the massive oxygen generation for improving the synergetic PDT/radiotherapy
effects. Reproduced with permission.[118] Copyright 2015, Wiley-VCH Verlag.

Gd3+ ions also boosted the efficacy of radiation therapy treatment in vivo by the enhanced ionization in cancer cells.
Recent studies also exploited 2D transition metal oxides
for biomedical applications including drug delivery, photothermal therapy, bioimaging and biosensing.[8] These transition
metal oxides (e.g., MnO2, TiO2, etc.) are attracting increasing
interest due to their pH/redox properties along with good
biocompatibility. In particular, MnO2 can decompose into
Mn2+ ions in acidic pH environments and its paramagnetic
character can be used for enhanced MRI. MnO2 proved more
suitable as T1-contrast agent than gadolinium due to its higher
biocompatibility.[8,119] Based on the unique pH-sensitive redox
properties of MnO2, an intelligent theranostic platform of PEG
modified MnO2 nanosheets with simultaneous ultrasensitive
pH-responsive MRI and drug delivery was developed.[117] The
pH-dependent release and in vivo imaging of tumour tissues
was demonstrated by i.t. injection of PEG-MnO2 conjugate into
nude mice. Shi and co-workers used the pH-responsive redox
properties of MnO2 to design a smart nanosheet anchored with
upconversion nanoparticles (UCSs) to generate a pH/H2O2
responsive nanoprobe for synergistic tumour therapy along
with upconversion luminescent (UCL) image guidance.[118]
These hybrid MnO2/UCS sheets react with H2O2 generated in
the tumour environment, thereby producing adequate oxygen
species for enhancing the synergistic radio- and photodynamic
therapy upon NIR light/X-ray irradiation. At the same time, the
UCL helps to monitor the therapeutic process (Figure 11). The
UCSs provide a high-resolution UCL with minimal autofluorescence and superior photostability, that can be used for imaging
guidance during multimodal therapies.[120]
In view of the available studies, 2DMs look very promising
as platforms for multimodal delivery. In particular, transition
metal and chalcogenides offer a wide variety of atomic combinations, so theoretically can be expanded to diverse combination of materials for different biomedical applications. On the
other hand, their properties appear very similar and it would
therefore be more challenging to select one specific material
over another.

6. Biosensing
Bioimaging is a very important diagnostic technique that
spans verious fields of applications, including medical diagnosis, drug discovery, forensics, environmental monitoring
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and food safety. Indeed, there is a continuous demand for
the development of highly sensitive, selective, more efficient
and cost effective biosensing platforms.[28,121–123] Over the
last two decades several nanomaterial-based biosensors have
been developed due to their unique chemical, physical, electrical and optical properties including tuneable morphology
and dimensions, mainly using gold NPs,[124] QDs[125] and
CNTs.[126] The discovery of graphene has further generated lot
of interest in the development of highly efficient sensors.[127]
Especially, the high electron mobility across graphene sheets
facilitates potentially high selectivity and accurate detection
of biomolecules.[53] 2D graphene-based materials have high
surface-to-volume ratio making them particularly sensitive to
environmental changes. However, graphene-based sensing
platforms, due to their zero band-gap, can result in increased
current leakage leading to reduced sensitivity. Meanwhile, the
emerging 2DMs such as MoS2, MnO2 and g-C3N4 have shown
large band-gap compared to graphene that can be tuned
between semiconductor or insulator states controllably,[27]
preventing current leakage and allowing high sensitivity.[28]
In addition, these materials are also endowed with fluorescence, electrical conductivity, fast heterogeneous electron
transfer and high density of electronic states, leading to superior biosensing properties.[128,129] Representative biosensing
applications of 2DMs are shown in the Table 3.
TMDCs can be used as transducing platforms or electroactive labels for the fabrication of biosensors.[146] The presence of
adsorbed molecules on the monolayer surface of TMDCs will
affect their electronic properties. The changes can be detected
electrically by connecting TMDCs into a transistor and measuring the current–voltage trends, or optically by measuring the
photoluminescence, absorbance or Raman spectra.[128,147] The
changes in the photoluminescence of MoS2 monolayer have
been found useful in sensing stable fluorescent markers important for imaging and for fluorometric assays. A transistor made
of few-layer MoS2 was able to detect NO.[148] Alternatively, glassy
carbon electrodes modified with reduced MoS2 sheets showed
sensitivity towards glucose and dopamine in the presence of
ascorbic acid and uric acid.[130] The intrinsic PL of MoS2 sheets
have also been applied for developing an in situ sensor for glucose, where PL of MoS2 sheets was controlled by the intercalation/deintercalation of K+ and H + ions.[131] In the first model,
the MoS2-glucose oxidase (GOx) system was used to detect different concentrations of glucose at externally applied voltages
lower than -1.0 V. In the second model, the changes in the PL
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Material
Reduced MoS2 sheets

Analyte

Method of sensing

Ref.

Dopamine, glucose

Electrochemical

[130]

MoS2 sheets

Glucose, yeast cells viability

Photoluminescence

[131]

MoS2 sheets

pH, protein

FET-based sensing

[27]

MoS2 sheets

DNA, small molecules

Fluorescence quenching

[28]

WS2 sheets

DNA

Fluorescence quenching

[132]

WS2 sheets

microRNA

Fluorescence quenching

[133]

MnO2 sheets-carbon dots

Glutathione

FRET-based sensing

[134]
[135]

Glutathione

FRET-based sensing

MnO2-5-carboxyfluorescein

MnO2-nanosheet with UCNPs

microRNA and thrombin

FRET-based sensing

[136]

MnO2 sheets with UCNPs

Ochratoxin A and cathepsin D

FRET-based sensing

[137]

Ascorbic acid

FRET based sensing

[138]

Glutathione in vivo

FRET without in situ light exposure

[139]

Glucose, hydrogen peroxide

FRET-based sensing

[140]

MnO2 sheets with 7-hydroxycoumarin
MnO2 sheets coated on persistent luminescence NPs
MnO2-nanosheet modified- UCNPs

Intracellular glutathione

FRET-based sensing

[25]

g-C3N4 sheets

Cu (II) ions

Photoinduced electron transfer aligned
with DNA, metal ions, protein

[154]

g-C3N4 sheets

DNA, metal ions, protein

g-C3N4 nanosheet−MnO2

[142]

Fe doped g-C3N4 sheets

Glucose

Calorimetric

[141]

Au doped g-C3N4 sheets

Carcinoembryonic antigen

Electrochemiluminescence

[24]

Electrochemiluminescence

[143]

Dopamine

Electrochemiluminescence

[144]

T4-polynucleotide kinase activity

Photoelectrochemical sensing

[145]

Ag doped g-C3N4 sheets
Perylenetetracarboxylic acid/g-C3N4 sheets
Au NPs/g-C3N4 sheets

of MoS2 were used to monitor the viability of yeast cells, where
PL of quasi-2D MoS2 sheets was utilized for investigating ion
exchanges in cells (Figure 12). The dead cells do not suppress
PL of MoS2 since K+ ions cannot intercalate without the help
of driving forces, which occur only in viable cells, resulting in
the generation of an electric field throughout the yeast membrane by transfer of K+ ions across the membrane, leading to
intercalation of K+ ions into 2D MoS2 sheets to suppress the
fluorescence.

REVIEW

Table 3. Different types of biosensing applications of 2DMs.

Because of their electrical and optical properties, 2DMs are
better candidates than silicon nanowires and CNTs for constructing field-effect transistor (FET)-based biosensors. In
general FET sensors are attractive since they offer rapid, costeffective and label-free sensing platforms.[12,149,150] By utilising
the semiconductor nature of MoS2 nanosheets a FET-based
biosensor with high sensitivity and easy patternability has been
recently developed.[27] This sensing platform showed very high
sensitivity from pH 3 to 9 and allowed detection of specific

Figure 12. MoS2 sheets and their usage as glucose sensor and viability sensors of yeast cells by recording the changes MoS2 PL.[131] The left panel
shows high resolution TEM image of quasi-2D MoS2. Characterisation of the quasi-2D MoS2−yeast cell system: (A) optical image of quasi-2D MoS2
sheets coated with viable and non-viable yeast cells stained with Trypan blue, and (B) the corresponding PL image where viable cells are stained blue
while dead cells lack of blue staining. Characterisation of the quasi-2D MoS2−GOx system: Graphics (C) shows the PL modulation of the system at
an applied voltage of −1.5 V and at different glucose concentrations. Reproduced with permission.[131] Copyright 2015, American Chemical Society.
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proteins with ultra-sensitivity even at femtomolar concentration. This work highlights the advantage of the large band-gap
of MoS2 (1.9 eV) compared to graphene by comparing their
sensitivity for detection of specific proteins.
Recently, a nanoprobe to detect DNA and small molecules
based on the fluorescence quenching ability of single-layer
MoS2 has been fabricated. The fluorescence quenching
efficiency varied depending on the single-stranded DNA
(ssDNA) or double-stranded DNA (dsDNA) tagged with a fluorescent dye.[146] This method was successfully applied to detect
adenosine within a few minutes. Similar to MoS2, WS2 sheets
were also used to develop efficient DNA biosensors based
on fluorescence quenching.[132] Upon interaction with other
biomolecules (e.g., aptamers or peptides) the complexation
between WS2 sheets and ssDNA was altered, leading to recovery
of fluorescence via the combined effect of excited-state energy
transfer and a static quenching process. WS2 sheets showed
unique differential affinity towards short oligonucleotide fragments, thus becoming interesting tools to detect microRNA in
the femtomolar range.[133] Most TMDC-based biosensors are
using organic dyes (e.g., dye-modified ssDNA), however the
latter often suffer from photobleaching and chemical instability.
Therefore, there is a need to replace these organic molecules as
energy donors.[134]
Similar to TMDCs, TMDOs have also excellent light absorption capabilities and fast electron transfer rates along with fluorescence quenching abilities. These characteristics render them
interesting materials for fluorescence resonance energy transfer
(FRET)-based chemical and biosensing applications.[135] FRET
involves the non-radiative energy transfer from a luminescent
donor to an energy acceptor at close distance (e.g., 1–10 nm).
In particular, MnO2 nanosheets have been applied in the fabrication of biosensors due to their high biocompatibility, redox
activity and wide absorption band.[135,136] An efficient FRET biosensor for the intracellular detection of glutathione by coating
of MnO2 nanosheets with up-conversion lanthanide nanoparticles (UCNPs) has been proposed.[135] The UCNPs efficiently
convert NIR light into visible light, resulting in a good alternative to organic fluorophores due to their high photostability.[135]
MnO2 nanosheets coated with UCNPs induced the quenching
of NP luminescence that could be again turned on in the presence of glutathione due to the reduction of MnO2 into Mn2+.
A few more FRET biosensors based on MnO2 sheets were
conceived in combination with UCNPs, or variations using
luminescent NPs or carbon dots to detect ascorbic acid,[137,138]
glutathione,[25,134,139] microRNA[136] and glucose.[140]
Some promising types of biosensors were also reported by
exploiting the semiconducting properties of g-C3N4.[151] Compared to the bulk material, g-C3N4 monolayers have great
photo- and electro-responsiveness due to their large surface
area.[152,153] A highly efficient sensor using g-C3N4 nanosheets
was developed, with the fluorescence of g-C3N4 quenched upon
binding to Cu+2 ions via photo-induced electron transfer.[154]
Sensing of copper ions is very important both biologically and
environmentally. Similar to MoS2, the fluorescence quenching
property of g-C3N4 was also utilised to develop DNA biosensors.[142] Recently, multifunctional g-C3N4 nanosheets functionalised with folate and different dye-ssDNAs were used for
in situ monitoring of intracellular miRNAs.[23] An interesting
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report using Fe-doped g-C3N4 nanosheets showed that peroxidase-activity could be mimicked by these sheets. This technique
is simple and rapid, with high-selectivity in detection of glucose
at low concentrations.[141] Furthermore, an immunosensor was
developed using g-C3N4 nanosheets modified with the noble
metal NPs to detect the carcinoembryonic antigen.[24,143,144]
More recently, another photoelectrochemical biosensor has
been constructed based on Au NP-decorated g-C3N4 for monitoring of T4 polynucleotide kinase activity.[145] The results
obtained revealed almost 100% enhancement in the photocurrent able to be detected due to the surface plasmon resonanceenhanced light harvesting property of Au NPs/g-C3N4.
Overall, 2D materials (e.g., MoS2, MnO2 and g-C3N4)
endowed of inherent semiconducting properties are promising for the development of high-efficient and cost-effective
biosensing platforms for both in vitro and in vivo applications.
In addition, their high biocompatibility and fast heterogeneous
electron transfer properties propel them as better alternative to
graphene in biosensing. It can be also anticipated that 2D materials may be used for developing a single device for detection of
multiple targets in a simple and efficient manner.

7. Antimicrobials
Various 2DMs have been explored for their potential antibacterial activity following different strategies (Table 4). These
include: i) coated surfaces with layered materials; ii) combination of 2DMs with antibacterial drugs for controlled release and
enhancement of drug activity; or iii) exploitation of the intrinsic
antibacterial capacity of the material itself.
Antibacterial coating and anti-biofouling are extremely
important in clinical environments when the diffusion and
growing of microorganisms is very high. The search for novel
coating materials is very important to overcome the problem
of bacterial resistance. Towards this direction, multi-layered
films formed by titanium nanosheets (TNS) intercalated with
lysozyme (LSZ) which is a natural antibacterial agent, have
been designed and fabricated.[155] The modified surfaces with
TNS/LSZ were evaluated against Micrococcus lysodeikticus,
an organism sensitive to LSZ. Inactivation of bacteria was
achieved either in the dark or under UV irradiation (Figure 13).
TNS displayed antibacterial activity also in the absence of LSZ,
but only under UV light. The presence of TNS in combination
with the protein is fundamental as this material leads to an
enhancement of cell killing by photoactivation. Both components of the film acted in a synergistic manner to exert high
antibacterial activity against M. lysodeikticus. As this strategy
can be easily implemented, it could be extended to the preparation of different films comprising other types of antibacterial
agents.
Antibiotics can also be combined with 2DMs in an alternative approach. For example cephalosporin has been incorporated into a layered double hydroxide composed of zinc and
aluminium.[156] The drug is chemically stabilised by the LDH
layers by electrostatic interaction and released in a controlled
manner. This resulted as an efficient delivery system of the antibacterial drug molecules leading to high inhibition of S. aureus
proliferation. A similar system was developed by intercalating
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Material

Combination with
drugs or metals

Strategy

Type
of microorganism

Antimicrobial activity and
mechanism of action

Ref.

Lysozyme

Layer-by-layer coating

Micrococcus lysodeikticus

Photoactivated antibacterial activity

[155]

Titania nanosheets

REVIEW

Table 4. Antimicrobial properties of 2DMs.

UV light inactivation
ROS generation
Lyzozyme autolysis of bacteria
Layered Zn-Al hydroxide

Cephalosporin

Addition of a dispersion
to bacterial culture

Mechanism not
reported

S. aureus

[156]

Inhibition of bacterial proliferation
Efficient release of cephalosporin
in 0.8% NaCl
Layered Mg-Al
hydroxide

Sodium
benzoate

Addition of a dispersion
to bacterial culture

Enhanced ion
exchange

Micrococcus lysodeikticus

[157]

Sodium succinate

Release of the antibiotics

Benzylpenicillin

Growth inhibition measured
as a function of release of antibiotics

Ticarcillin
Zn-Ti LDH

Ti3+ generated in situ

Addition of LDHs to
bacteria under visible light

S. cerevisiae, S. aureus
or E. coli

LDH size effect and generation of O2•−
radicals by Ti3+ under visible light

[158]

Amoxicillin

Addition of AMX-LAP-PLGA
fibers to bacteria culture

S. aureus

Release of
the antibiotics

[34]

Si(IV)
phthalocyanine

Addition of LAP to bacteria
culture

S. aureus

Generation of 1O2 by 610 nm
light exposure

[35]

Ag nanoparticles

Addition of a dispersion
to bacterial culture

E. coli

Visible light inactivation
ROS production

[159]

S. aureus

Oxidation of bacterial DNA,
proteins and polysaccharides

E. coli

Production of ROS
Superoxide anion (O2•−) production

LAP- PLGA nanofibers
LAP
Ultrathin
g-C3N4
Chemically exfoliated MoS2

–

Addition of a dispersion to
bacterial culture

[40]

Induction of membrane
and oxidation stress
Glutathione oxidation
•−

O2 independent oxidation
Exfoliated MoS2

EDTA

Addition of a dispersion
to bacterial culture

E. coli

[4]

Superoxide anion
(O2•−) production
Hydrogen peroxide production
Glutathione oxidation

antibiotic organic anions like benzoate, succinate, benzylpenicillin and ticarcillin into magnesium/aluminium LDHs.[157]
The activity of the antibiotics was attributed to their controlled
release from the composite when the LDH systems were incubated in a solution rich in sodium chloride (i.e., 3.5% NaCl).
These constructs suggested the use of LDH materials as active
reservoirs encapsulating different types of antibiotic anions
for anti-fouling coating and sustained drug release. Using an
alternative strategy to the antimicrobial action of LDH drug conjugates, the photochemical activity of Zn-Ti LDH under visible
light was applied to kill S. cerevisiae, S. aureus and E. coli.[158] In
another study, amoxicillin (AMX) was encapsulated into LAPdoped PLGA nanofibers that displayed a sustained release of
the drug. An improved antimicrobial activity against S. aureus
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and a higher cytocompatibility were shown by LAP-PLGA fibers
compared to pure PLGA fibers.[34] Furthermore, LAP nanodiscs were used to encapsulate the hydrophobic and photocatalytic dye, Si(IV)-phthalocyanine (SiPc). SiPc-LAP nanodiscs
demonstrated selective elimination of drug-resistant gram (+)
S. aureus in the presence of gram (-) E.coli via the generation of
1
O2 under visible light.[35] This selectivity was attributed to the
specific interaction of the nanodiscs with gram (+) bacteria.
The use of noble metal nanoparticles in combination with
2DMs represents as alternative to natural or synthetic antibiotics. These types of NPs are excellent electron acceptors and
their photoactivation can enhance the formation of radical
oxygen species. Silver nanoparticles have been complexed
to g-C3N4 nanosheets.[159] The antibacterial activity of these
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of the hBN to develop efficiently antimicrobial coatings or surfaces based on these type
of materials.
2DMs have also been described to exert
some inherent antibacterial activity. Such
inherent activity has been suggested in
studies conducted previously using graphene
oxide that reported some degree of antibacterial activity.[46,160–165] Chemically exfoliated
MoS2 was tested against E. coli[40] and some
antibacterial activity was attributed to the
high specific area of MoS2 sheets. The particular 2DM was thought to be able to produce superoxide anions that could lead to
membrane damage and oxidative stress on
bacteria in closed contact with the surface,
eventually inducing cell death. In particular,
the mechanism of bacterial inactivation proposed involves the oxidation of glutathione
(an important antioxidant in bacteria) by
ROS, suggesting possible oxidation of bacterial components such as lipids, proteins and
[159]
Similar results
Figure 13. Scanning electron microscopy (SEM) images of M. lysodeikticus deposited on dif- DNA, as shown for g-C3N4.
ferent surfaces: (a) uncoated quartz slide; (b) TNS film coated quartz slide; (c) and (d) TNS/ to that for E. coli were found in another
LSZ film coated quartz slide. (a)-(c) Samples were treated in the absence of UV light; (d) report using exfoliated MoS2 to study their
sample was treated in the presence of UV light. Reproduced with permission.[155] Copyright
antibacterial activity on planktonic cells and
2012, Elsevier.
biofilms in the presence of ethylene diaminotetracetic acid (EDTA) as electron donor and
under light activation.[4] The production of radical species and
hybrids was assessed on E. coli and S. aureus. Both bacteria
were inactivated under visible light (Figure 14). In addition,
oxidation of glutathione were again seen enhanced.
The few available examples illustrate the potential developthese complexes were able to disperse bacterial biofilms by oximent of 2DMs alone or in combination with antibiotics and
dative damage of bacterial polysaccharides, DNA and proteins,
nanoparticles as antibacterial coatings, anti-biofouling, antithe major components of the bacterial wall.
biofilm and antibacterial agents.
Similarly, hBN sheets modified with silver nanoparticles
(hBN-Ag) were also studied for their antimicrobial activity, in
comparison to hBN nanosheets functionalised with hydroxyl
groups or polydopamine, against S. aureus and E. coli .[41] The
8. Toxicity Associated with 2DMs
results revealed that only hBN-Ag exerted significant antimicrobial activity, which was likely due to the presence of Ag
The assessment of toxicity caused by 2DMs is still very poorly
nanoparticles. Such results may suggest that the antimicrobial
explored and understood. However, determination of risks
activity of hBN sheets may be different to that of graphene
associated with exposure to 2DMs is of fundamental imporsheets, whose activity is mediated by the physicochemical
tance for the translation of these new materials into clinical
interactions of the sheets with the bacteria.[160] More detailed
(or other) uses. Specific studies on cytotoxic responses have
been mainly been associated to the development of 2DMs for
studies should offer better insight into the antimicrobial action

Figure 14. Schematic diagram showing the mechanism involved in the elimination of bacteria and biofilms by Ag/g-C3N4 complexes under visible light
irradiation. Reproduced with permission.[159] Copyright 2015, Tsinghua University Press and Springer-Verlag Berlin, Heidelberg.
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Figure 15. Nanosheets and their toxicity. (Left panels) SEM images of MoS2, WS2 and WSe2 nanosheets (scale bars: 1 µm). (Right panels) Cell viability
of human lung epithelial cells, measured with (A) MTT assay and (B) WST-8 assay, following 24 h exposure to varying amounts of exfoliated transition metal dichalcogenides (exTMDs). The percentages shown are normalized to unexposed control cells. Reproduced with permission.[166] Copyright
2014, Wiley-VCH Verlag.

therapeutic and imaging applications. Concerning layered
double hydroxides, their toxic effects and biodistribution have
been discussed in a recent comprehensive review.[32] This type
of 2DMs can induce cytotoxic responses dependent on the
dose, composition, size and shape of the material.
Limited studies on the cytotoxicity of transition metal dichalcogenides are available. In one study to assess the antimicrobial activity and the prevention of biofilm formation, exfoliated
MoS2 did not show significant cytotoxicity to mammalian fibroblasts.[4] No cell mortality was observed at the concentration of
100 ppm (1µg in 1,000,000 µg of solution) of exfoliated MoS2,
suggesting the relative low impact of this 2DM in vitro.
In a comparative study, the cytotoxic effects of different exfoliated transition metal dichalcogenide nanosheets, including
MoS2, WS2 and WSe2, were weighed against graphene analogues (Figure 15). Following 24 hour exposure at different
doses, it was found that WS2 induced the lowest cytotoxic
effect in human lung carcinoma epithelial cells (A549), while
the other 2DMs showed dose-dependent impact on cell viability, with WSe2 being more toxic than MoS2.[166] However, the
validity of such data must be further investigated independently
since the use of the MTT assay is known to suffer from significant interference, as evidenced repeatedly with other carbon
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nanomaterials.[167] It is imperative that extremely careful and
systematic investigations should be undertaken to determine
the appropriate assays, conditions and handling in order to
assess cell viability devoid of false results.
Recent applications of MoS2 nanosheets modified with
chitosan and complexed with Dox resulted in biocompatible
constructs, since in the absence of NIR irradiation neither significant cell mortality, nor haemolysis of RBCs were observed,
encouraging their further development.[36] The absence of cytotoxic effects were confirmed on HeLa cells using MoS2[70] and
the effect on enzymatic activity of α-chymotrypsin was analysed to assess possible denaturing activity by MoS2 via hostguest interactions. Although the enzyme activity was inhibited
in a dose-dependent manner, this process was reversible by
increasing the ionic strength, leading to restoration of enzymatic capacity and fully preserving the structure of the protein.
Low cytotoxic responses were confirmed in another study
that used MoS2 and PEGylated MoS2 as drug carriers.[68] HeLa
cell viability was moderately reduced only in the case of MoS2,
while no significant effect was observed for the PEGylated analogue even at high concentrations (i.e., 160 µg/mL). In this
study the MTT assay was again used, but the production of ROS
was also evaluated and remained unaltered, suggesting normal
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induction of oxidative stress by both MoS2 types. Similar results
were also found for WS2 and TS2.[69,100,112] In addition, in vivo
acute haemotoxicity was evaluated on MoS2 measuring the
blood parameters of injected mice up to 30 days. Only a reduction of alanine aminotransferase and the number of platelets
were observed, although remaining within the physiological
range.[68] Similar results (i.e., low in vitro and in vivo toxicity)
were found for a more complex MoS2 system very recently
developed by the same authors.[15] More in vivo studies are
necessary to determine any safety limitations of such material.
Very recently, a comprehensive analysis of pulmonary
cytotoxic responses to three different types of MoS2 samples
described as “aggregated MoS2 (Agg-MoS2), MoS2 exfoliated
by lithiation (Lit-MoS2), and MoS2 dispersed by Pluronic F87
(PF87-MoS2) has been reported.[37] No significant cytotoxic
responses in THP-1 and BEAS-2B cell lines for all three samples were reported. However, Agg-MoS2 showed strong proinflammatory and pro-fibrogenic responses in vitro, while the
other two MoS2 samples displayed negligible effects. Furthermore, an acute inflammation in the lungs of mice was induced
by Agg-MoS2, while PF87- and Lit-MoS2 samples have shown
almost no effect. A sub-chronic study (during 21 days postexposure) did not evidence any pulmonary fibrosis with any of
these forms of MoS2. Interestingly, pluronic coating of MoS2
sheets increased the dispersibility as well as biocompatibility of
the material, by reducing the surface reactivity at the cellular
and pulmonary interfaces. Overall, this study suggested the
importance of exfoliation into single layers and surface functionalisation, since Agg-MoS2 showed significant toxicity compared to exfoliated samples. Such results seem to be consistent
and in line with the studies investigating cytotoxic responses
to graphene-based material, where aggregated graphene sheets
and platelets seem to be associated with higher risks compared
to thin, closer to single layer material.[168]
Recently, electrical impedance spectroscopy was also used to
assess the cytotoxic impact of MoS2 sheets using rat pheochromocytoma (PC12) and rat adrenalmedulla endothelial (RAMEC)
cell cultures.[38] Cell viability was only slightly affected in both
types of cells, revealing that MoS2 sheets have negligible effects.
In a different study, the biocompatibility of MoS2 nanoplatelets
(8 nm thick) reinforced by PPF polymeric nanocomposites after
crosslinking with N-vinyl pyrrolidone, using NIH3T3 fibroblasts and MC3T3 pre-osteoblasts was assessed.[79] The results
suggested that the crosslinked nanocomposites showed high
viability (78–100%), high cellular attachment (40–55%), and
spreading. However, the degradation products of these hybrid
composites showed modest toxicity that was due to degradation
of PPF in the acidic medium.
Other types of metal-based 2DMs have also displayed low
cytotoxicity. Ultra-small palladium nanosheets did not accumulate into major organs, were eliminated though the renal
route and did not provoke organ damage or affect the body
weight of tumour-bearing mice treated with photothermal
therapy.[71] Similarly, boron nitride nanosheets modified with
hydroxyl functions to render them highly dispersible in water
have shown no cytotoxic effects on human fibroblasts or in
prostate cancer cells in the absence of an anticancer drug, for
the delivery of which they were explored.[22,169,170] Carbon and
nitrogen-based 2DMs like g-C3N4 resulted also non-cytotoxic
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to cells at high doses (up to 300 µg/mL) suggesting them as
a suitable alternative to transition or noble metal 2DMs.[26,116]
Finally, the cytotoxicity of BP was evaluated.[171] A549 cells were
treated with increasing concentrations of BP dispersions. A
dose-dependent cytotoxicity was evidenced with cell mortality
reaching about 50% at 50 µg/mL. However, the data should
be considered with precaution as the two tetrazolium-based
tests (WST-8 and MTT assays) showed high interference with
the presence of BPs, particularly at the highest doses used
(>100 µg/mL), leading to unreliable cytotoxic data.

9. Conclusions and Perspectives
In this review, we have provided an overview of the recent progress and achievements on the rapidly emerging area of biomedical applications using 2DMs. Currently, these materials
are attracting intensive interdisciplinary attention, unveiling
some very attractive optical and electronic properties, along
with their diverse chemical compositions.[12] Though applications in biology are at their very early stage, several groups have
attempted to exploit some distinct features of 2DMs for drug
delivery, photothermal and synergistic therapeutics, biosensing,
bioimaging, tissue engineering and antimicrobial coatings.[8]
Although the applications of 2DMs in biomedicine are exciting,
a lot more systematic investigation is necessary.[172]
It is clear from the different examples illustrated above that
the physicochemical properties of 2DMs are driving their use
in biomedicine. Semiconducting TMDCs and g-C3N4 including
BP sheets are more promising for biosensing and NIR lightmediated photothermal therapy over other 2DMs. Electrically
inert hBN sheets are more biocompatible and better suited for
drug delivery and tissue engineering, although more thorough
studies are still needed. On the other hand, even though hBN
sheets resulted in reduced cytotoxic responses, the methods to
produce stable aqueous dispersions are limited. This is because
hBN possesses almost the same interlayer distance compared
to graphene, even if B-N bond is dipolar compared to C-C
bond.[41] Among 2DMs, g-C3N4 and BP look more advanced in
the biomedical domain because of their higher water dispersibility and colloidal stability without the use of any surfactants
or oxidation reactions. In the case of TMDCs, covalent functionalisation approaches on those sheets are still limited.[173]
In addition, straightforward functionalisation methods need to
be explored for hBN and BP sheets to make them better dispersible in water or physiological media. The development of
new covalent functionalisations to produce highly water-soluble
2DMs to improve their biocompatibility and control their biodistribution will be an interesting area for future research. In
this direction, novel syntheses of 2D materials for biomedical
applications need to primarily concentrate on the control of
their dimensions, surface functionalities, and aqueous dispersibility, since these parameters could critically determine the fate
of 2DMs in physiological environments and in contact with
biological matter.
Before translation of these nanomaterials into real uses, it is
mandatory to check their impact on health and environment and
to assess possible risk hazards. The same principles should be
applied to all newly emerging 2DMs prior to their adoption in
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various applications. Since the understanding of the properties of
these new materials is still at the initial stage, only a very limited
number of studies is dealing with in vitro and in vivo toxicity.[37]
Hence, more detailed studies to understand the long term toxicity of each kind of the 2DMs is necessary. Some results such
as those on cell activation and apoptosis should already provide
information if 2DMs can be harmful or can be beneficial for
cancer therapy. In this direction more systematic evaluations on
various cell lines on the respective 2DMs should be done.[172]
The lessons learnt from biopersistence and environmental
persistence of other nanomaterials should be also applied for the
development of 2DMs.[48,172,174] Some of the toxicological studies
on carbon-based materials have shown that CNTs and graphene
can generate acute lung damages along with sub-chronic granulomatous inflammation and fibrosis.[168,175–180] Thus, these kinds
of investigations should be performed with all 2DMs to assess
their safety profile benchmarked against previous data. For
example, a recent report described in vivo acute cytotoxicity of
various MoS2 sheets, and revealed that highly dispersible MoS2
did not induce sub-chronic inflammatory effects in mice.[37]
In terms of biodegradability, data are still missing. We could
hypothesise that hBN sheets, with a greater resistance towards
oxidation than graphene oxide, might be more difficult to
degrade. Conversely, BP sheets have shown light-induced degradability by converting into biocompatible phosphorous oxides.[6]
As this type of degradability is not present in the other 2DMs,
BP might be more suited for biomedical applications.[31] Similar
to CNTs and graphene,[92,181,182] 2DMs like g-C3N4 and TMDCs
have an inherently semiconducting nature, that makes them
interesting for applications in tissue engineering and regenerative medicine. Notably, BP sheets possess semiconducting
and photoinduced degradability, and thus they could be promising material in these fields. In the case of 2D clay materials,
laponite nanodiscs seem to be promising biomaterials. Due to
their unique interlayer space, pH-responsiveness and colloidal
stability, LAPs could be remarkable drug carriers. Since LAP
nanodiscs resulted in biodegradable non-toxic products, therefore highly biocompatible in vivo, one should consider them as
components of the next-generation drug delivery systems.[73]
The properties of 2DMs beyond graphene are distinct, thereby
making them attractive as novel nanomaterials for various biomedical applications. Their tuneable band-gaps and versatile
chemical composition along with the low cytotoxic responses
so far observed are great advantages for biological applications.
The current results are exciting and encouraging scientists to
explore more these materials. One critical issue that will need
to be addressed before clinical translation of any 2DMs as a biomedical tool is their long-term cytotoxic burden as well as their
environmental persistence. We do not believe that there will be a
single, ideal 2DM to be suitable for all types of biomedical applications; however, we can generalise that different types of 2DMs
will be selected, optimised and further developed for specific
purposes to provide solutions for specific clinical challenges.
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