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Harnessing biological applications of quantum materials: 
Opportunities and precautions 
Mani Modayil Korah,a Tejaswi Nori,a Sefaattin Tongayb and Matthew D. Green*a 

Since the discovery of graphene, research on two-dimensional (2D) quantum materials has generated a plethora of novel 
materials with the potential to significantly change our lives. Owing to their unique quantum, electronic, and excitonic 
properties, biosensing and bio-imaging are two specific areas where these quantum materials have started to make a large 
impact. This article provides a holistic overview into the properties, synthesis methods, biological applications, and 
toxicology studies of commonly studied quantum materials. Recent research into the biological applications of graphene 
and transition metal dichalcogenides is highlighted and their unique electronic properties are explored. Though tremendous 
research is generated in discovering new 2D materials, toxicology studies in the area is lacking. Historically, toxicology studies 
have lagged significantly behind new material discovery often with dire consequences. The product development cycle of 
polymeric materials is a testament to the negative consequences of having a reactionary approach to toxicology. With 2D 
materials set to become a widespread part of everyday life in the near future, we comment on the need for a proactive 
approach to examining and understanding their toxicology. 

1 INTRODUCTION 
From the isolation and characterization of graphene by Geim and 
Novoselov1 in 2004, interest in 2D materials for various applications 
has been on the rise owing to their unique electronic, optical, and 

magnetic properties. The growing scientific interest in 2D materials 
is driven by the extraordinary quantum properties realized in these 
materials which cannot be accessed in traditional systems. This 
coupled with the increasing demand to miniaturize electronics for 
applications in nanotechnology and microelectronics for the Internet 

of things, portable bioelectronics for biosensing and bioimaging 
(Figure 1)2–7, and quantum computing8 naturally positioned 2D crystals 
at the forefront of active research and engineering. Here, 2D 
materials or 2D quantum materials are defined as materials that are 
single unit cell thick (a single atom, or a few atoms, thick) sheets with 
lateral dimensions ranging from a few µm to ~50 mm.  
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Figure 1 Overview of 2D Materials: Biological applications of 2D materials and the gaps between studies in the biological applications of 2D materials and 
the toxicity of 2D materials. Examples of biosensors and components on a graphene platform, adapted from ref. [34], licenced under CC by 4.0 . MXenes 
structure modified with permission from ref. [4]. Copyright 2019, Elsevier. Graphene structure modified from ref. [2], licenced under CC by 3.0. TMDs 
structure adapted from Ref. 3 with permission from The Royal Society of Chemistry. Arsenene structure modified with permission from ref. [5]. Copyright 
2015, Elsevier. h-BN structure adapted from Ref. 6 with permission from The Royal Society of Chemistry. Phosphorene structure adapted from with 
permission from ref. [7]. Copyright (2015) American Chemical Society 
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The synthesis of graphene by Geim and Novoselov1 opened 
new areas of research in the fields of chemistry and physics. 
Graphene’s extremely high room-temperature carrier mobility, 
specific area, Young’s modulus, optical transparency, and excellent 
thermal and electrical conductivities have made it a point of research 
since 2004.1,9–12 These unusual properties of graphene can be 
attributed to quantum confinement of the electrons in graphene.13 

Since the discovery of graphene, research into other 2D materials 
such as transition metal dichalcogenides (TMDs),14 transition metal 
oxides (TMOs),15 hexagonal-boron nitride (h-BN),16 MXenes 17 (metal 
carbides and metal nitrides where M is the metal atom and X is the 
carbon or nitrogen atom), metal organic frameworks (MOFs),18 and 
analogs of graphene19 such as black phosphorous (phosphorene), 
antimonene, arsenene, etc. has increased, revealing much about 
their properties. In addition to these, a completely new class of 
atomically thin materials have emerged with extraordinary quantum 
properties and effects that cannot be easily explained within 
established quantum mechanical theories. Examples include 
topological insulators,20 Weyl fermions,21 and excitonic insulators.22 

The unique properties of 2D materials have enabled their 
use in different fields, ranging from electronic to biomedical 
applications. Since most of the 2D materials have tunable bandgaps 
in the ranges of visible light wavelengths,23 near-infrared 

wavelengths,24 and all the way to the long-wavelength infrared 
wavelengths,25 they immediately found a use in a wide range of 
optoelectronic devices such as photodetectors.26 The electronic 
properties of 2D materials range from being insulators,27 to 
semiconductors,28 to conductors,29 because of which they find use in 
a wide range of electronic applications like Field-Effect Transistors 
(FETs).30–32 For example, 2D WS2 has been used as a biosensing 

platform to detect biomarkers such as microRNA,33 due to its abilities 
to quench fluorescence and mimic some enzyme functions.  

Biosensors are devices which convert biological responses 
or biomolecules of interest in the target into readable electronic or 
optical signals. A biosensor typically consists of the active element, 
which is the part that senses the target molecules, an electronic 
transducer to convert the biochemical response into an 
electrochemical, optical or an electronic signal, and a signal 
amplifier.34 The active element in a biosensor usually contains probe 
molecules which give out an electrochemical or optical response 
which is captured by the transducer. Figure 2 shows the schematic 
of a typical graphene based active element with two types of 
biochemical responses: 1) an electrochemical signal and 2) Förster 
Resonance Energy Transfer (FRET) fluorescence. Some 2D materials, 
such as graphene and TMDs, have been shown to be biocompatible 
and have a high charge carrier density, hence, are a good choice as 

1 

2 

Figure 2 Scheme of Graphene-based nanomaterials as biosensors, Adapted from ref. [34], licenced under CC by 4.0 with changes in captions (from letter-based 
caption to roman numerals-based caption)  1) Biosensor based on electrochemical detection 2) Biosensor based on Forster Resonance Energy Transfer (FRET) 
fluorescence detection. 
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the sensing element in the biosensors. 

Although 2D materials find use in a wide array of 
applications, there are still significant challenges that hinder the 
complete commercialization of these materials. Challenges like 
scalability, cost effectiveness, lack of precise control over structure 
and surface functionalization, and reproducibility are still limiting 
commercialization and widespread use of these materials.35,36 
Moreover, there is a very significant and obvious lag in the research 
to determine the biocompatibility and toxicity of these 2D materials. 
In spite of these challenges, there has been a rapid increase in the 
research undertaken to explore the properties and applications of 2D 
materials in areas like biosensing and bioimaging. Therefore, 
elucidating the inadvertent effects that this unique class of material 
could have on cells and organisms with which it will interact is crucial 
prior to its implementation in biomedical applications. Furthermore, 
the figure-of-merit or standard method(s) to assess the 
biocompatibility of 2D materials is not well-established in the field.  
This article highlights recent work that studied the biological 
applications of several 2D materials, spotlights several promising 
applications for the future, and reviews the limited toxicology 
information available for 2D materials. 

1.1 Properties of 2D materials: 

 2D materials have interesting properties which differ greatly 
from their bulk 3D counterparts, such as tuneable band gaps, high 
carrier mobility and mechanical properties such as high tensile 
strength. These properties are highly desired in applications like 
optoelectronics, semiconductors and in biosensors. In this section, 
we will be highlighting the properties of some of the popular 2D 
materials.   

1.1.1 Graphene 

Graphene has a room-temperature electron mobility of 2.5 
x 105 cm2 V-1 s-1, 37 an intrinsic strength of 42 N m-1 and a 3D Young’s 
modulus of 1 TPa.10 The intrinsic strength is defined as the maximum 
stress that can be supported by a defect-free, pristine material prior 
to failure. The intrinsic strength measurement was first obtained by 
Lee et al. and is related to the strength of the atomic bonds rather 
than sizes of defects and flaws within the material.10 It is important 
to note that the 3D Young’s modulus is obtained from 2D Young’s 
modulus measurements by assuming a thickness (h) of 0.335 nm (Y3D-

= Y2D/h). However, the behaviour of true 2D materials like monolayer 
graphene under tensile loading is described by 2D stress and 2D 
elastic constants with units of N m-1

. These 2D parameters scale with 
the planar elastic energy as opposed to volumetric elastic energy in 
3D materials.10,38 The conversion to 3D material properties for 2D 
materials is done for purposes of comparison to bulk materials.  

It has an extremely low permeability to all gases39 and can 
have a wide variety of surface functionalization groups that can be 
tailored for a given application.40,41 These properties of graphene 
enable it to be used for applications in a variety of fields. For 

example, graphene has an optical transmittance of 97.7% per layer,11 
allowing it to be used as a transparent conductive coating in 
touchscreen displays and organic LEDs. Graphene, although slightly 
inferior to indium tin oxide (ITO) in conductive characteristics, is 
considerably cheaper than ITO and has the added advantage of being 
extremely flexible and durable. Specifically, graphene has a fracture 
strain about ten times higher than ITO and a uniform absorption 
across the visible spectrum, which gives graphene an edge over ITO 
and enables it to be used in roll-to-roll processing and bendable 
electronics.10,42 

The optical and conductive properties of graphene enable 
more than its implementation in flexible electronics. The electron 
transfer between the electrode and the probe biomolecule in a 
biosensor defines its sensitivity. Thus, the high carrier mobility in 
graphene enables graphene-based biosensors and biomedical 
devices in which the detecting signal is an electrochemical signal 
(Figure 2.1).43–46 In addition to the high electron transport property 
of graphene, its high specific surface area make it an ideal candidate 
for biosensors.7,17  

1.1.2Transition Metal Dichalcogenides (TMDs): 

Transition metal dichalcogenides are materials with a 
stoichiometry of MX2 (where M = a metal atom, typically Mo, Nb, Re, 
W, or Ni and X = a chalcogen atom, typically S, Se, or Te).48 TMD 
crystals are layered materials with van der Waals forces across the 
adjacent layers wherein each individual 2D sheet is held together 
through strong covalent bonds. TMDs are of interest in the fields of 
electronics and optics due to the indirect to direct gap crossover 
going from bulk (indirect) to monolayers (direct).49,50  This band 
renormalization can be attributed to quantum confinement of the 
electrons in the 2D limit. As the thickness of the MoS2 layers 
decreases, the indirect band gap blue shifts from 1.3 eV in the bulk 
to 2.0 eV in the monolayer form.51  Owing to their single unit cell 
thickness (0.7 nm), 2D MoS2 and other TMDs -such as WSe2 and 
MoTe2- can be easily gated to create highly energy efficient field-
effect transistors (FETs).52 

Furthermore, 2D Mo- and W-containing TMDs (e.g., 
MoSe2, WSe2, etc.) have been shown to have large excitonic binding 
energies reaching world-record 0.4 eV values depending on the 
material systems.53,54 This enabled researchers to access excitons at 
room temperature which was not possible prior to the discovery of 
2D TMDs.55,56 Later studies have further shown that these excitons 
can be accessed at different momentum (valley) points with spin 
information encoded.57,58 This has created a new “valleytronics” field 
with a special emphasis on excitonic and optical applications.59,60 

It is also noteworthy to mention that 2D TMDs have 
different crystalline phases depending upon the molecular 
arrangements. TMDs can exist in anisotropic 1T’,61 1T (Trigonal),62 2H 
(Hexagonal),63 or 3R (Rhombohedral)64 phases where the metal 
coordination in the layers is either trigonal prismatic or octahedral. 
The filling of the d-orbitals in these compounds determines the 
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nature of the compound: partially filled d-orbitals give rise to metallic 
character whereas fully filled d-orbitals lead to semiconductor-like 
behaviour.65,66  

It has been reported that the photoluminescence of MoS2 
increases by a factor of ~104 as the material thickness decreases from 
bulk to monolayer TMDs due to indirect to direct cross-over and high 
quantum efficiency associated with efficient exciton relaxation 
pathways.67 Therefore, optical plasmonic sensors based on 2D TMDs 
have been predicted to have stronger responses when compared to 
sensors based on metallic substrates such as gold or silver.68 TMDs 
have large surface areas and large interfacial contact areas between 
the materials and the electrodes, making it possible to have very 
strong interfacial interactions. Consequently, TMDs exhibit rapid 
interfacial charge transfer which translates to a highly accurate 
biosensing platform. Additionally, TMDs also have high 
biocompatibility which allows for the immobilization of different 
probe biomolecules onto the surface of the materials. Combined 
with high carrier density and rapid interfacial charge transfer, this 
amplifies the signals received from the biological phenomena being 
measured.69 This amplification can be used as a detection 
mechanism for important biomolecules present at very low 
concentrations, which are otherwise extremely difficult to detect 
using current state-of-the-art methods such as enzyme-linked 
immunosorbent assay (ELISA) or polymerase chain reaction (PCR). 

1.1.3 Transition Metal Oxides: 

Transition Metal Oxides (TMOs), in their bulk form have 
been studied extensively; however, 2D TMOs are difficult to 
fabricate, which has limited the investigation of 2D TMOs in 
literature.70 Due to the polarizability of the oxygen ion and the 
hybridization of the orbitals, when two or more TMO layers are 
stacked, a potential arises between the sheets that shifts the Fermi 
levels of the layers and gives the layers semiconducting 
properties.71,72 TMOs can be engineered to have a wide range of 
band gaps, depending on their applications in optoelectronics and 
semiconductors.73,74 Semiconducting TMOs can be used to 
manufacture FETs, which have been implemented as memory and 
storage elements and in biosensors. FETs based on 2D TMOs, such as 
MoO3, have been used as the sensing electrodes in biosensors due 
to their high electron mobility, which allows for the detection of 
biomolecules at low concentrations.75 

2D TMOs have strong d-d transitions, which result in strong 
light absorption and allow them to quench luminescence via Forster 
Resonance Energy Transfer (FRET) when conjugated with 
fluorophores.76  As a result, TMOs, such as MnO2, have been used for 
fluorescence imaging of glutathione, which is a biomarker used to 
detect cancer cells.77 

1.1.4 MXenes:  

MXenes are a class of 2D materials with a stoichiometry of 
Mn+1Xn (n = 1, 2, or 3) where M is a transition metal and X is either a 

carbon or nitrogen. They are synthesized by etching the MAX phases, 
which have a stoichiometry of Mn+1AXn (where A is a IIIA or IVA group 
element), with HF.78  MXenes have reported Young’s moduli in the 
range of 92 to 161 N m-1, comparable to that of TMDs.79 Some MAX 
phases, such as Ti3AlC2, have a very high resistance to oxidation 
which enables their utilization as high-temperature electromagnetic 
sensors.80 MXenes also exhibit high enzyme immobilization 
capabilities and are compatible with redox proteins, with high 
bioactivity, making them possible candidates to build 
electrochemical biosensors.81  

1.1.5 Metal Organic Frameworks: 

MOFs are porous materials which are synthesized by 
linking metal ions to organic ligands to form a coordinated and 
layered structure. MOFs have tunable structures, are highly porous, 
and have a very high surface area.82 MOFs have tunable bandgaps 
which can be adjusted by changing the metal ions and the organic 
ligands, ranging from Cu, Zn-based insulator MOFs to Cu, Zn- 
tetrakis(4-carboxyphenyl)porphyrin (TCPP)-based MOFs which are 
semiconducting in nature. The high porosity, high surface area, and 
the tunability of the structures allow MOFs to be used in various 
applications. The high porosity and surface area were exploited by 
Yan et al. in synthesizing a porous C/ZnO nanocomposite 2D 
semiconductor based on fluorinated-MOFs (F-MOFs) with a porosity 
of 732 m2 g-1 and a high electrical conductivity of 43 S m-1. 83 

1.1.6 Analogs of Graphene: 

Other graphene-like materials such as silicene,84,85 
graphitic-carbon nitride (g-C3N4),86,87 hexagonal- Boron Nitride (h-
BN),88 and 2D pnictogens such as phosphorene,89,90 antimonene,91,92 
and arsenene93,94 have also been researched for applications in 
various fields, including semiconductors and biosensors. Silicene is a 
direct bandgap semiconductor with a bandgap of 210 meV and a 
carrier mobility of 100 cm2 V-1 s-1.85 Hexagonal boron nitride is an 
indirect wide-bandgap semiconductor which finds use in different 
types of nanoelectronics and optoelectronics.95 Hexagonal boron 
nitride has a Young’s modulus of 780 GPa, a very high surface area 
(1427 m2 g-1) and is also biocompatible which allow for biological 
applications like drug delivery, nanomedicine and biosensors.96–99 
Black phosphorus, or phosphorene, has a direct band gap of ~2 eV at 
the single layer level and high carrier mobility of 1.5 × 104 cm2 V-1 s-1 
at 294 K, making it a suitable material for optoelectronics.100 The 
unique surface morphology of phosphorene allows for the 
immobilization of various probe biomolecules, such as single-
stranded DNA (ssDNA), onto the surface to serve as biosensors.101 
Mayorga-Martinez et al. reported a pnictogen-based enzymatic 
phenol biosensor, where it was found that heavier pnictogen-based 
2D materials, such as antimonene and bismuthine, had higher 
stabilities than phosphorene.94 The group tested enzymatic 
biosensors based on phosphorene, arsenene, antimonene, and 
bismuthine and it was found that the antimonene-based biosensor 
showed enhanced selectivity, reproducibility, and sensitivity with a 
limit of detection of 2.5 × 105 pM.  
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2 SYNTHESIS 
The properties of 2D materials depend upon their 

thickness, crystal phases, and surface properties. Therefore, 
synthesis methods that can control and tune these properties must 
be employed in the preparation of 2D materials. The synthesis of 2D 
materials can be broken down into two approaches: the top-down 
approach and the bottom-up approach. The top-down approach uses 
materials whose bulk crystals are layered materials held together by 
van der Waals forces. The bottom-up approach involves the reaction 
and/or deposition of the precursor molecules of the 2D material onto 
a substrate using different methods.102 Both the top-down and the 
bottom-up approaches are briefly discussed below.  

2.1 Top-down Synthesis of 2D Materials: 

2.1.1 Micromechanical Cleavage: 

This method involves mechanically removing layers of the 
bulk crystal using two adhesive layers. The method was first used by 
Geim and Novoselov1 to synthesize atomically thin layers of 
graphene. In this process, the bulk material is first attached to 
Scotch™ tape, which is then peeled off into thin flakes using another 
piece of adhesive. This last step is repeated multiple times and then 
the adhesive tapes are attached to a clean, flat surface, usually glass, 
and rubbed to achieve further cleaving (Figure 3.1).103 Materials with 
a single atomic layer or a thickness of a few layers are then obtained 
on the substrate by peeling off the Scotch™ tape from the substrate. 
This method can be applied to the synthesis of other families of 2D 

Figure 3 Top-down approaches for 2D materials synthesis: i) micromechanical cleavage: 1-a) Schematic illustration of mechanical cleavage with an adhesive tape 1-b) Optical Image of 
exfoliated graphene with the number of layers being denoted by the numbers 1-c) Top and side views of a 2D sheet being peeled off 1-d) Detailed view of the front and edges of the 2D 
sheet being peeled off, obtained from  course-grained molecular dynamics simulations. Reproduced with permission from ref. [103]. Copyright 2018, Elsevier 2) sonication-assisted 
liquid exfoliation.  Ref. [111] Reproduced by permission of The Royal Society of Chemistry 3) shear force-assisted liquid exfoliation. Adapted with permission from ref. [114]. Copyright 
(2015) American Chemical Society : 3-a)mixer used for shear force-assisted exfoliation, 3-b) blade assembly shown with €2 coin for scale, 3-c) TEM images of flakes produced with shear 
force-assisted exfoliation, 3-d) AFM images of flakes produced with shear force-assisted-exfoliation  
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materials such as TMDs,104–106 phosphorene,100,107,108 antimonene109 
and h-BN,16,110 

Although this method has the advantage of creating layers 
with high crystal quality and large lateral lengths, it has many other 
disadvantages, stopping it from being utilized for the mass 
production of 2D materials. Specifically, this approach has a low 
production rate and yield, and leads to uneven thickness over the 
total surface created. These disadvantages arise due to this 
technique being hand driven, which introduces human error and 
reduces reproducibility and precision.  

2.1.2 Mechanical force-assisted liquid exfoliation: 

Mechanical force-assisted liquid exfoliation involves 
applying force on the layered bulk materials that are dispersed in 
liquid media. The mechanical force can be applied by either 
sonication111,112 or by inducing mechanical shear113,114 through high 
rpm mixing. Mechanical force-assisted liquid exfoliation has high 
yields when compared with other mechanical exfoliation techniques, 
like the Scotch™ tape method. These techniques can be used to 
produce large quantities of layered materials at low costs due to its 
simplicity. Although these techniques have advantages such as high 
yield and low costs of operation, one of the disadvantages of these 
techniques is the low yield of single layer nanosheets and limited 
lateral sizes. Some specific applications, such as semiconductor 
materials, require single layer nanosheets, which cannot be 
produced with enough quality control by this technique. 
Additionally, this process introduces a substantial amount of point or 
cluster defects, which adversely affects their much desired 
electronic, excitonic, and optical properties. 

2.1.2a Sonication-assisted liquid exfoliation: 

In a typical sonication-assisted liquid exfoliation, the bulk 
material is dispersed in a solvent, usually N-methylpyrrolidone.104 
Sonication induces liquid cavitation, which in turn creates bubbles. 
When these bubbles pop, it creates microjets and shockwaves 
between the layers of the bulk material, stripping thin layers or 
monolayers off (Figure 3.2). Although this method can produce 
layers ranging from one atom thickness to a thickness of a few layers 
at concentrations down to 1 mg mL-1 of the bulk material, it has a 
very slow production rate. For proper exfoliation to occur, the 
solvent and the bulk crystals must have the same surface energy, 
making it hard to find proper solvents. To overcome this, surfactants 
or polymers are added to tune the surface energy.111  

The first use of this method was to synthesize graphene by 
Coleman and coworkers,115 and since then the technique has been 
extended to other layered materials like MoS2, WS2, MoSe2, NbSe2, 
MoTe2, h-BN.116  TMOs such as MnO2, TaO3, Ti4O9 etc have also been 
exfoliated using this method.73 The solvent chosen for the synthesis 
plays an important role in the exfoliation process: it was suggested 
that successful solvents for this process are the solvents which 
minimize the surface energy of the layers.116 Different surfactants, 

such as cetyltrimethylammonium bromide,117 sodium 
deoxycholate,118 and polymers like poly(vinyl chloride), poly(methyl 
methacrylate), and poly(vinyl pyrrolidone), can also be added to the 
solution to decrease the surface energy.119,120 

2.1.2b Shear Force-assisted Liquid Exfoliation: 

In this method, the solution is mixed using a high shear 
rotor-stator mixer which produces high shear rates in the liquid 
under high speed rotation (Figure 3.3). The exfoliation of the layered 
bulk material is achieved by the high shear induced in the solvent by 
the rotors. The exfoliation only takes place if the shear rate is higher 
than 104 s-1. Coleman and coworkers synthesized graphene using N-
methylpyrrolidone as the solvent by subjecting it to shear mixing 
with a laboratory scale rotor-stator mixer. The final yield contained 
graphene layers ranging from monolayer thickness to thicknesses 
ranging from 300–800 nm; the typical thickness was 10 monolayers 
per sheet.113 Varrla et al. synthesized 2D MoS2 using this method 
obtaining layers with an average thickness of 5 layers and a mean 
sheet length of ~85 nm.114 

Liu et al. investigated the factors influencing the final yield 
of  the graphene synthesized by this method.121 They reported that 
the effectiveness of exfoliation was influenced by the solution 
surface tension and viscosity. They also reported that the thickness 
and size of the nanosheets was controlled by the diameter of the 
rotor used. As in the case of sonication-assisted liquid exfoliation, 
surfactants and polymers can be used in shear force-assisted liquid 
exfoliation to increase the yield of the materials with single to 
multiple layers. 

2.2 Bottom-up Synthesis of 2D Materials: 

2.2.1 Chemical Vapor Deposition: 

Chemical Vapor Deposition (CVD) is one of the most 
commonly used methods to synthesize 2D materials via the bottom-
up approach, which yields thin films of highly pure materials.122,123 In 
a typical process, substrates are placed in a chamber at variable 
pressure into which vapours of the precursor materials are sent. The 
precursor gases either react and then deposit onto the substrate, or 
the substrate is pre-treated with one of the precursors introduced in 
the chamber, onto which the second precursor reacts. Both 
pathways form ultrathin layers of the 2D material (Figure 4.1).124 The 
factors that influence the deposition of the materials onto the 
substrate are the catalyst, temperature, substrate, precursors, and 
the atmosphere in which the reaction is taking place. CVD allows for 
precise control over the number of layers, lateral size, and 
crystallinity, each of which directly affect the optical and electronic 
properties of the grown material.122,123,125–127   

Fu et al. synthesized graphene on a polycrystalline Ni 
substrate using CVD that was 1-2 layers thick over an area of 15,000 
µm2.128 Other 2D materials such as ultrathin TMDs such as MoS2, 
WS2, MoSe2;127 2D TMD hetero nanostructures, which are epitaxial 
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structures with alternating layers of both of the TMDs129 can also be 
grown on different kinds of substrates, making CVD one of the most 
versatile synthesis process currently available.  

Although CVD has advantages such as high purity, limited 
defects, scalability and controllable thickness and extremely high 
yield, CVD operates at high temperatures and usually, under 
ultrahigh vacuum which adds up to a very high total cost of 
production.  

2.2.2 Molecular Beam Epitaxy: 

Molecular Beam Epitaxy (MBE) is a bottom-up synthesis 
technique for the epitaxial growth of controlled and advanced 
structures. The process takes place in an ultra-high vacuum chamber 
in which a substrate is heated to allow for epitaxial growth (Figure 
4.2).130 The ultra-pure precursors are placed in Knudsen cells, which 
sublime the precursors and shoot them out in a unidirectional beam 
of atoms or molecules onto the substrate. A separate Knudsen cell is 
used for each individual precursor. The flow of atoms or molecules 
onto the substrate builds up the layers of the material to be 

synthesized. A reflection high-energy electron diffraction (RHEED) 
system is used to monitor the epitaxial growth of the material on the 
substrate.130  

Extremely precise control over the composition of the 
material grown, the growth conditions, and the purity of the material 
as well as in situ monitoring of the growth kinetics allow for highly 
complex and high quality materials to be synthesized using 
MBE.131,132  

Although graphene is synthesized usually using techniques 
such as exfoliation or CVD, MBE can also be employed for the 
synthesis of graphene. Moreau et al. synthesized graphene via MBE 
using a heated graphite filament as the carbon source.133  The 
graphene layer was epitaxially grown on a silicon carbide substrate 
to reduce lattice mismatches and produced two stacked layers that 
were 900 nm wide.  

MBE can also be used for the synthesis of ultrathin TMDs, 
such as MoSe2,134 WSe2,135 and TMOs like VO2

136 and SrTiO3.137
 It is 

also used to synthesize 2D heterostructures that contain alternating 

Figure 4 Bottom-up approach for 2D material synthesis: 1) Experimental setup of the modified sequential two-stage thermal CVD process , modified from Ref. [124], licenced 
under CC by 4.0 , 2) Schematic of Molecular Beam Epitaxy setup for the synthesis of MoS2. Reproduced with permission from ref.[130]. Copyright (2017) American Chemical 
Society. Further permissions related to this material should be directed to ACS 3) Schematic of the hydrothermal synthesis technique. Reproduced from Ref. [141] with permission 
from The Royal Society of Chemistry 4) Self Assembly of nanocrystals. Adapted with permission from ref.[143]. Copyright (2011) American Chemical Society 
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layers of two different 2D materials. Ma et al. synthesized a van der 
Waals heterostructure of MoTe2/MoS2.138 MBE comes with its own 
disadvantages such as a slow growth rate, high complexity, and a 
high cost, even compared to CVD.     

2.2.3 Wet Chemical Synthesis Techniques: 

Wet chemical syntheses are bottom-up methods of 
synthesis involving chemical reactions for the formation of layered 
materials. These techniques have high yield and are highly 
reproducible.112 Since the precursors involved in the reactions and 
the final layered materials are highly soluble in water and other 
organic solvents, these synthesis techniques are used to prepare 2D 
materials for a variety of applications. Techniques such as 
hydrothermal/solvothermal synthesis and nanocrystal self-assembly 
are discussed below. 

2.2.3a Hydrothermal/Solvothermal Synthesis: 

This method of synthesis involves the reaction of the 
precursors in either water or organic solvents under high 
temperatures and pressures.139 The process is usually done in a 
sealed vessel at temperatures higher than the boiling point of the 
solvent, which increases the reaction pressure (Figure 4.3).140 
Parameters such as pH, temperature, pressure, additives (e.g., 
surfactants), concentration, and the reaction time can be varied to 
tune the properties of the layered materials.141  

Dou et al. reported the synthesis of different TMOs such as 
TiO2, ZnO, Co3O4, WO3, Fe2O3, and MnO2.70 The thickness of the 
TMOs produced ranged from 1.6–5.2 nm, with a stacking of 2-7 
layers. Chaudhary et al. reported the synthesis of MoS2 nanosheets 
using hydrothermal synthesis. The synthesized sheets had a length 
of 100 nm and thicknesses up to 4 layers with a spacing of 0.68 nm 
in between the layers.142  

These techniques are scalable techniques with simple 
setups when compared to other synthesis techniques such as CVD or 
MBE and have high yields. However, the growth mechanisms for 
these techniques are still not completely clear, which makes it 
difficult to model and design this method for different kinds of 
materials. This technique is also sensitive to the experimental 
conditions like the precursor concentration, solvent choice, the 
surfactants used, and the temperature of the reaction, which makes 
it difficult to control the final products obtained.  

2.2.3b Nanocrystal Self-Assembly: 

 Self-assembly of nanocrystals involves the 
rearrangement of nanocrystals into single or multi-layered 
structures. The rearrangement is driven by entropy and, hence, 
favors the formation of the 2D structures.143 It has been reported 
that the self-assembly process is also driven by dipole moments in 
the nanocrystals and due to the inherent hydrophobicity of the 
crystals.144 The nanocrystals spontaneously reorganize their 
structures due to van der Waals interactions, electrostatic 

interactions, or hydrogen bonding.145 The self-assembly process 
involves the fusing of the nanocrystals from their 3D structure into 
2D oriented structures when external forces, such as pressure, are 
applied to the crystals (Figure 4.4).  

Wang et al. synthesized PbS nanosheets by self-assembly 
of PbS crystals.143 Stresses exceeding 11.6 GPa were applied to 3D 
crystal lattices of PbS, which prompted deviatoric stresses that 
produced 2D single-layered structure oriented in the direction of the 
stress being applied.  

3 BIOLOGICAL APPLICATIONS 

2D materials have been extensively researched for possible use in 
biosensors and bioimaging equipment. Biosensors are devices which 
convert biological responses or biomolecules of interest in the target 
into readable electronic or optical signals. Biosensors have been used 
for the detection of important biomolecules such as NADH,146 
DNA,147 viruses,148 and pathogenic bacteria.149 2D material-based 
sensors, especially graphene has shown superior sensitivity, 
mechanical properties and biocompatibility compared to its 
conventional counterparts like silicon. The higher sensitivity stems 
from the atomic thickness of 2D materials and large surface area-to-
volume ratios, which places a majority of the atoms directly in 
contact with analytes.150,151  These properties help in the creation of 
flexible, robust and commercially viable real time biosensing devices. 
The detection of DNA is an important application since it enables the 
detection of diseases before their onset by detecting specific 
sequences of damaged or mutated DNA. Detection and identification 
of DNA is also useful for applications in fields like forensics and the 
environment for the detection of genetically modified organisms, 
and pathogenic bacteria and viruses. Additionally, 2D material 
biosensors can be used to manufacture continuous glucose 
monitoring sensors with higher accuracy and longer lifetime. 
Bioimaging is the process in which real time biological processes are 
observed and imaged without invasive procedures using techniques 
like Magnetic Resonance Imaging (MRI), photoacoustic imaging (PA), 
or computed tomography (CT).152  

 2D materials have some unique properties such as high charge 
carrier density, high surface area, high interfacial area between the 
material and the electrode allow for high rates of electron transfer 
between the material and the sensing electrodes, making them 
suitable for use as the active sensing element in biosensor. These 
characteristics of 2D materials have inspired extensive research into 
the biological application of 2D materials in biosensors and 
bioimaging devices (summarized in Table 1). In this article, some of 
the recent advances of these biological applications are reviewed.  

3.1 Graphene-based materials 

Graphene and graphene oxide (GO) have shown potential 
to be used in a wide variety of biosensing and bioimaging devices. In 
contrast to graphene, GO has hydroxyl, epoxy, carbonyl, and carboxyl 
groups due to its highly oxidized nature, making it hydrophilic and 
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readily dispersible in water. Therefore, GO is highly processable using 
traditional casting techniques like drop casting, spray coatings, 
etc.153,154 The choice of processing method often yields unique GO 
morphologies like particles, sheets, fibers, and nanoribbons.155–158 
The GO can be reduced to graphene which retains some of this 
unique properties. For example, graphene fibers can be obtained by 
wet-spinning GO solutions followed by the chemical reduction of the 
fibers to graphene.157 However, care must be taken to avoid a GO to 
graphene conversion, which is caused by a partial or incomplete 
electrochemical reduction on the surface.  

Graphene and its derivatives are mainly produced via the 
Hummer’s method.159 In this method, graphite is oxidized with a 
mixture of sulfuric acid, sodium nitrate, and potassium 
permanganate to yield GO. Every atom in graphene is in direct 
contact with its environment and responds to electrostatic 
fluctuations caused by interactions with its environment, making it 
the perfect candidate for sensing applications.160 A few 2D graphene-
based devices are described below. 

3.1.1 Enzymatic graphene biosensors: 

The general development of electrochemical enzymatic 
biosensors is shown in Error! Reference source not found..1. In the 
first generation (Error! Reference source not found..1.a) of 
electrochemical biosensors, the electrode oxidizes and detects one 
of the naturally occurring chemical species in the enzymatic reaction 
pathway that occurs during detection of a molecule like glucose. 
Drawbacks of the system include the requirement of coenzymes, 
high potential for operation, and error caused by the dependence on 
electron acceptor concentration (such as dissolved molecular 
oxygen). The dependence on oxygen concentration and other 
drawbacks were addressed with the development of 2nd generation 
biosensors.  2nd generation biosensors (Error! Reference source not 
found..1.b) used synthetic mediators that act as electron shuttle 
molecules to transfer electrons to and from the substrate. In the 3rd 
generation the mediators are replaced by the principle of direct 
electron transfer between the enzyme and the electrode.161–163 This 
electron transfer is detected and correlated to the concentration of 

Figure 5 1) a-c) shows 1st generation to 3rd generation electrochemical biosensors. Reproduced from ref. [161], licenced under CC by 3.0 2) Schematic of glucose oxidase (labelled as 
GOx) immobilization on a graphene based biosensor developed by Qi et al. b-c)Graphs show the performance of the device w.r.t different glucose levels( i) is the control electrode 
with no immobilized glucose oxidase). Adapted from ref. [167] with permission from The Royal Society of Chemistry. 3- a) Schematic of a label-free glucose biosensor developed by 
Jiang et al.  3-b) The graph shows the measurement of glucose achieved by measuring shift of resonant wavelength of polarized light. Adapted with permissions from ref. [169]. 
Copyright 2018, Elsevier  
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the molecule of interest. 3rd generation biosensors (Error! Reference 
source not found..1.c) also do not require labels (an indirect species 
that probes the presence of the molecule of interest), are free from 
background interference, and have superior sensitivity164 over the 
previous two generations.  

The development of third-generation biosensors has 
expanded rapidly in recent years, especially in the current era of 
flexible, wearable electronics. The direct electron transfer 
mechanism between the redox center of an enzyme and the 
electrode is fundamental to the functioning of these devices. Pristine 
graphene has a high conductivity and large surface area, which 
makes it a functional material for electrochemical enzymatic 
sensing.165,166 Graphene based materials have shown the intrinsic 
ability to immobilize some enzymes like glucose oxidase (GOD) and 
uricase via adsorption and covalent immobilization.167–170 The ability 
to be tuned via functionalization and chemical modification makes it 

a unique platform for immobilization. This direct immobilization with 
the graphene based material acting as the electrode makes it an 
attractive platform for 3rd generation biosensors.169–172 Enzyme-
based graphene biosensors are typically electrochemical in nature.  

Diabetes afflicts millions of people worldwide and has 
stimulated substantial research to develop accurate and rapid 
detecting sensors for blood glucose levels. GOD immobilized directly 
on electrodes are commonly used to design 3rd generation 
biosensors used to monitor blood glucose levels.  Qi et al. decorated 
GO nanosheets with gold nanoparticles to make Glassy Carbon 
(GC)/GO-Ph-AuNP composites in order to immobilize GOD.167 Glassy 
Carbon (GC) electrode surface was first modified with aryl diazonium 
salt to attach the GO-Ph-AuNP to the surface of the GC. Carboxylic 
acid groups were then added to this surface and GOD was then 
covalently bound via amide bonds to achieve the sensing interface as 
shown in Error! Reference source not found..2. The sensor showed a 

Figure 6 1) Schematic of an antibody 2- a) Diagram of the sensor element of a graphene biosensor chip with immobilized antibodies developed by Afsahi et al.(ref [148]) 2-b) Illustration of 
the entire sensor chip system, incorporating the sensor chip, reader electronics and digital control, and PC running control and data presentation software. 2-c) AFM image of the graphene 
after successful protein attachment, scale bar is 1 µm and Z height is 10 nm. 2-d) Raman spectrum after device fabrication demonstrating low D/G ratio, which indicates high quality graphene. 
2-e) Percent change in capacitance during target immobilization and quenching on the graphene biosensor chip surface. 2-f) I-Vg curves at different immobilization steps. The dramatic 
steepening of the I-Vg slope indicates substantial change in the surface chemistry and increased sensitivity of the biosensor. Adapted from ref. 148, licensed under CC by 4.0  
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good linear response towards glucose with a sensitivity of 42 µA mM-

1 cm-2 and with an enzyme turnover rate of 112 s-1. A lab on fiber-
optic glucose detection device (Error! Reference source not 
found..3.a) was demonstrated by Jiang et al.169 GOD-functionalized 
titled fiber grating (TFG) was made by the surface functionalization 
of the TFG; first, GO was deposited followed by the immobilization 
of GOD on the fiber surface. Monitoring the resonant wavelength 
shift in response to glucose concentration showed a linear response 
with the ability to sense concentrations in the range of 1-8 mM. 

Marzo et al. recently used 3D printed graphene/poly(lactic 
acid) (PLA) electrodes to immobilize horseradish peroxidase (HRP) to 
create a 3rd generation electron transfer enzyme-based sensor for 
detecting hydrogen peroxide.173 In addition, AuNPs were used to 
confirm the direct electron transfer between the HRP and 3D-printed 
graphene-PLA electrode. The AuNPs slightly enhanced the biosensor 
performance from a Limit of Detection (LOD) of 11.1 µM to 9.1 µM. 
The analytical range for the measurement was 25-100 µM 
concentrations of hydrogen peroxide. This work further highlights 
the ability of graphene to immobilize enzymes and act as a biosensor. 

3.1.2 Antibody graphene biosensors: 
In these types of devices, the analytical detection 

platform measures specific conjugation reactions between antigens 
and antibodies. Antibodies are immunoglobulin monomer globular 
plasma proteins consisting of four polypeptide chains with a 
characteristic “Y” shape. Immunoglobulin G (igG) is the most 
commonly used class of antibody for biosensing. It consists of two 
heavy protein chains and two light protein chains that are connected 
via disulfide bonds as shown in Figure .1. The arms of the antibody 
consist of a constant and variable domain. The variable domain 
imparts selectivity of the antibody to a specific antigen.174 

Afsahi et al. demonstrated a cost-effective and portable 
graphene-enabled biosensor (Figure .2)  to detect the Zika virus. 148 
Anti-Zika NS1 antibodies were immobilized on pristine graphene, 
and the remainder of the surface is then blocked and passivated to 
reduce nonspecific interactions. To detect the Zika virus, the device 
measures shifts in the channel current and gate capacitance of the 
graphene caused by interactions with specific biological targets; 
these device are commonly referred to as biosensing field effect 
transistor (FET) or field effect biosensors (FEB).148 

Mao et al. developed a FET selective towards specific 
proteins. Vertically oriented graphene sheets are grown directly on a 
sensor electrode using plasma-enhanced CVD and labelled with 
AuNP-antibody conjugates.175 The binding of the probe to target 
proteins induces significant changes to the electrical conductivity of 
the FET sensor. The device shows high sensitivity down to 13 pM of 
the analyte protein, IgG. It is important to note that both devices 
described above make use of the fact that graphene is highly 
sensitive to electrical perturbations, due to its 2D nature and high 
carrier mobility. Therefore, any change that occurs from the protein 
binding induces a measurable change in the electrical 
conductivity.148,175 

3.1.3 Graphene DNA biofunctionalization 

The planar, conjugated nature of graphene enables strong 
π-π stacking interactions with deoxyribonucleic acid (DNA) 
nucleobases. For example, single stranded DNA (ssDNA) has been 
reported to bind to graphene with high affinity through π-π stacking 
interactions.160,165,176,177 

Hao et el. reported real time monitoring of insulin using a 
Graphene Field-Effect Transistor (GFET) aptameric nanosensor.178 
This label-free method uses an aptameric receptor, IGA3, which 
specifically binds to insulin. Insulin levels as low as 35 pM can be 
detected with a response time below 260 s. IGA3 is functionalized 
onto the graphene surface through a Schiff-base reaction using a 1-
pyrenebutanoic acid succinimidyl ester (PASE) linker immobilized in 
graphene. The aptamer binds to insulin promoting formation of 
parallel and anti-parallel G-quadruplexes which brings the negatively 
charged insulin and DNA strands closer to the vicinity of the 
graphene surface. The proximity changes carrier density in the 
graphene bulk yielding detectable signals. 

In another example, a GFET molecule-specific probe was 
developed by Dontschuk et al.147 The device was shown to have 
distinct conductance signatures upon adsorption of four difference 
DNA nucleobases which can pave the way towards next-generation 
DNA sequencing technologies. Xu et al. utilized a multi-channel GFET 
DNA sensor array for real-time determination of binding kinetics of 
DNA hybridization. The detection limit of the device was 10 pM for 
DNA and it was able to distinguish single-base mutations 
quantitatively in real time.179 The adsorption of DNA onto the GFET 
devices, induced dipoles on the four different DNA nucleobases, 
which were correlated to distinct conductance signatures detected 
by the GFET.   

3.1. Graphene for bioimaging 

Bioimaging is an integral part of both research and clinical 
practice. This allows the observation and study of biological 
processes ranging from cells to small animals.152 This can also be used 
as a powerful tool for early stage disease detection and monitoring 
of treatment response. Graphene quantum dots (GQDs) and 
nanographene exhibit a low cytotoxicity, strong photoluminescence, 
magnetic resonance signatures, tunable fluorescence, etc., and are 
attractive candidates that can used in next generation bioimaging 
devices.180,181 

GQDs were discovered by Ponomarenko et al. in 2008182 
and are superior in comparison to traditional semiconductor 
quantum dots because of their lower toxicity, higher 
biocompatibility, improved chemical inertness, and enhanced 
solubility.183 While GQDs are not 2D materials, they do exhibit some 
of the quantum phenomena that make 2D materials interesting and 
useful in biological applications. GQDs can be doped with nitrogen to 
tailor the optical and electrical properties of the quantum dots, 
which was first realized by Li et al. and resulted in blue 
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luminescence.184 The key factor affecting the photoluminescence 
intensity is the n-π* transition between the nitrogen in the aromatic 
ring and the conjugate structure of graphene. Nitrogen doping is the 
most widely used method to improve photoluminescence quantum 
yield in GQDs.185,186 Other dopants, such as boron, sulfur, 
phosphorus, fluorine, etc., can also be used, but additional research 
is needed to fully understand how the amount and type of dopant 
affects the material properties. Though these offer unique optical 
and electrical properties, the quantum yield from these dopants 
remain relatively low due to non-radiative recombination processes 
enabled by the dopant/defect engineering process.187–189 

GQDs from Mangifera indica (mango) leaves were reported 
to be produced by a simple one-pot microwave assisted green 

synthesis route by Kumawat et al.190 The GQDs were 2-8 nm in 
diameter and exhibited bright red luminescence. A cellular uptake 
study using flow cytometry showed 100% of the cells were 
internalized compared to control cells. Furthermore, a 
biocompatibility study using the MTT assay showed that more than 
95% of mouse fibroblast L929 cells were viable after 24 h at a 
concentration range of 0.1 - 5 mg mL-1. An inverse relationship 
between fluorescence intensity and temperature allowed the GQDs 
to be used for temperature sensing applications. In another study, a 
hydrothermal route to synthesize the N-doped GQDs with multiple 
color emissions was demonstrated by Qu et al.191 Depending on the 
reaction solvent nature (protic, aprotic, solvent free) the emission of 
the N-doped GQDs shifted from blue to green to yellow, respectively.  

Figure 7. 1) Schematic representation of the fabrication steps of an electrochemical sensor for DNA hybridization and DPV metric detection. 2 (a) Schematic illustration of the 
DPV signal of Pt||MoS2-polyaniline-ssDNA electrode with completely matched and single base mismatched DNA, DPV of Pt||MoS2-polyaniline-ssDNA electrode with different 
concentration of single mismatched DNA at position of (b) 5th, (c) 20th and (d) 35th, (e) comparative bar diagram of percentage change of DPV signals with completely matched 
and three positional single mismatched target DNA in a concentration range of 10−15 to 10-6 M. Adapted with permissions from ref. [194]. Copyright 2018, Elsevier. 
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Different solvents change the effective π-conjugation length and the 
dopant concentration in the GQD framework. The polar aprotic 
solvent (N,N-dimethylformamide) increased the π-conjugation 
length and dopant content whereas the polar protic solvent (H2O) 
decreases both. Therefore, the emission band of N-doped GQDs can 
be tuned based on the solvent properties. After incubation with the 
N-doped GQDs (3 mg mL-1) at 37 ˚C for 1 h, human lung epithelial 
(A549) cells under living conditions were imaged using a confocal 
fluorescence microscope to demonstrate imaging at different 
excitation wavelengths (i.e., 405, 388 and 555 nm).191 

Chen et al. reported the development of reduced graphene 
oxide (rGO) based hybrid nanostructures with covalently attached 
Fe2O3@Au core@shell nanoparticles (rGO–Fe2O3@Au NPs).192 These 
nanostructures were examined as potential magnetic resonance 
imaging (MRI) theranostic contrast agents, which can be used for 
imaging in combination with drug delivery. Specifically, the 
nanostructure composition enables MRI, and the structure allows for 
the transport and delivery of a chemotherapy drug, such as 
doxorubicin (DOX); moreover, when the nanostructure is exposed to 
the magnetic field it releases the drug, enabling imaging and targeted 
drug delivery. An MTT assay of cytotoxicity toward HeLa cells showed 
that the cell viability when exposed to rGO–Fe2O3@Au NPs remained 
above 90% at concentrations as high as 50 µg mL-1, confirming low 
cytotoxicity. The cell viability decreased with the increase in DOX 
concentration brought about by magnetic field-assisted release of 
DOX. The all-in-one nanoplatform paves a straightforward route to 
develop multifunctional theranostic agents for magnetic-guided 
synergistic chemo-photothermal therapy of cancer.192 

3.2 Transition Metal Dichalcogenides: 

As described above, many biosensors employ FETs due to 
their advantages such as fast electrical detection, low power 
consumption, and the possibility for integrating both the sensing and 
the measuring parts onto a single chip.31 FET biosensors made using 
MoS2 as the semiconducting material are widely used in biosensing 
equipment to detect DNA, proteins, and other biomolecules.  

3.2.1 DNA biosensors: 

Lee et al. reported the fabrication of a bioelectronic–FET 
(bio-FET) using MoS2 as the active sensing channel fabricated onto a 
p-type Si wafer with a 300 nm SiO2 layer.193 ssDNA molecules were 
immobilized onto the MoS2 layer for the detection of DNA molecules 
through DNA hybridization. DNA hybridization involves the binding 
of the target DNA with the immobilized ssDNA, which causes the 
release of electrons that are then transferred to the active layer. The 
direct immobilization of the target DNA and its subsequent 
hybridization with the ssDNA strands on the active layer surface 
allow for the detection of DNA molecules at concentrations as low as 
10-2 pM. The range of detection shifts by a factor of 106 if the DNA 
being hybridized with the probe DNA is changed from 
complementary DNA to non-complementary DNA with a single base-

pair mismatch. This MoS2 based bio-FET can be used in areas such as 
disease diagnosis, food safety, and forensics.  

Dutta et al. reported a biosensor with MoS2 incorporated 
into polyaniline for sensing DNA molecules.194 MoS2 incorporated 
into polyaniline was chosen as the active channel onto which ssDNA 
was immobilized, which was coated onto platinum electrodes (Figure 
7). A methylene blue dye was used as a redox indicator for the signify 
DNA hybridization since it specifically binds to both ssDNA and 
double stranded DNA (dsDNA). The sensor could measure DNA in 
concentrations ranging from 10 pM to 103 pM. The sensor was stable 
in a pH ranging from 4 to 9, and, in addition, to being able to detect 
DNA, it could also detect any DNA mismatches.  

A photoelectrochemical biosensor based on protonated 
graphitic carbon nitride (P-g-C3N4), WS2, Au-NPs, and ITO with MnO2 
nanoflowers as signal quenchers (Figure 8) was developed by Yin and 
coworkers.195 The Au-NP/(P-g-C3N4)/WS2/ITO was developed to 
detect DNA formylation by detecting 5-formylcytosine (5fC), a 
biomarker for oxidative damage to DNA. It is an important 
intermediate oxidation product that plays an important role in 
human diseases and gene regulation, which makes it an important 
biomolecule to be monitored. The problem with 5fC is that it is 
present in very low concentration in mammalian cells, hence it is 
important for a biosensor with a high sensitivity to 5fC to be 
discovered. The P-g-C3N4/WS2 nanocomposite sheets were prepared 
using the electrostatic self-assembly methods and the biosensor was 
prepared by drop-casting the P-g-C3N4/WS2 nanocomposite onto the 
bare ITO electrodes after which the probe ssDNA solution was 
immobilized on the active surface. The detection of 5fC in the test 
DNA solution is achieved by detecting the photocurrent between the 
biosensor, a platinum counter electrode, and a calomel reference 
electrode. It was reported that the linear detection range was 10 pM 
to 2 × 105 pM with the detection limit being 3.8 pM. This method has 
the advantage of having high specificity, low detection limits, use of 
inexpensive instruments, and ease of operation.  

3.2.2 Biosensors for other biomolecules: 

Detecting the concentration levels of biomolecules is 
important for monitoring various metabolic processes. For example, 
monitoring insulin levels and blood glucose concentrations is 
important for individuals suffering from diabetes mellitus, whereas 
monitoring the levels of NADH and its oxidized form, NAD+, can 
provide insight into energy metabolism. Selvarani et al. developed a 
MoSe2/hydrogen exfoliated graphene (HEG) hybrid electrode for the 
detection of NADH.146 The MoSe2 nanosheets were exfoliated in the 
liquid phase and then sonically exfoliated onto the HEG sheets. The 
electrode was prepared by drop-casting the MoSe2/HEG nanosheet 
solution onto a highly polished GC electrode. The detection of NADH 
is done by measuring the redox current generated at the electrode-
electrolyte interface by the oxidation of NADH to NAD+. The sensor 
showed sensitivity as high as 0.0814 µA µM-1 ranging from 1 µM to 
280 µM and had a good selectivity when compared to the standard 
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enzyme based NADH assays. The high performance was attributed to 
the homogeneous dispersion of MoSe2 over the HEG sheets, which 
acts as an electron transfer channel while retaining its 
electrochemical activity and preventing restacking.  

 Khataee et al. reported a WS2 nanosheet/Ag-NP 
nanocomposite with peroxidase mimicking behaviour that was used 
to detect blood glucose levels.196 The enzyme, GOD, oxidizes glucose 
to gluconic acid and produces H2O2 as a byproduct. The 
concentration of H2O2 is directly related to the concentration of 
glucose in the sample, which can be used to measure glucose levels. 
The sonically exfoliated WS2 nanosheets were loaded with Ag-NPs, 
which were then loaded onto a GC electrode. Colorimetric, 
electrochemical, and fluorescence experiments were carried out to 
determine the peroxidase mimicking capability of the prepared 
nanocomposite out of which, the fluorescence system was chosen 
for the detection of glucose and H2O2 due to its higher sensitivity. The 
system showed a linear detector response for H2O2 over the range of 
0.01-2 µM with a limit of detection being 0.26 nM. Similarly, it 
exhibited a linear detector response for glucose in the range of 0.05-
400 µM with a detection limit of 21 nM.   

Glycated haemoglobin (HbA1c) is an important biomarker 
which can be used to detect type I and type II diabetes. HbA1c is a 

better biomarker than plasma glucose for monitoring the glycaemic 
levels and for the diagnosis of type I and type II diabetes since the 
glucose levels in plasma fluctuate widely, whereas glycated 
haemoglobin has a more consistent concentration over longer 
periods of time. Yang et al. reported a biosensor using WS2 
nanosheets which were functionalized by boronic acid-modified 
poly(vinyl alcohol).197 HbA1c quenches the fluorescence of B-
PVA/WS2 nanosheets which can be used as a detecting mechanism 
wherein the fluorescence quenching is linearly dependent on the 
concentration of glucose. The synthesized B-PVA/WS2 nanosheets 
were able to detect HbA1c at concentrations as low as 3.3 × 10-4 pM. 

A surface plasmon resonance immunosensor based on 
MoS2 functionalized fiber optic was developed by Kaushik et al.149 
The fiber optic was first etched, and then coated with a gold layer 
onto which the MoS2 nanosheets, which were prepared by 
sonication-assisted liquid exfoliation, were dip-coated onto the fiber 
optic cable. E. coli monoclonal antibodies were immobilized onto the 
surface of the MoS2/Au/optical fiber cable for the detection of E. coli. 
The detection of E. coli was based on the shift in the resonant 
frequency when the antibody-antigen complex is formed. The sensor 
has an E. coli detection range of 1000-8000 CFU mL-1 and the limit of 
detection was reported as 94 CFU mL-1. Although this specific 
biosensor detects bacteria over a range of concentrations, further 

Figure 8 1) Preparation principle of P-g-C3N4-WS2 composite. 2) construction process of PEC biosensor. Adapted with permission from ref. [195]. Copyright 2020, Elsevier 
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research must be done to decrease the cost of manufacturing for a 
commercially viable biosensor.  

3.3 Transition Metal Oxides: 

Transition Metal Oxides (TMOs), although not as 
extensively studied for biosensor applications as TMDs and other 2D 
materials, have also been used in the fabrication of biosensors.  

Ran et al. synthesized a DNA-based biosensor with DNA 
immobilized onto MnO2 sheets for accurate differentiation of cell 
types for the detection of diseases.198 Non-specific DNA strands with 
guanine-rich regions were used as the DNA probes. N-methyl 
mesoporphyrin IX (NMM), a ligand which binds with G-quadruplex 
present in guanine-rich DNA was used as the fluorescence causing 
agent. The NMM bonded DNA probes were immobilized onto the 
MnO2 through physisorption, where the MnO2 nanosheets act as 
fluorescence quenchers. This biosensor ensemble would then be 
absorbed into the cell through endocytosis, where the NMM-binding 
DNA probe would disassemble from the nanosheets inside the cell, 
leading to a recovery in fluorescence. The relative changes in the 
fluorescence intensity depended upon the interaction between the 
cell and the DNA strands which were different to each type of cells 
which could be used in the identification of the type of cells. A total 
of 40 samples were tested, each with 5 different types of DNA 
probes. This biosensor was able to differentiate between 8 different 
cell types in the tested samples and it also identified cells types from 
unknown samples with 95% accuracy. 

A colorimetric biosensor based on Human Serum Albumin 
(HSA) templated-MnO2 nanosheets for the detection of glutathione 
(GSH) was developed by Ge et al.199 The HSA templated MnO2 
nanosheets are able to catalyse oxidation of 3,3’,5,5’-
tetramethylbenzidine (TMB), a colourless compound to a blue 
oxTMB compound with an absorption peak at 652 nm, suggesting 
oxidase-like behaviour. In the presence of GSH, the oxidation of TMB 
to oxTMB does not occur since GSH reduces MnO2 to Mn2+, reducing 
its catalytic behaviour. This inhibition of the oxidation of TMB to 
oxTMB in the presence of GSH is concentration-dependant, implying 
that this can be utilized as a colorimetric detection method for GSH. 
The biosensor had a range of detection from 104 to 5 x 106 pM with 
a limit of detection at 5.6 x 103 pM.  

An In2O3 thin film transistor (TFT) based biosensor was synthesized 
for the detection of biotin, also known as vitamin H by Yang et al.200 
The detection of  vitamin H is clinically important for tumour-
targeted cancer therapeutics. The In2O3 thin layer was synthesized 
by metal organic chemical vapour deposition (MOCVD). Streptavidin 
was used as a receptor for biotin, which when introduced onto the 
aldehyde-functionalized surface of In2O3, causes a negative change 
in the surface potential of the TFT. When biotin binds with 
Streptavidin, there is an increase in the flow of current through the 
TFT which is used as the detecting mechanism. The biosensor had a 
limit of detection at 5 x 104 pg mL-1.  

3.4 Other analogues of Graphene: 

Graphene analogues have been employed in the 
fabrication of biosensors owing to their properties discussed earlier 
in the article such as high carrier mobility, tuneable band gaps, very 
high surface areas and compatibility with biomolecules.  

A novel graphene quantum dots (GQD)/h-BN nanosheet 
molecularly imprinted polymer biosensor for the detection of 
serotonin was synthesized by Yola et al.201 Serotonin is an important 
hormone in the human body. Low or high amounts of serotonin in 
the body can lead to seizures and muscle rigidity and hence must be 
monitored. For the biosensor, sonication-assisted liquid exfoliated h-
BN nanosheets were synthesized and a GQD/h-BN nanocomposite 
was synthesized. The nanocomposite was drop casted onto a glassy 
carbon electrode (GCE) onto which a serotonin-polymer solution was 
added. The serotonin was washed off with 1M NaCl solution to 
create a serotonin molecular imprinted polymer (MIP)/GQD/h-BN 
biosensor which was used for the detection of serotonin.  The 
biosensor had a linear detection range from 1 pM to 104 pM with a 
detection limit of 0.2 pM. 

Despite environmental instability issues of black 
phosphorus (BPs) layers, a BP-based fiber optic biosensor for the 
detection of neuron-specific enolase (NSE) was explored by Zhou et 
al.202 NSE is a highly specific biomarker used to detect specific 
tumours like lung cancer, medullary cancer etc. The BP nanosheets 
were synthesized by sonication-assisted liquid exfoliation, which 
were then deposited onto a fiber optic with a tilted fiber grating using 
an in-site layer-by-layer deposition technique in which the BP 
nanosheets physically adsorbed onto the fiber optic. The BP 
nanosheets were biofunctionalized by poly-L-Lysine and anti-NSE 
biomarkers were covalently immobilized onto poly-L-Lysine. The 
binding of the NSE enzymes onto the anti-NSE markers on the fiber 
optic increases the concentration of the NSE enzymes on the surface, 
thereby changing the local refractive index, causing a wavelength 
shift through the fiber optic. The Limit of Detection for this biosensor 
was 1 pg mL-1 and the sensitivity for the NSE biomarkers was also 
100-fold higher than gold-nanoparticles- or graphene oxide-based 
biosensors. 

3.5 2D nanopore DNA sensors 

Solid state silicon based nanopores devices can sequence 
DNA molecules by threading the molecules through a pore under an 
applied potential and monitoring the ionic current passing through 
the pore.203–206 The single-atom thickness of graphene and other 2D 
materials makes them comparable in dimensions to the spacing 
between two neighbouring nucleotides along single strand DNA 
(ssDNA). This promises single-base resolution in the ionic current 
measurements .207–210  

Traversi et al. showed the integration of a solid-state 
Silicon Nitride (SiNx) nanopore with a graphene nanoribbon 
transistor for DNA translocation.207 The resulting device structure is  
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Table 1 Performance of different 2D biosensors 

Author Material Target Biomolecules/ 
Microorganism 

Range and Limit of Detection 
(ROD/LOD), Sensitivity 

Additional Comments 
 

Graphene-based Biosensors 
Qi et al.167  Graphene Oxide (GO) 

with Au Nanoparticles 
(NP) 

 
 

Glucose ROD: 3 × 108 – 2 × 1010 pM 
LOD: 3 × 108 pM 
Sensitivity: 42 µA mM-1cm-2 

- 

Jiang et al.169  GO deposited on optical 
fiber grating 

Glucose 106 – 8 × 106 pM 
Sensitivity: 0.24 nm mM-1 

- 

Luo et al.211  Graphene- Cu NP Glucose ROD: 5 × 108 – 4 × 109 pM         
LOD: 5 × 108 pM                   
Sensitivity: 1234 µA mM-1 cm-2 

  

Zhang et al.212 Glassy carbon electrode 
with N-doped rGO and 
Ni(OH)2 

Glucose ROD: 5 × 105 – 1.15 × 107 pM       
LOD: 1.2 × 105 pM                   
Sensitivity: 3760 µA mM-1 cm-2 

  

Vilian et al.213 rGO/ZrO2 NP Glucose ROD: 29 × 107 -14 × 109 mM  
LOD: 0.13 mM                       
Sensitivity: 11.65 µA mM-1 cm-2 

  

Halder et al.214 rGO/polyethyleneimine 
composite 

Glucose 
 

ROD: 0.1 – 15.5 mM 
LOD: 5 µM 
Sensitivity: 3.45 mA M−1 cm−2  

 

Cholesterol ROD: 2.5 – 25 µM 
LOD: 0.5 µM 
Sensitivity: 380 mA M−1 cm−2 

Marzo et al.173  3D printed Graphene - 
AuNP - Poly lactic acid 

Hydrogen Peroxide LOD: 1.11 × 107 pM  
(without AuNP); 0.91 × 107 pM 
ROD: 2.5 × 107 –108 pM 
   

Addition of AuNP 
increases  
the limit of detection. 

Afsahi et al.148 
 

Graphene on silicon chip Zika Virus LOD: 450 pM - 
Mao et al.175 
 

Graphene with AuNP-
antibody conjugate 

Proteins Sensitivity: 2 ng mL-1 - 

Hao et al.178  
 

Graphene based Field 
Effect Transistor (FET) 

Insulin LOD: 3.5 × 107 pM The biosensor had a 
response time below 260 
seconds 

Dontschuk et al.147 
 

Graphene based FET DNA nucleobases Sensitivity: 0.1 monolayer  
for guanine 

- 

Xu et al.179 
 

Multi-channel Graphene 
based FET 

DNA LOD: 10 pM Biosensor able to 
distinguish between 
different single base 
mutations quantitatively 
in real-time 

Transition Metal Dichalcogenides (TMDs)-based biosensors 
Khataee et al.196 
 

WS2 – Ag NP Glucose ROD: 5 × 104 – 4 × 108 pM 
LOD: 2.1 × 104 pM 

- 

Geng et al. 215 Ni-MoS2/rGO composite Glucose ROD: 5 × 106 - 8.2 × 109 pM 
LOD: 2.7 × 106 pM 
Sensitivity 256.1 µA cm-2 mM-1 

Rapid response time of 2 
seconds 

Wu et al.216 Ultrathin MoS2 nanosheet 
photoanode 

Glucose ROD: 8 × 103 -5 × 106 pM 
LOD: 600 pM 

 

Lee et al.193  MoS2 on p-type Si layer DNA ROD: dynamic range of 106 
LOD: 0.01 pM 
Sensitivity: 17 mV/dec 

- 

Dutta et al.194 
  

MoS2-Poly aniline DNA ROD: 10-3 – 106 pM 
LOD: 10-3 pM 
Sensitivity: 0.0814 μA μM-1cm-2 

- 

Yin et al.195  Protonated- graphitic 
carbon nitride (g-C3N4)- 
WS2 with ITO and MoS2 
as signal quenchers 

5-formyl cytosine (5fC) ROD: 10 – 2 × 105 pM 
LOD: 3.8 pM 

- 

Selvarani et al.146 
  

MoSe2 – Hydrogen 
exfoliated graphene 

NADH ROD: 106 – 2.8 × 108 pM 
LOD: 106 pM 
  

- 
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Yang et al.197  WS2- boronic acid 
modified poly vinyl 
alcohol 

Glycated Haemoglobin  
(HbA1C) 

LOD: 3.8 × 104 pM 
 

- 
- 

Kaushik et al.149 
  

MoS2 nanosheets on a 
gold-layered fiber optic 

E. Coli LOD: 94 CFU mL-1 

Sensitivity: 2.9 nm/1000  
CFU mL-1 

 

Transition Metal Oxides (TMOs)-based biosensors 

Ran et al.198  MnO2 DNA (for the detection  
of cell types for disease 
detection) 

N/A - 

Ge et al.199  Human Serum Albumin 
templated – MnO2 

Glutathione ROD: 104 - 5 × 106 pM 
LOD: 5.6 × 103 pM 

- 

Yang et al.200 
 

In2O3 Vitamin - H LOD: 50 ng mL-1 

Sensitivity: 150 nA dec-1 
- 

Analogues of Graphene 

Wu et al.217 Platinum NP modified 
polyaniline-functionalized 
Boron nitride nanotubes 

Glucose ROD: 107  - 5.5 × 109 pM 
LOD: 1.8 × 105 µM 
Sensitivity: 19.02 mA μM-1cm-2 

 

Ranganethan  
et al.218 

h-BN -Cu- MOF 
composite 

Glucose ROD: 107 – 900 × 109 pM 
LOD: 5.5 × 106 pM 
Sensitivity: 18.1 μA μM−1 cm−2 

 

Yola et al.201  GQD/hexagonal Boron 
Nitride (h-BN) 

Serotonin ROD: 1 – 104 pM 
LOD: 0.2 pM 

- 

Zhou et al.202  Black Phosphorus Neuron-specific  
Enolase 

LOD: 1 pg/mL Enhanced sensitivity of 
the biosensor is 100-fold 
higher than GO- and 
AuNP- based sensors 
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a graphene nanoribbon defined on a SiNx membrane with a nanopore 
located at the center. This was used to detect translocation of 
circular plasmid pNEB DNA (2,713-bp-long derivative of pUC19 
plasmid) in 10mM – 1 M KCL buffer. The ionic current and the 
electrical current flowing through the GNR during DNA translocation 
was simultaneously recorded. 923 events were observed in the 
graphene channel (41% correlated) and 532 events in the ionic 
channel (71% correlated) with amplitudes of 5nA and 1 nA, 
respectively. 

Graphene has strong hydrophobic interactions with DNA 
nucleotides, causing the DNA to eventually stock to the graphene 
nanopores.210,219,220 Thus further surface treatments to reduce these 
interactions are required for the functioning of graphene nanopores. 
MoS2 nanopore membranes on the other hand do not exhibit these 
interactions and require no additional surface treatments. 208 Liu et 
al. presented a 2D MoS2 nanopore membrane with a signal-to-noise 
ration performance improvement of over 10 times in comparison 
with thicker conventional SiNx nanopores.20 The device also exhibited 
a signal amplitude that is five times higher than SiNx nanopores. The 
MoS2 is suspended on a pre-etched-square shaped opening on 20 nm 
thick supporting SiNx membranes. This enjures that the DNA can 
translocate through the sub-nanometer thick MoS2 instead of the 20 
nm thick SiNx. The device showed good stability at high ionic 
strengths with a low failure rate and was successful in threading 
double stranded DNA (dsDNA) of different lengths and 
conformations. A study by the same group later explored the effect 
of geometry in 2D nanopores.20 Geometry dependant ion scattering 

was observed when comparing triangular h-BN nanopore with 
circular MoS2.  The DNA induced conductance drop in MoS2 
nanopores were found to be superior to that in h-BN nanopores, due 
to higher ion flux through the former.  

4 TOXICOLOGICAL EFFECTS OF 2D MATERIALS 

The diverse and unique physicochemical properties of 2D 
materials allow for a wide range of biological and biomedical 
applications. Most research on these exciting materials has been 
focused on exploring the synthesis, properties, and potential 
applications. Despite the potential of 2D materials in biological and 
environmental applications, the inherent toxicity and 
biocompatibility needs to be investigated before further exploration 
and subsequent development of these materials into impactful 
products.  

Figure 9 shows a Scopus search on the number of articles 
published on 2D materials and on toxicity of 2D materials. It is 
evident that, even with a steady increase in the number of articles 
being published on both 2D materials and 2D material toxicity, there 
is a large gap between the number of studies done on 2D materials 
and studies on their toxicological effects. More research must be 
done to elucidate the toxicological effects of 2D materials to fill the 
huge gap in knowledge left by this trend. Proactive studies into the 
biological and environmental interactions of 2D materials will direct 
appropriate material synthesis and systems, as well as identify 
potential risks that can be mitigated prior to implementation. There 

Figure 9 Scopus search of articles published on 2D materials research and toxicology of 2D materials. The keywords "2D material", "toxic", “toxicity”, "biocompatible", 
"biocompatibility" and "toxicology" were used as keywords for the search. The graph is based on scopus results obtained on April 8th 2020. 
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are limited recent articles summarizing the toxicity of 2D materials, 
specifically graphene, hexagonal boron nitride, MoS2, and several 
other TMDs.221–224 Some of them are discussed below with a focus 
on graphene and TMD toxicology studies. 

For the case of graphene, there have been multiple 
conflicting reports about the biocompatibility and toxicity of 
graphene-based materials.225 It is generally agreed that depending 
on the type of graphene material, lateral dimension, concentration, 
functionalization, dosage, and cell line, the cytotoxicity effect of 
graphene-based materials can be drastically different.222–224,226–228 A 
study by Chong et al. found no obvious in vitro and in vivo toxicity of 
GQDs even with multi-dosing.229 The low in vitro cytotoxicity was 
attributed to the ultra-small size of GQDs and high oxygen content. 
In vivo biodistribution experiments of the GQDs revealed no bio-
accumulation in the main organs of mice and exhibited fast clearance 
of the particles through the kidney. However, in another study GQDs 
were shown to cause DNA damage in NIH-3T3 cells, without any 
obvious toxicity being observed at a cellular level. The DNA damage 
was indicated by an increased expression of several proteins (e.g., 
p53, Rad 51, and OPGG1) related to DNA damage when compared 
with controls.230  Pelin et al. studied the cytotoxic effects of graphene 
and graphene oxide on skin keratinocytes (HaCaT) to monitor skin 
toxicity.231 Four materials, including two research grade graphene-
based materials: ball milled few layer graphene (FLG), and graphene 
oxide 1 (GO1, prepared by the common Hummer’s method), and two 
commercial GOs: prepared using two different starting materials 
(carbon nanofibers, GO2, and graphite, GO3) were used in the study. 
FLG, GO1, GO2, and GO3 had average lateral dimensions of 552, 622, 
845, and 979 nm, respectively. A water soluble tetrazolium salt 
(WST)-8 assay on HaCaT showed that the GOs and especially the FLG 
caused very weak cytotoxicity on skin keratinocytes. While no 
significant reduction in mitochondrial activity was observed after 24 
h, mitochondrial activity was significantly reduced after 48 h of 
exposure to FLG at concentrations >30 μg mL-1. In contrast, the GOs 
significant reduced mitochondrial activity after 24 h of exposure at 
concentrations as low as 3 μg mL-1 for GO1 and GO3 (21% and 25% 
reduction for GO1 and GO3, respectively) and 10 μg mL-1 for GO2 
(29% reduction for GO2). The study suggested the large lateral 
dimension of GO3 along with the graphite starting material might 
make GO3 the most cytotoxic material. FLG and GOs showed no 
significant reduction in cell proliferation after 24 and 48 h of 
exposure. FLG and GOs were also found to impair HaCaT cell 
membrane integrity and morphology, although long term 
cytotoxicity was minimal at concentrations as low as 0.1 μg mL-1. 

The toxicity of graphene and GO nanosheets appear to be 
largely due to the physical damage caused to cellular membranes; 
the damage is induced by direct interactions between the cell 
membrane and the nanomaterial. Protein corona formation 
(adsorption of proteins onto the nanoparticles) can mitigate these 
direct interactions and reduce the cytotoxicity.232–234 Duan et al. 
demonstrated that protein coatings of bovine serum albumin (BSA) 
can mitigate the cytotoxicity of GO by reducing the interactions with 

the cell membrane.233 Another study showed a reduction in 
cytotoxicity of GO and rGO nanosheets in human lung carcinoma 
epithelial cells (A549) by adsorbing one of four blood proteins 
(bovine fibrinogen, BFG; Ig; transferrin, Tf; and BSA) onto the 
nanomaterials.234 Each of the four proteins nearly eliminated cell 
toxicity. However, the authors noted that, in general, the higher the 
adsorption capacity of the protein to graphene the better the 
reduction in toxicity effects. 

 Graphene-based materials have also been shown to 
promote cell growth and proliferation.168-170 Ruiz et al. reported 
graphene as a nonspecific enhancer of cellular growth, by increasing 
cell attachment and proliferation.235 Graphene synthesized by CVD 
was also utilized as a cell culture substrate to promote 
cardiomyogenic differentiation of mesenchymal stem cells (MSCs). 
Graphene exhibited no cytotoxicity to stem cells and provided a 
suitable environment for MSC proliferation.236 Yet another study 
found pristine and functionalised graphene to cause negligible 
(>0.2%) hemolysis in red blood cells at relatively high concentrations 
(75 µg mL-1).237 A few studies and their conclusions about the toxicity 
of graphene-based materials are summarized in Table 2. 

Even fewer studies have investigated the biocompatibility 
of 2D TMDs. Like graphene, factors including composition, lateral 
size, phase, concentration, etc. play a role in determining the 
cytotoxicity of TMDs.224 Teo et al. systematically demonstrated lower 
toxicity of chemically exfoliated MoS2, WS2, and WSe2 in comparison 
to GOs and halogenated graphene in A549 cells.238 WSe2 showed 
dose dependent toxicity indicating that the presence of Se has a 
significant impact on toxicity. The same group studied the 
cytotoxicity of chemically exfoliated VTe2, VSe2, VTe2, NbTe2, and 
TaTe2 with A549 cells at varying dosages.239,240 Similarly, the role of 
the chalcogen was investigated by performing a study comparing the 
toxicities of VS2, VSe2, and VTe2.239 The VS2 exhibited the lowest 
cytotoxicity while VSe2 and VTe2 showed a similar and higher 
cytotoxicity. Moreover, VTe2 exhibited a higher cytotoxicity in 
comparison to NbTe2 and TaTe2 (mild toxicity) and the ditellurides 
exhibited a higher cytotoxicity than the disulphide materials (MoS2 
and WS2). WSe2 showed a similar cytotoxicity to ditellurides.240 Appel 
et al. demonstrated low cytotoxicity and genotoxicity of 
mechanically and CVD grown pristine MoS2 and WS2 2D TMDs.241 The 
group performed a fluorescence-based live-dead cell assay and a 
reactive oxygen species (ROS) assay using human epithelial kidney 
cells (HEK293f) cells to demonstrate low cytotoxicity. Exposing S. 
typhimurium TA100 bacteria for prolonged periods of time to high 
concentrations (100 µM mL-1) of the TMDs also showed no significant 
mutations. 

The form and structure of the 2D materials will also have 
an impact on the biocompatibility. Chng et al. chemically exfoliated 
MoS2 nanosheets with three different lithium intercalating agents to 
produce varying nanosheet size distributions.242 The study concluded 
that increased exfoliation produced a stronger cytotoxic effect on the 
cells. The authors attributed this correlation to the increased surface 
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area and quantity of defects resulting from extended exfoliation. 
Chen et al. compared the cytotoxicity of CVD grown MoS2 and MoS2 
microparticles in multiple human cell types.243 Their research 
revealed a high cell viability for atomically thin (2D) MoS2 films as 
well as larger microparticles. The phase of the TMD can also affect 
the biocompatibility. For example, Yuan el al. concluded that 
chemically exfoliated (Ce-WS2, 1T phase) showed higher levels of 
cellular uptake, oxidative stress, lipid peroxidation, membrane 
damage, and inhibition of photosynthesis in algae (chlorella vulgaris) 
in comparison with annealed exfoliated WS2 (Ae-WS2, 2H phase).244 
They attributed the differences to higher electron conductivity and 
higher separation efficiency of electrons and holes in the 1T phase. 
This consequently translates to higher photooxidation/reduction 
activity and a greater ability to generate ROS under visible light 
radiation.  

TMDs can also be functionalized to improve 
biocompatibility; however, the influence that the functionalization 
would have on the optical and electronic properties remains less 
clear. Yin et al. decorated MoS2 nanosheets with chitosan (CS) to 
improve biocompatibility.245 The MoS2 nanosheets were synthesized 
via a high-throughput, low cost method using a modified oleum 
treatment exfoliation process. The MoS2-CS (4-6 nm in thickness, 80 
nm lateral size) was used for photothermal DOX delivery to suppress 
tumor growth in nude mice. Cell viability tests of human epithelial 
carcinoma (KB) and pancreatic carcinoma (Panc-1) cell lines exposed 
to MoS2 and MoS2-CS revealed that the latter is more biocompatible, 
as indicated by an enhanced cell viability. Low hemolytic activity 
toward red blood cells was also demonstrated by the MoS2-CS 
nanosheets. Poly(ethylene glycol) (PEG) functionalization has also 
been shown to improve biocompatibility.246,247 Hao et al. studied the 
long term in vivo biodistribution, excretion, and toxicology of 
PEGylated MS2 TMD (M= Mo, W, Ti) nanosheets.247 The TMDs were 
synthesized using a high-temperature solution-phase method and 
ultrasonicated to obtain small single-layer nanosheets. The 
hydrodynamic diameters determined via DLS were approximately 
91, 72, and 102 nm for MoS2-PEG, WS2-PEG, and TiS2-PEG, 
respectively. In vitro toxicity studies toward mouse macrophage 
(Raw 264.7), human renal epithelial cell (293 T), and mouse breast 
cancer (4T1) cell lines were performed using the MTT assay. After 24 
h of incubation, no statistically significant cytotoxicity was observed 
for the three PEGylated 2D TMDs, even at concentrations as high as 
200 µg mL-1. ROS experiments with dihydroethidine (DHE) also 
showed no increase in intracellular ROS generation. An in vivo 
biodistribution study in Balb/c mice showed accumulation mostly in 
RES organs such as the liver and spleen one day post-injection. MoS2-
PEG was excreted almost completely after 30 days, while WS2-PEG 
and TiS2-PEG were still retained in the RES organs in large amounts. 
Not surprisingly, the metabolic rate of MoS2-PEG was found to be 
greater when compared to WS2-PEG and TiS2-PEG. Finally, in vivo 
toxicology studies using a haematology assay and histology 
examination on blood collected from the mice at 1, 7, 30, and 60 days 
after intravenous injection revealed no obvious long term toxicity 
caused by any of the PEGylated TMDs.247 Guan et al. reported a 

method to effectively perform sonication-assisted exfoliation of 
single-layer MoS2 using water as the solvent and BSA as an exfoliating 
agent.248 The cell viability of MoS2-BSA was assessed along with other 
polymer-absorbed MoS2 nanosheets. It was found that fibroblast 
cells exposed to MoS2-BSA nanosheets had a higher cell viability 
when compared to cells exposed to poly(acrylic acid)-modified MoS2 

nanosheets and polyvinylpyrrolidone-modified MoS2 nanosheets.   A 
few toxicology studies of TMDs and BN 2D materials and their 
conclusions are summarized in Table 3. 

The cytotoxicity of black phosphorus was investigated by 
Latiff et al.249 Specifically, the WST-8 and MTT cytotoxicity assays 
were used to study the viability of A549 cells. It was reported that 
the BP shows dose-dependent toxicity in the concentration range 
from ~3 µg mL-1 to 25 µg mL-1, with cell viabilities of 92% and 82% 
according to the WST-8 and MTT assays, respectively. However, after 
24 hours of incubation at a concentration of 50 µg mL-1 the cell 
viability was 48% and 34% according to the WST-8 and MTT assays, 
respectively.  The size-dependant biocompatibility of BP sheets was 
investigated by Zhang et al.250 Cytotoxicity was found to vary with 
size and concentration. The smallest flakes (~275 nm) showed mild 
cytotoxicity in comparison with larger flakes (~1100 nm) when cell 
viability was tested on 293 T cells. The latter showed 100% cell death 
after 24 h at a concentration of 6.25 µg mL-1. The cell membrane 
integrity was disrupted by the larger BP flakes. 

 
Similarly, Xiong et al. assessed the cytotoxicity of BP 

against two strains of bacteria: gram-negative Escherichia coli (E. coli) 
and gram-positive Bacillus subtilis (B. subtilis).251 The bacterial 
toxicity was examined by monitoring the bacterial growth curve and 
colony counting. The bactericidal mechanisms were investigated: the 
intracellular ROS production was detected by fluorescence 
microscopy and flow cytometry and the bacterial cell membrane 
damage was assessed by SEM imaging. The study indicated a dose 
and time dependent toxicity of BP to both the strains. It was also 
found that after 6 h, BP showed higher toxicity towards E. Coli than 
towards B. Subtilis. However, this was reversed at 12 h. The reversal 
was attributed to the cell membrane self-healing of E. Coli. Research 
done by the same group reported that BP caused ROS-induced 
bacterial toxicity which, coupled with the sharp edges of the 
nanosheets acting like knives to disrupt the membrane, led to cell 
death. The maximum bactericidal efficiency of BP towards E. Coli and 
B. Subtilis was 91.65% and 99.69% respectively. 

 

5 Conclusions 

The unique electronic, optical, and excitonic properties of 
quantum materials have created new research directions in 
biosensing and bio-imaging. The preliminary performance of these 
materials for sensing, drug delivery, theranostics, and others is quite 
exciting and impressive. However, despite the tremendous volume 
of research dedicated to the discovery of new quantum materials for 
biological applications, the follow-on toxicology studies are lacking. 
Numerous case studies exist that showcase the negative and 

Page 20 of 30Journal of Materials Chemistry C



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. C, 2020, 00, 1-3 | 21 

Please do not adjust margins 

Please do not adjust margins 

sometimes dire consequences of deploying technologies and 
materials without first detailing their interactions with biology and 
the environment. Thus, the purpose of this highlight is to encourage 
that toxicological investigations be performed in parallel, such that 
environmental and biological interactions can be incorporated into 
the material design process and considered as a separate and critical 
performance attribute.   

This work explored a variety of quantum materials and 
highlighted the properties that make them unique. Great progress 
has been made in 2D material research since the discovery of 
graphene and the field has expanded to include multiple new 
materials such as TMDs, TMOs, black phosphorus, h-BN, etc. The 
unique electronic properties of 2D materials has made it an emerging 
contender in the design of the next generation, state-of-the-art 
biosensors.34,150,248 With the scale-up and widespread manufacturing 
of 2D materials bound to happen in the near future, it is important 
to be proactive in comprehensively understanding the short and long 
term toxicological and ecological impacts of these materials. The 
dissolution mechanism of these materials in the environment should 
be thoroughly understood to mitigate environmental contamination 
risks. This has become more pertinent since some of the recently 
discovered 2D materials such as BP have shown high environmental 
instability.249  

It is apparent from the above discussion on toxicology that no 
status quo exists in the screening of 2D materials. Each researcher is 
left to their own devices in coming up with the appropriate tests and 
methods to evaluate toxicology. Major strides should be taken to 
standardize the testing and establish protocol(s) for evaluating these 
important materials. The in vitro toxicity of different 2D materials 
varies with the choice of cell lines and therefore toxicity studies 
should involve the use of multiple cells exploring all possible routes 
of exposure.246,250 There is also a significant lack of in vivo studies 
validating the forecasted outcomes from the in vitro studies; these 
whole animal studies would provide deeper insights into the effects 
of systemic exposure. Similarly, the long term biodistribution and 
bioaccumulation effects of 2D materials must also be elucidated in 
detail. It is becoming increasingly clear that a generalization of 
toxicity of these materials should be avoided as toxicity of new 
materials is dependent on specific applications and development 
that define the downstream exposure to humans, animals, and the 
environment.220,221  

Furthermore, it is important to broaden research on how the 
2D material characteristics of size, concentration, number of layers, 
manufacturing method, etc. affect the toxicology of each of these 
materials. The toxicity mechanism of each of these materials based 
on these properties must be fully understood and mapped into a 
library. This could pave the way for the development of 
computational tools to predict toxicology behavior of newer 2D 
materials entering the library. The groundwork laid by Nel et al.253 
that describes high throughput toxicology prediction of 
nanomaterials can be translated over to 2D materials. They suggest 

that using mechanism-based high-throughput screening in vitro 
enables predictions of physicochemical properties of nanomaterials, 
these are used to forecast pathology or disease outcomes in vivo. 
Subsequent in vivo results are used to validate and improve the in 
vitro screening. High throughput screening aims to develop 
compositional and combinatorial nanomaterial libraries which can 
be used to predict in vivo injury outcomes using hazard rankings and 
structure-activity relationships. The library can be expanded to 
perform mechanism-based toxicology screening. This calls for an 
integrated model approach where cell lines of interest are 
investigated before moving to in vivo models. 

The field of 2D materials is exciting and advancing at an 
accelerating pace. A balance must be struck between material 
discovery and risk assessment to ensure sustainable development in 
this field. In the long run, this balance will help expedite adoption and 
integration of these materials into new technological devices, 
increase public acceptance, and shape appropriate legislation and 
regulations. We conclude by urging our community to continue 
inventing new materials and probing the underlying physics to gain 
deeper insights that enable technological advancements, but to also 
look ahead to the future which requires that material design 
interfaces with society and the environment in a manner that 
promotes well-being for all.  
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Table 2 Recent toxicology studies on graphene-based materials 
Reference Material System Typical sizes Results 

Zhang et al.255 Ultrasmall GO 50 nm Excellent biocompatibility, lower cytotoxicity and higher cellular 
uptake compared to random large GO sheets 

Mittal et al.256 GO, thermally 
reduced GO (TRGO), 
chemically reduced 
GO (CRGO) 

GO (0.2 - 0.6 
µm) TRGO (50 - 
250 nm) CRGO 
(100 - 400 nm) 

Graphene oxide derivatives significantly internalize and induce 
oxidative stress mediated cytotoxicity to human lung cells BEAS-2B 
and A549 

Sasidharan et al.257 Graphene 
(hydrophobic) and 
carboxyl 
functionalized 
graphene 
(hydrophillic) 

Not available Hydrophobic graphene accumulates on cell membranes of Vero cells 
causing intracellular to ROS stress leading to apoptosis. Hydrophilic 
graphene is internalized by the cell, allowing normal functioning. 

Akhavan et al.258 Graphene 
nanosheets 
deposited in stainless 
steel substrates in 
the form of graphene 
nanowalls (GONW) 

Not available Bacterial cell membranes were damaged by contact with sharp 
edges of the nanowalls. GONW reduced with hydrazine had higher 
toxicity towards E.coli bacteria. 

Horváth et al.259 GO, rGO 100 nm – 5 µm  Mild acute cytotoxic action on both epithelial and macrophage cells. 
ROS generation upon GO exposure may contribute to short-term 
cytotoxicity 

Kryuchkova et al.260 GO nanoflake 2000 nm Acutely toxic to P. caudatum cells 
Nguyen et al.261 GO 600 nm  No toxicity against human intestinal bacteria and mild cytotoxic 

action on Caco-2 cells after 24 h of exposure. 
Wu et al.262 GO <100 nm GO had low cytotoxicity, did not induce cell apoptosis or change cell 

cycle of myeloma cells. GO did not affect antitumor activity of 
doxorubicin 

Chang et al.263 GO 780 nm (large), 
160 nm (small) 

No obvious cytotoxicity to A 549 cells, can cause does- dependent 
oxidative stress at and induce slight loss of cell viability at high 
concentration. Has favorable cell growth on GO film. Larger GO 
sheets had better compatibility 

Li et al.264 Graphene 500-1000 nm Depleted mitochondrial membrane potential, increased ROS, 
triggered apoptosis 

 

Table 3 Recent studies on toxicology of MoS2 and other 2D materials 
Author Material Size Results 

Wang et al 265 MoS2 (chemically 
exfoliation: lithium 
intercalation).     PF87-
MoS2 (liquid phase 
exfoliation: 
ultrasonication in 
Pluronic PF87 DI 
water). 

506.3 ± 11.8 nm                  
72 ± 0.8 nm 
(hydrodynamic) 

In vitro studies showed MoS2 and PF87-MoS2 show no cytotoxicity in 
myeloid (THP-1) and human bronchial epithelial (BEAS-2B) cell lines 
(>80% viability up to 50 µg mL-1). Aggregated MoS2 showed strong 
proinflammatory and profibrogenic response in vitro. In vivo study in 
mice showed that neither of the MoS2 2D materials induces acute 
lung inflammation  

Shah et al.266 MoS2 (liquid phase 
exfoliation). 

2-3 layer 
thickness 

Cell viability measurement using sulforhodamine B (SRB) assay of 
RAMEC and PC12 cells showed no significant drop in percentage of 
cell viability at concentrations as high as 100 µm mL-1. Cell 
proliferation studies showed no obvious cell death upon incubation 
with MoS2 nanosheets. 
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Moore et al.267 MoS2 (liquid phase 
exfoliation). 

lateral size: 50 
nm, 117 nm, 
177 nm 

The varying MoS2 flake sizes did not induce toxicity in cell lines meant 
to mimic potential routes of exposure (inhalation A549; ingestion, 
AGS;monocyte, THP-1) at concentration as 1 µm mL-1. Inflammatory 
response of cells was attributed to a combination of endotoxin 
contamination during synthesis, MoS2 nanomaterials themselves and 
stabilizing surfactant 

Kurapati et al.268  MoS2 (chemically 
exfoliation: lithium 
intercalation). f-MoS2 
(functionalized with 2-
iodacetamide). 

Lateral size: 50-
500 nm 

HeLa and human monocyte-derived macrophage (hMDM) cell 
viability was not affected at high concentrations (100 µm mL-1). RAW 
264.7 macrophage viability reduced to about 20% for f-MoS2.  

Pandit et al.269 MoS2 (chemically 
exfoliated: lithium 
intercalation) with thiol 
ligands of varying 
charge and 
hydrophobicity. 

Monolayers, no 
lateral size 
provided 

MTT assay of HeLa cells showed low cellular toxicity of functionalized 
chemically exfoliated MoS2 

Liu et al. 270 MoS2 (bottom up: one 
step solvothermal 
decomposition of 
ammonium 
tetraethimolybdate) 
modified with 
glutathione (GSH) 

Nanodots 
(<10nm) 

GSH functionalization along with small size allowed for efficient body 
clearance in mice. In vitro cytotoxicity (MTT assay) study showed no 
significant inhibition of cellular viability after 24h incubation of 4TI 
murine breast cancer cells with MoS2-GSH 

Wang et al. 271 MoS2 (bottom up: 
hydrothermal method) 

Thickness: 5 
layers -3.25 nm, 
Lateral size 150 
nm 

MoS2 thin films supported the attachment, spreading and 
maintenance of self-renewing and stemness of neural stem cells 
(NSCs) and enabled differentiation of NSCs towards neurons and 
neuroglial cells. Cell viability evaluated via live-dead staining assays 
showed no significant change in cell viability on exposure to the 2D 
thin films 

Wang et al. 272 MoS2 (chemical 
exfoliation: lithium 
intercalation followed 
by forced hydration) 

Thickness: ~1.2 
nm, Lateral size: 
~ 250 nm 

chemically exfoliated MoS2 is not toxic to murine macrophages and 
human lung epithelial cells at doses up to 80 µg mL-1 

Corazzari et 
al.273 

MoS2                                                                                                      
WS2 

361 ± 6 nm                                
390 ± 5 nm 
(hydrodynamic)      

Lactate dehydrogenase (LDH) release measurement by A549 cells 
showed no significant toxicity effect from WS2 even at high doses. 
MoS2 induced significant increase in extracellular LDH only at high 
dose (50/cm2) 

Liu et al. 246 PEG-MoS2 (chemical 
exfoliation: lithium 
intercalation) 
functionalized with 
lipoic acid conjugated 
PEG 

Lateral size: 
~120 nm 
thickness: ~ 1nm 

MTT assay of Hela cells at 24, 48 and 72 h incubation showed high 
cell survival rate even under the highest concentration of 160 µm mL-

1. PEG- MoS2 showed slightly improved cell viability at >24 h 
incubation in comparison with plain MoS2. (90% in comparison with 
80% and 70% respectively for 2- and 3-day assay) 

McManus et 
al.274 

Graphene                                                                                          
MoS2                                                                                                                                                              

WS2                                                                                                                                                               

h-BN 

Lateral size: ~ 
50-350 nm 

Cell viability tests using a modified (LDH) assay of human alveolar 
epithelial (A549; lung) and human keratinocytes (HaCaT; skin) cells 
when exposed for 24 hours with different 2D material water based 
inks (graphene, MoS2,WS2, and h-BN showed no significant difference 
in cell viability even at high doses of 100 µg mL-1. 

Liu et al.275 MoS2                                                                                                         
BN 

441.2 nm                              
472.7 nm 

Cytotoxicity study on human hepatoma HepG2 cells showed 
decreased cell viability at 30 µg mL-1 on exposure to both materials. 
MoS2 and BN nanomaterials also induced an increase in intracellular 
ROS (>2 µg mL-1) and compromised membrane integrity (>8 µg mL-1 
for MoS2 and >2 µg mL-1 for BN).Low exposure concentrations (0.2- 2 
µg mL-1) could increase plasma membrane fluidity and inhibit 
transmembrane ATP binding cassette (ABC) efflux transporter activity  
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Biological applications of novel quantum materials require an intimate interface between the 
material and biology. Thus, toxicological investigations should be performed in parallel such 
that biological interactions can be considered as a separate and critical performance attribute.
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