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Abstract:

As biosensors and biomedical devices become increasingly important to everyday diagnostics and
monitoring, there are tremendous, and constant, efforts towards developing and improving the reliability
and versatility of such technology. Offering high surface area-to-volume ratios and a diverse range of
properties, from electronic to optical, two dimensional (2D) materials have proven to be very promising
candidates for biological applications and technologies. Due to the dimensionality, 2D materials
facilitates many interfacial phenomena that has shown to significantly improve the performance of
biosensors, while recent advances in synthesis techniques and surface engineering methods also enables
the realization of future biomedical devices. This short review aims to highlight the influence of 2D
material surfaces and the properties that arise due to its 2D structure. Using recent (within the last few
years) examples of biosensors and biomedical applications, we emphasize the important role of 2D

materials in advancing developments and research for biosensing and healthcare.

1. Introduction

Since the isolation of graphene in 2004, 2D materials has revolutionized many aspects of scientific
and technological research. In that time, the family of 2D materials has immensely grown to include all
different types of lattice configurations (from honeycomb to octahedral) with different atomic
compositions and ratios, and exhibit different types of electronic structures (conducting to insulating)™
The advantages of using 2D materials lie predominantly in their 2D structure that, in comparison to their

bulk counterparts, exhibits many fascinating and unique properties.*®

One area of research that has benefited greatly from 2D materials is the field of bio-applications. In
particular, for biosensing and biomedical devices, tremendous progress and technological advancements
have been achieved.”” In the biomedical applications of the 2D materials, the biological species, such as:

biomolecules, bioreceptors, cells, tissues and pathogens etc., will be in direct contact with the surface of
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these materials. In this way, the successful development of biomedical devices based on 2D materials, lies
in understanding the surface properties of these materials and how to harness these properties for many
different applications, such as in biosensors, implants, tissue engineering, antimicrobial and antifouling,
among others. An example of that, is the integration of 2D materials in biosensors. As most of the atoms
for the 2D materials are on the surface, their physical and electronic properties can be more effectively
modified with the interaction of bioreceptors and/or biomolecules, making these materials excellent

platforms for the development of highly sensitive biosensors.'" ">

Based on that, in this short review, we aim to explore the surface effects in the current and a few
emerging 2D materials and how the surface properties of these materials influence their applications as
biosensors and biomedical devices (Figure 1). Whilst the applications of 2D materials for biotechnology
are extensively reviewed, the goal of this review is to highlight and discuss the importance of
dimensionality and its impact to the properties that exhibited. Using recent biosensing and biomedical
examples, we discuss, from a material science perspective, and demonstrate how 2D materials have
improved and enhanced research in this field. A summary of recent applications in biosensors and
selected biomedical applications, including antibacterial, antifouling, tissue engineering and drug
delivery, are presented in table 1 and table 2, respectively. In regard to bio-applications, we briefly
discuss the main characteristics of 2D materials and their surface effects that are important to the
biosensors and biomedical field — namely surface area, electrochemical properties, and functionalization -

and have facilitated their research and development.
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Figure 1. Summary of the surface properties of two-dimensional materials (2D) and their main biomedical

applications.



Table 1. Surface properties effects of 2D materials in recent biosensing applications. Common properties such as high surface area,

biocompatibility, excellent mechanical strength and flexibility etc. are omitted to negate repetition.

Application on

2D Material Surface Properties . Target LOD/LR Reference
Biosensors
Brain natriuretic
FET (rGO) peptide (BNP) in 100 fM 13
whole blood
Optical 14
Zero gap (graphdiyne) DNA 25
semiconductor,
excellent conductor, 4 nm/
high electron transfer Optical GO Glutathione 0.02.20 uM b
Graphene and its  capabilities, ease of ' H
derivatives functionalization and
doping, fluorescence 1
’ . 0.3 pg.mL"/ 16
quenching PEC (GO) PSA | pg.mL 100 ng.mL"
. 4 nm/ 17
EC (rGO) Acetylcholine 4 nm-800 uM
EC (1GO) Glucose 0.3 pM/ 0.0025-0.1525 mM 18
nonenzymatic
Optical Intracellular 033 ng.mL"' / 2-360 ng.mL" 19
P caspase-3 activity ' & &
. . SPR BSA 14.5 nM 20
Semiconducting,
tunable band gap o 16.7 fM/ )
(~1..8 eV monola}yer), PEC Acetamiprid 0.05 pM—1 nM
high on/off ratios,
photoluminescence,
ease of SPR E Coli 94 CFU.mL" 2

functionalisation via



thiol and amide

23

chemistry, SPR miRNA-141 0.5 ftM
2H MoS, fluorescence
quenching Prostate cancer A1 2
capabilities, catalytic FET biomarkers 100 fg.mL
abilities (can act as
fM-1 nM
) 0.26 pM/ 26
EC miRNA-21 1 pM-10 nM
27
EC Cancer cells 50 cells.mL"/ 50-106 cells.mL"
Cardiac marker 0.5aM/ 8
SERS myoglobin 0.5 aM-5 pM
Semiconducting, PEC DNA 5 ?l'vzlgng/M »
tunable band gap VP
(~2.05eV
monolayer), - . A
. Human Epididymis 0.03 pg.mL"/ 30
photoluminescence, PEC Protein 4 0.1 pg.mL"'-10 ng.mL"
ease of
2H WS, . N
functionalization, B
ﬂuoresc;;:nce BC Trichloroacetic acid 04 (I)n ;1 I(;lll:I];Ol g1c A) 31
quenching (TCA) and NaNO ' '
capabilities ? (NaNO,)
Carpohydrate 0.6 ULY “
EC antigen 72e4 750 UL
(CA72-4) '
-1 -1
BP EC TCA, NaNO, and 1.0 mmol.L" (TCA), 0.033 mmol.L 33

Semiconducting,

H202

(NaNO,) and 0.67 mmol. L (H,0,)



direct and tunable
band gap (~1.88 eV
monolayer)
high carrier mobility,
moderate on/off
ratios, broad
absorption range

FETs

IegG

0.065-3.25 nM

34

MI'IOz

semiconducting,
exhibits nanozyme

activities, broad
spectrum quencher

Colorimetric assays
nanozyme

Glutathione

300 nM

35

g-C3Ny

Semiconducting,
large band tunable
band gap (~2.75eV

monolayer)
photosensitivity and
activity, capability to
convert light into
electricity, emits
strong fluorescence
(A=~440 nm)

ECL

DNA

3.6 x 10 M/
10 uM—0.1 fM

36

Ti;C, MXenes

Metallic, excellent
conductivity, ease of
functionalization,
hydrophilic surface

EC

Cancer biomarkers
(carcinoembryonic
antigen (CE))

0.000018 ng.mL*/
0.0001-2000 ng.mL™"

37

Heterostructures

FTO/PDDA/g-
C3N4/MoS,/CdS
QDs

Co-sensitization due
to coupling of 2D
materials, accelerate
electron transfer,
broaden wavelength
range of absorbed
light, enhanced

PEC

DNA

0.32 pm/
1 pM—2 mM
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photoelectricity

Framework increases
surface area,

MoS/graphene improved charge EC Glucose 0.29 mM/ 3
aerogel 2-20 mM
transfer and
conductivity
Surface electrostatic
forces enabled growth
7ZnO nanosheets of ZnO on MoS;, low
rown on 2D surface roughness, ; “
&9 enhanced surface EC DNA 6.6 x100°° M
thin-layered - .
MoS affinity for negatively
2 charged DNA,
increased electron
transfer
Gold
nanoparticles Improved charge
(AuNPs) with transfer at the
hybrid 2D interface, introduction
materials of new electronic EC H.0 3.0 mM/ 41
consisting of states leading to e 0.15-15.0 mM
boron nitride enhanced
(BN) and performances
tungsten
disulphide (WS,)
Mo'lybdenum Improved electron Breast cancer
trioxide (MoQO3) . . .
shuttling leading to biomarker q
anchored onto . 0.00Ing.ml"/ )
faster transfer rates FET human epidermal 4
the reduced - 0.001-500 ng.mL
araphene oxide and efficient growth factor
(RGO) heterogeneous receptor-2 (HER-2)

electron activity




* EC: Electrochemical; ECL: electrochemiluminescence; FET: Field Effect Transistors; PEC: Photoelectrochemical; SPR: Surface Plasmon
Resonance

Table 2. Surface properties effects of 2D materials in antibacterial, antifouling, tissue engineering and drug delivery applications. Common
properties, such as high surface area and biocompatibility are omitted to negate repetition.

2D Material Surface Properties Effect Efficiency Reference
The high negative
surface charge; .
2H MoS, Semlcon.dufztmg; Antifouling Antifouling layer against natural organic matter and E. coli
Low friction;
Low surface
roughness
The high negative
1T MOSZ . . . . . . 44
surface charge; . . Antibacterial properties against Gram-negative bacteria
1T MoSe, . Antibacterial L .
IT WS, Metall}c; Escherichia coli
“Nanoknives”
The high negative
surface charge; Antibacterial properties
2H WS, High surface area; Antibacterial ~ against S. aureus and E. coli with antibacterial rates of 91.3% »
Semiconducting; and 89.7 %, respectively.
“Nanoknives”
The high negative Antibacterial properties against N
surface charge: E. coli and B. subtilis
High surface area; _ _ with 91.65% and 99.69% of efficiency respectively
BP Semiconducting; Antibacterial : : : :
e Antibacterial properties against
Photocata}y‘uc; E. coli and 47
“Nanoknives” S aureus



The high negative
surface charge;

under irradiation (808 nm laser, 1 W cm )

48

GO Smooth surface; Antibacterial Inhibition of S. aureus and E. coli.
Semiconducting;
“Nanoknives”
Irregular surface Antibacterial properties against
GO and (wrinkles); Antibacterial gram-positive S. aureus and gram-negative 49
Nano GO “Nanoknives”; E. coli bacteria under irradiation of ultra-low doses (65 mW
Photothermic cm™) of 630 nm light
The high negative Inhibition
surface charge; Antibacterial of biofilm formation
GO/ZnO Nanocomposite Oxygen functional and Biofilm around 90% 20
groups; inhibition Escherichia coli, Salmonella typhi, Pseudomonas aeruginosa
“Nanoknives” and Shigella flexneri
Irregular surface
Graphene/Chitosan (wrinkles); Antibiofilm Inhibition of biofilm formation Pseudomonas aeruginosa and 51
Nanocomposites “Nanoknives” Klebsiella pneumoniae in 94 and 92 %, respectively
GOJ/Alginate nanocomposite High surface Ephanceq osteogc-an.ic differentiation by the 3D scaffolds 5
bioinks roughness; printed with the bioink based on mesenchymal stem cells
Oxygen functional Tissue (MSCs) and alginate/GO
GO/ silk fibroin (SF)/ EToups; Engineering - co/SE/mHAp scaffold with high capability for stimulating
nano-hydroxyapatite Negative charge; bone marrow mesenchymal stem cells (BMSCs) >3
(nHAp) nanocomposite adhesion and proliferation.
High surface 3D printed BP/GO/ poly(propylene fumarate)
GO/BP/ poly(propylene roughness; Tissue Scaffolds 54
fumarate nanocomposite Oxygen functional Engineering enhance cell proliferation, osteogenesis and mineralization
groups; process




Phosphate groups

High surface
roughness;
MXenes- Ti;C,T, - High hydrophilicity;
poly(lactic acid) (PLA) High binding energy
nanocomposite between
their surfaces and
bridging Ca*" ions

Tissue Enhanced the in vitro adhesion, proliferation, and osteogenic
Engineering differentiation of MC3T3-E1 mouse preosteoblasts

The hBN-gelatin nancomposite fibers with high bioactivity to
form bonelike hydroxyapatite;
High biocompatibility in human bone cells (HOS
osteosarcoma cell line)

Lewis “acid
behaviour” due the
vacant “p” orbital of
the B atom on h-BN

hBN-gelatin nancomposite

Tissue
Engineering ) _
hBN - Poly(propylene High surface Enhgnged mechanical strength and adsgrptlon of collagep I
i protein, improved the extracellular matrix (ECM) deposition,
fumarate) (PPF) roughness; .
. . cell attachment and spreading
nanocomposite Thermal conductivity
for bone grafts
Hydrophobic st rface; . Delivery Doxorubicin (DOX) with a maximal loading rate of
[J-[1 stacking Drug Delivery/
GO . ) 98% at
interactions at the Chemotherapy
pH9
surface
Coexistence DOX delivery
of hydrophobic and Drue Deliverv/ release rate of 45% in
Hyaluronic acid-decorated  hydrophilic surface Ph fto therma}ll 16 h.
GO nanosheet properties; therapy (PTT)/ Antitumor efficiency due to photothermally controlled and

n—m stacking Py redox-triggered

Chemotherapy

interactions and cytoplasmic rapid delivery of DOX molecules, with
hydrogen bonding at the combined chemo- and photothermal therapy



60

GO - based the surface; Drug Delivery
molecularly imprinted good water Specific recognition to carcino-embryonic (CEA) tumor
polymer (MIP) dispersion; markers, biocompatibility, and pH sensitivity for
strong near infrared DOX delivery.
(NIR) absorption
m-n stacking Drug Delivery/
hBN - assembled with interactions; & Y High DOX loading capacity (up to 36.2%) by tuning the pH 61
. . Chemotherapy
adenine porosity; and temperature
thermal conductivity
Thermal
. . conductivity; Drug Delivery/ . . .
MoS, modified with . i Delivery of melanin and DOX; Photothermal conversion 62
L high near-infrared =~ Chemotherapy/ .
hyaluronic acid . efficiency of the 55.3%
absorption PTT
Thermal Drug Delivery Delivery DOX with a high loading capacity of 84.2% and
conductivity, Photothermal/ stimuli responsive DOX releasing performance upon pH-
MXenes-Ti;C, free electrons, Photodynamic/ responsive and NIR laser. 63
negative surface Chemotherapy
charge
Delivery of Fluoxetine by irradiation of NIR light (808 nm);
BP Fluoxetine loading capacity onto BP of 700%; o4
Therrr'la-l . Released capacity of 90% of Fluoxetine with NIR for 30 min
conductivity, Drug Delivery
high near-infrared Photothermal/
absorption. /Chemotherapy  Thrombolytic drug release under (NIR) laser irradiation (808

BP- mesoporous silica
nanoparticles (MSN5s)

nm, 0.2 W cmfz).
Loading efficiency of 92.78%.
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2. Surfaces and reduction of dimensionality

Every 3D material is made up of a bulk, that contains the majority of the atoms, and a surface,
where its atoms come in contact and interact with the external and surrounding environments. By its very
definition, 2D materials are all surface, as all its atoms are the surface itself, and there is no bulk. While
on a macro scale this may be a drawback and can seem weak (similar to comparing a piece of paper to a
thick plank of wood), interestingly on the nanoscale, the reduction of dimensionality reveals several
unique properties that broadens their use and applications.*'® In regards to biosensing and biomedical
applications, here we discuss some of the unique properties that arise from reducing the dimensionality
and how they can be applied or is beneficial for biosensing and biomedical applications such as:
antibacterial activity, antifouling, tissue engineering and improvement of the biocompatibility. Although
the methods for obtaining these 2D materials and fabrication of the devices have a very important role in
the overall properties, we will only briefly discuss these topics and processes in this short review as there

. . . 66-69
are several recent reviews dedicated to these topics.

2.1 - Surface area and removal of van der Waals interactions

The first, and most obvious advantage of decreasing the dimensionality, is the increase of surface
area and, by extension, increase in the surface area-to-volume ratio.”””' This is a very important
characteristic as the higher the amount of exposed surface area, the better (and more) the reactant can
have accessible contact with the material. Moreover, by having a planar structure, 2D materials have
unprecedented levels of sensitivity to the surrounding environments and changes to its properties due to
chemical or biological interactions are not lost in the bulk response. Besides that, the high surface area of
the 2D materials permit the higher density immobilization of bioreceptors, such as enzymes, antibodies,
DNAs and/or aptamers, onto surface of the 2D materials, improving the sensitivity of biosensors based on
these materials. Electrical biosensors based on 2D materials, such as chemiresistors and field effect
transistors (FETs, discussed later) take advantage of this property.>’> For example, Bazylewski et al.”
recently describes a solid state chemiresistor based on cysteine modified MoS, for the rapid (within a
second) sensing of cadmium ions in drinking water in the sub-ppb range (1-10 ppb, figure 2(a)). The
sensor also exhibited excellent selectivity towards cadmium as there was negligible interference from the

other heavy metals.

Within a monolayer of 2D material, the bonds that hold the atoms together are very strong. The
nearby in-plane atoms are covalently bonded with low defects density and thus give rise to superior

mechanical properties.”* For example, graphene, which is reported be the stiffest 2D material with the



highest Young's modulus of ~1 TPa”> """, has a tensile strength that is 1000 times stronger than its bulk
counterpart, graphite, and is 100 times stronger than steel. Yet even with their high mechanical resistance,
due to the atomic thickness of the 2D crystal, 2D materials show exceptional flexibility and are ideal
candidates for next generation flexible electronics, which could be used in wearable health-monitoring
devices, biocompatible electronic skins and implantable biomedical devices, such as biosensors and

prosthesis (discussed la‘[er).78’79

While mono and few layer 2D materials offer numerous advantages as aforementioned, the
stacking and combination of different 2D materials together also has its own merits and broadens the use
and potential applications of 2D materials. Within the class of 2D materials, there are many types of
materials with unique electronic structures ranging from conducting to insulating. As such, there are many
possibilities for creating layer-by-layer solids, known as 2D or van der Waals heterostructures, that can

~ - - 80-82
have unique and synergistic properties.

The stability and stacking of the layers is achieved through weak van der Waals interactions at the
interface of each 2D monolayer. However, as these interactions are relatively weak, the intrinsic
properties of the individual layers are still maintained or present with other intriguing properties that are
not observed in the single 2D material nor it’s bulk.***Although the use of the heterostructure format is
primarily for energy harvesting and storage, within recent years, there has been growing interest in its
implementation for biosensing, in particular for photoelectrochemical biosensing (see electrochemical

.\ 8586
section).”™

2.2 - Confinement of electrons

As aforementioned, another fascinating and important aspect of 2D materials, upon reduction of
its dimensionality, is the rise of unique electronic and optical properties that are not typically observed in
the bulk. The manifestation of these properties can be attributed to the confinement of electrons into a 2D
plane.”” Several popular 2D materials and their properties are summarized in table 1 and 2. This is a
highly interesting aspect to 2D materials, and there are many recent reviews that describe the emergence

of these properties and discuss them in detail.***

Briefly, in materials, the electronic and optical properties are dictated by its electronic band
structure, which describes the electron movement through the material. Upon reducing the
dimensionality, the periodicity in the direction perpendicular to the 2D plane is removed and results in
large changes to the band structure and the electronic and optical properties that are expressed.” These

modified band structures are responsible for the many unique properties found in 2D materials, such as



the high conductivity in graphene and the photoluminescence of monolayer MoS,. Moreover, as the band
structures dictate the properties, modifying and tuning of the band structures also allows for tailoring the
properties for specific applications and outcomes. In particular to biosensing, applications such as FET's
and electrochemical based sensors can benefit greatly as on/off current ratios can be modulated and
improve or facilitate faster electron transfers; thus, leading to more sensitive biosensors.”’ Tuning of the
band structure can be achieved by various approaches, including electrical, mechanical and chemical

2
means.9 93

2.3 - Defects and functionalization

In its bulk 3D form, the material layers are weakly held together by van der Waals interactions
that can be easily broken by applying an external force, such as mechanical or shear stress.****> This
approach is known as the top-down approach, as it starts with a bulk piece as the source of the 2D
materials, and includes exfoliation methods such as sonication assisted exfoliation, lithium intercalation
exfoliation and, the now famous, scotch-tape method. The other approach, known as the bottoms-up
approach, is to start with a substrate where the 2D material will be assembled from chemical precursors
under specific conditions - typically high temperatures and pressures. While each approach has its merits,
there are various limitations that arise and must be addressed depending on the desired application or

outcomes.

While there are many reports that study and define the influences of various factors and reaction

parameters during the synthetic process,”®*®

a key issue that presents itself in both approaches is the
pristiness of the resulting 2D material, in particular for applications that require monolayers. In top-down
approaches, the exfoliation is unpredictable and can result in 2D material of various layers (i.e.
monolayers, bi-layers, bulk etc.), structures (i.e. nanosheets, nanoflowers, quantum dots etc.) and surface
defects and vacancies. Similarly, the bottoms-up approach can also produce 2D materials with
surface/atomic vacancies and replacement of atoms in the crystal lattice (doping). Fortunately, whilst
these defects can severely affect the properties, these defects can also be used to fine tune the properties

or to give the 2D material additional functionalities.”

Perfection is not always everything, and this can be particularly true for 2D materials. Whilst
pristine crystalline materials are necessary for electronics, the presence of defects have been shown to
change or enhance the physical and electrochemical properties, and great efforts have gone into

investigating and harnessing these effects for better and faster applications.”” "'



Surface vacancies, where an atom is missing from the crystal lattice, are often the result of the
violent nature of exfoliation methods, such as ion intercalation, or intentionally created by various means,
such as irradiation. For example, point defects in graphene, such as the absence of carbon atoms
(either/both sp, or sp;) can lead to changes in the electronic sp, structure and effect the chemical reactivity
on the surface.'” Chen et al.'” recently reported a systematic evaluation of the electronic structure of
MoS, with lattice defects. Here, by purposefully creating sulphur vacancies on CVD grown MoS,, the
authors found that the “defective” samples had faster hydrogen evolution kinetics in comparison to
pristine samples. This increase in activity can be attributed to the formation of new catalytic/active sites in
the basal plane.'**'” Moreover, the authors also examined the effects of various substrates, such as gold,
graphene and h-BN, and found that the electronic energy levels were influenced by the charge transfer at

the interface.

Doping is an effective approach to increase the catalytic or electronic properties of 2D material.
In particular, doping with other metals can introduce strains and defects to the basal plane and, ultimately,
increase the density of active sites, and thus the electrocatalytic activity and rate of charge transfer.”
Harnessing the effects of both metal atom doping and defective sites, Ramaraj et al.'” developed a new
electrocatalyst for biosensing using manganese (Mn) doped MoSe, via a hydrothermal synthetic process
(figure 2(b)). By introducing Mn into the crystal structure, the authors observed the creation of Se
vacancies'” that led to increased catalytic and electronic activity. Moreover, the vacancies were also used
as active sites for the effective immobilization of enzymes, which in their case was myoglobin. The
modified 2D material was then evaluated by EIS for hydrogen peroxide sensing with reported ultralow
detection limit of 0.004 uM and sensitivity of 222.78 uA/uM/cm®. This work not only demonstrates the

advantages of doping, but also the additional benefit of surface vacancies.

In regards to biosensors, and other applications that may require selectivity, selectivity is a
primary concern that should be considered. As the selectivity is highly influenced by the nature of the 2D
materials and the target analyte, approaches to integrating and modifying the surface of the sensing
material are the most effective ways to fine tune the sensor itself. In particular, the interactions of 2D
materials and the target molecule follows two distinctive mechanisms: chemisorption and
physisorption.”'*®

Chemisorption is when there are covalent interactions between the surface of the 2D material and
other molecules, such as the target analyte or ion. This is a common approach to tailor the properties of
2D materials, as the electronic band structure can be modulated.” In the scope of bio-applications, defect

sites can be used as anchoring points for chemical functionalization of molecules to enhance



selectivity.'”""" This approach is typically adopted for biosensing, where receptor molecules are
employed for their specific recognition capabilities to target analytes. Moreover, by functionalizing and
increasing the amount of analyte-surface binding sites, the electronic properties of the material can be
modulated or tailored to improve the sensitivity and lower the limit of detection. >''""''* A recent example

was demonstrated by Vulcano et al.'"

who compared the sensing capabilities of electrochemically
exfoliated GO with and without surface functionalisation. The surface of the GO was covalently
functionalized with dopamine, using NHS/EDAC as a linker, to target NADH (figure 2(c)). Due to the
presence of dopamine, which introduced 1,2-dihydroxyphenyl moieties to the surface, the sensitivity of
the modified GO showed enhanced sensitivities towards NADH by 180% and improved limit of
detection. Furthermore, they concluded that the performance improvement could also be attributed to the

increased chemical stability of the electrode and measurements.

Chu et al.""* reports the covalent functionalization of MoS, with a diazonium salt that preserved
the semiconducting properties (figure 2(d)). However, interestingly, the author’s DFT studies suggested
that only a single surface vacancy was required to render the entire MoS, surface functionalizable. The
authors describe this effect as similar to the “cooperative effect’, as seen with bioploymers such as
proteins and nucleic acids, where the covalent interactions between molecules or surfaces are
strengthened upon binding events with other molecules. The authors then extend their technique to
covalently tether active green fluorescent protein and mCherry to the MoS, surface, demonstrating the use
of this approach for bioimaging and biosensing. By examining the fluorescence images, it was revealed
that the dyes had attached only to the areas where the MoS, was functionalized, and that the fluorescence

was increased when both dyes were used together.

Physisorption occurs when other molecules and ions interact with the surface of the 2D material
without any covalent bonding. These interactions typically occur due to the reactivity, and compatibility,
of the functional groups on the molecule to the surface of the 2D material, such as hydrogen bonding,
electrostatic forces, pi—pi interactions, cation - pi, etc. For example, molecules are able to physisorb onto
the basal planes of MoS, due to interactions between the molecule and the surface through van der Waals
forces.'"” Moreover, the electronic characteristics of pi-pi systems, such as aromatic molecules, has been
shown to have influences that are able to modify the electronic and optical properties of 2D

. 116,117
materials.

For applications that follow the physisorption mechanism, the sensors typically have rapid
response times and fast recoveries, as there is no chemical reaction required to attach and detach the

analyte to the electrode/surface of the 2D material. Some studies have achieved higher adsorption of



molecules onto the sensor surface by inducing the defect sites on the surface of the 2D material.''* "%

Recently, Ma et al.'”*' compared the use of defective and pristine graphene as a gas sensor for NO, at
room temperature (figure 2(e)). The response of the defective graphene based sensor towards 100 ppm
NO, was 13 times higher than that of the pristine graphene sensor, and also showed excellent selectivity,
reproducibility and stability. The authors found that by tuning the defect density and size, via ion

irradiation and H, etching, more adsorption sites were created and, thus, improved the performance of the

Sensor.
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Figure 2: (a) Bar graphs demonstrating the sensitivity of (i) MoS,—Cys sensors to different metal ions depending on
the pH and metal ion used and (ii) MoS,~COOH compared to MoS,—Cys using a 10 ppb solution at varying pH, and
(ii) charge transfer at the nanostructured surface of MoS,—Cys films (Adapted with permission from ref (73).
Copyright (2020) American Chemical Society, further permission related to the material excerpted should be
directed to the ACS). (b) Schematic illustration of real-sample analysis (Adapted with permission from ref (106).
Copyright (2019) American Chemical Society). (¢) (i) Synthetic route to EGODP (path a) and to MIX (path b), (ii)
CVs recorded at EGO (red line), EGODP (blue line) and MIX (green line) modified-SPEs in 0.1 M PBS (pH 7.0)
and 0.1 M KCl after 20 potential cycles, and (iii) voltammetric traces recorded at the same modified electrodes after
addition of 0.5 mM NADH; only the forward scan after subtraction of the relevant signal obtained in the absence of
NADH is reported (Adapted with permission from ref (113), Copyright 2018 © IOP Publishing. Reproduced with
permission. All rights reserved.). (d) (i) Attachment of active proteins to MoS, with optical and AFM images of the
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pristine and modified material with mCherry after functionalization and (ii) bright field, confocal fluorescence
microscopy images in GFP (green) and mCherry (red) channels, and fluorescence images overlaid onto BF images,
after protein attachment process (Adapted with permission from ref (114). Copyright 2018 American Chemical
Society). (e) (i) schematic of the defective graphene (DGr) based sensor with the response to 100 ppm NO, for
varying (ii) irradiation influence and (iii) H, etching time at room temperature and (iv) comparison of responses of
the DGr-based gas sensor to different gases at room temperature (Adapted with permission from ref (121), licensed
under a Creative Commons Attribution (CC BY) license, Copyright 2019 AIP Publishing).

3. Recent biosensing and biomedical applications

As discussed, 2D materials are very well-suited for biosensing and biomedical applications and
offer many advantages. In this section, we highlight a few of the more recent studies of 2D material based
bio-applications, and we discuss how these applications have harnessed the 2D planar structure and the
unique properties for more reliable or enhanced operations. In particular, we focus on the common uses of
2D materials for biosensing, which includes electrochemical, field effect transistors (FETs) and optical
methods, and the more recent biomedical technologies, such as antibacterial and antifouling applications,
drug delivery and tissue engineering. For clarity, we organize this section on the basis of the applications

and discuss the properties and types of 2D materials which are typically used in the field.

3.1 - Biosensing

The unique and versatile properties of 2D materials offer great advantages for biosensing
applications. In many of these cases, the 2D material is used as the sensing element (working electrode) to
enhance the detection signal upon interaction with the analyte or to facilitate charge transfer. Moreover, in
this regard, recent biosensing trends have also implemented 2D materials in many on/off biosensing
platforms, due to their conducting or semiconducting properties, and also as fluorescence quenchers in

optical systems.

3.1.1 - Electrochemical

On a commercial level, electrochemical biosensors are currently the most widely available and
have been developed to integrate and target various bioanalytes, such as enzymes/enzymatic reactions,
nucleic acids, antibodies etc.'* and have been adopted in various formats, including field-effect transistor

124,12 . 12
1% and photoelectrochemical sensors.'*®

(FET)'?, electrochemical impedance/amperometric sensors,
Typically, the sensing principle of electrochemical biosensors is to convert the interaction between the
recognition element and analyte into an electric signal. These interaction events are electron charge
transfer processes that occur at the electrode surface; thus the electrode material has great effects on the

127,128
performance of the sensor. "



Nanostructures and nanomaterials, like 2D materials, have facilitated considerable progress in
biosensor research and development. The surface of 2D materials are ideal substrates for the development
of electrochemical biosensors, due to their large specific surface area, outstanding electrical properties,
and excellent biocompatibility’”'*** . These characteristics create a favorable microenvironment for the
immobilization of bioreceptors on the surface of these 2D materials, conferring selectivity to these
electrochemical sensors. Moreover, by integrating 2D materials and harnessing their unique properties,
performance parameters, such as the sensitivity and selectivity, can be greatly enhanced."" In this regard,
for electrochemical sensing, 2D materials with high conductivities, such as graphene and reduced
graphene oxide, are typically employed to increase the charge transfer and conductivity of the electrode
surface, and consequently increase its sensitivity. In fact, the use of graphene and its derivatives are
widely examined and numerous studies have demonstrated that by coupling functional graphene and
electrochemical methods, the overpotential was effectively decreased, while the current response was
greatly enhanced."”> On the other hand, 2D materials with semiconducting properties, such as several
MXenes and the transitional dichalcogenides, have also been widely explored for electrochemical sensing

due to their surface properties and tunable intrinsic band-gaps. Wang and Zhu et al'*

. took advantage of
the surface properties of the MXene-Ti;C, to fabricate a mediator-free electrochemical biosensor to detect
hydrogen peroxide (H,O,). The hemoglobin (Hb) was encapsulated onto the MXene-Ti;C, layers by the
use of nafion and the biosensors exhibited good performance for the amperometric detection of H,O, with
a wide linear range of 0.1-260 uM, as well as an extremely low detection limit of 20 nM. The surface of
the MXene-Ti;C, provided a favorable microenvironment for Hb to undergo a facile electron-transfer
reaction, in this way contributing to the excellent sensitivity of this biosensor to detect H,O, In addition
to the high surface area, Kim et al."** also took advantage of the flexibility of 2D materials and developed
a flexible electrochemical biosensor based on MoS, for the detection of three endocrine hormones in real
serum samples (figure 3(a)). By adopting a competitive assay and enzyme reaction mechanism, the novel
biosensor displayed high sensitivity and reproducibility that were comparable to standard immunoassay

equipment. Thus further demonstrating the versatility of 2D materials for electrochemical biosensing.

Recently, a typical trend that is seen with 2D materials, is the pairing of the 2D material with
other 2D materials. Since the first demonstration of 2D materials as biosensors, many have discovered
that there are numerous factors that influence the performance of the sensor and that each material suffers
from its own drawbacks. However, due to the surface nature of the 2D material, it is quite easy and facile

to combine various materials together to synergistically enhance the material and the sensor.

For example, it is widely reported that MoS, exemplifies great catalytic activities due to the

exposed edges,””"*® but often suffers from low electrical conductivities and a tendency to stack or
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agglomerate, which decreases the amount of accessible surface area'’® and affects electrochemical

performance. In a synergistic approach, Yang et al.'’’

electrodeposited ZnO nanosheets onto
ultrasonicated exfoliated MoS, scaffold for the electrochemical detection of DNA (figure 3(b)). The
negatively charged MoS, nucleated and supported the growth of the ZnO through electrostatic
interactions, while the presence of the positively charged ZnO improved the capacity of the
nanocomposite for DNA immobilization and improved the electrochemical performance and an ultralow
detection limit of 6.6 x 10"'° M was obtained. In another example, Jeong et al. demonstrates the

36 1n addition to

synergistic effects of 2D MoS, and graphene in an aerogel for glucose detection.
harnessing the catalytic ability of MoS,, the 3D aerogel structure increased the surface area, which
allowed for higher amounts and better immobilization of glucose oxidase, while the continuous graphene
based framework exhibited superior conductive properties when compared to 2D MoS,/rGO. Using flow-
injection amperometric analysis, their MoS,/graphene aerogel glucose sensor had rapid response times of

4 s, sensitivity of 3.36 IA/mM, LOD of 0.29 mM and a linear detection range between 2-20 mM.

Photoelectrochemical (PEC) biosensing and bioanalytics are becoming increasingly popular
within recent years, and has even created its own subclass of innovative research. In comparison to
conventional electrochemical and optical methods, the main attraction of this method of sensing can be
attributed to the remarkable sensitivities and reduced background signals that can be achieved due to the
total separation of the different energy forms of the excitation source (light) and the detection signal
(electricity). Furthermore, the instrumentation of PEC is simpler, more cost effective and easier to
miniaturize in comparison with optical techniques, which typically require additional apparatus that are

. . 1 1
often more complicated and expensive.'**'*

As the PEC detection signal mainly stems from the photoelectric conversion capabilities of the
photoactive material, the choice of electrode material is thus critical to the overall performance. Due to
the optoelectronic properties and surface nature of 2D materials, 2D materials are ideal candidates for
construction of PEC biosensors, in particular 2D heterostructures. Specially, the semiconducting 2D
materials are ideal for PEC platforms due to their light absorbing capabilities, conduction and valence
band positions and tunable band gaps, and flexibility as planar structures. In this regard, TMDs, such as
MoS, and WS,, and graphitic carbon nitride (g-C;N,) have been widely explored for PEC biosensing.
Wang et al."*’ proposes a novel PEC biosensor for ultrasensitive detection of miRNA-396a based on a
MoS,/g-C5N4/TiO, heterojunction decorated with antibody functionalized AuNP for signal amplification
(figure 3(c)). The developed biosensor had a low detection limit of 0.13 fM and a linear range of 0.5-5000

fM. The authors attributed e high sensitivity of the sensor to the staggered matching of the electronic band



structures of the MoS,/g-C;N4/TiO, heterojunction, which increased the charge carrier concentrations

when irradiated.
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Figure 3: (a) Process of Competitive Assay and Enzymatic Reaction Mechanism for PTH, T3, and T4 Antigens
(Immune Complexes): (i) immobilization of standard antigens (Ag) and competitive reaction between sample
antigens and the antigen-conjugated surface of MoS, on a flexible Au—PI electrode with corresponding antibodies
(Ab) and (ii) signal on/off by competitive reaction with the enzymatic reaction mechanism.(reprinted (adapted) with
permission from ref (134), Copyright 2020 American Chemical Society) (b) Comparison DPVs of 2.0x107° M
myoglobin with (i) ZnO, (ii) MoS, and (iii) ZnO/MoS, modified electrodes with and without ssDNA and dsDNA
(Adapted with permission from ref (137). Copyright 2018 Elsvier). (c¢) (i) schematic illustration of the biosensor
construction process and (ii) the photocurrent generation mechanism of the PEC biosensor (Adapted with
permission from ref (140). Copyright 2019 Elsevier).

3.1.2 - Field-effect transistors (FETS)

Biosensors based on field-effect transistors (FETs) are highly attractive as they promise real-time
label-free electrical detection, scalability, inexpensive mass production, miniaturization, the use of low
volume of sample, and the possibility of on-chip integration of both sensor and measurement systems'*'
2D semiconductor materials, such as graphene, TMDs and black phosphorus (BP), have attracted
significant interests for the development of highly sensitive biosensors based on FETs devices™, replacing

the traditional silicon technology'**

. It is due to the outstanding properties of these materials such as the
high charge carrier mobilities (1) (Mgraphene = 15 000 em® Vs g ~ 1000 cm? V' s and the acceptable
HoH Mos2 ~ 60 cm’ Vs, high flexibility, biocompatibility, large specific surface area and facile chemical
functionalization *. In addition, a monolayer of graphene allows all carbon atoms to be exposed to the
surroundings, in this way the carbon atoms can directly interact with the analyte, leading to increased

sensitivity.
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A typical FET biosensor based on 2D materials for evaluating liquid samples consists of a 2D
material layer (the semiconductor channel), deposited on top of an insulator substrate, between two metal
electrodes, called by the source (S) and drain (D). A third electrode, the gate electrode (usually a
reference microelectrode, Pt wire or Ag/AgCl), is immersed in an electrolyte solution, where the 2D
semiconductor material is exposed. The current between the S and D electrodes (Ids) could be modulated
by an electric field generated by the gate voltage (Vgs), due to change of the 2D material carrier densities
143,144

. Upon interaction of an analyte on the 2D material surface, even at low concentrations, the values

of the conductance, represented by the Ids current change significantly.

FETs biosensors based on 2D materials draw attention due to their impressive sensitivity. This
feature is highlighted in the recent work of Seo et al.'*. The authors developed a graphene FET (GraFET)
biosensor for the label free detection of the SARS-CoV-2 in clinical samples without any sample
treatment step. For this, the authors immobilized a specific antibody against SARS-CoV-2 spike protein
on the graphene surface through the non-covalent functionalization with the 1-pyrenebutanoic acid
succinimidyl ester (PBASE), by the pi-pi interactions between the graphene surface and pyrene group of
PBASE (Figure 4 (a (i)). The GraFET biosensors were able to detect the SARS-CoV-2 spike protein at
concentrations of 100 fg/ml in the clinical transport medium used in the nasopharyngeal swab (Figure 4 (a
(i1)). In addition, the GraFETs biosensors successfully detected the SARS-CoV-2 in clinical samples from
patients with a LOD: 2.42x10? copies/ml (Figure 4 (a (iii)).

The sensitivity of FET-based biosensors is not only related to the semiconductor material used as

a channel, but also with the ionic concentration of the solution containing the analyte'*°

. One of the major
hurdles to lower the detection limit of FET- based biosensor is shielding of the molecule charge by the
counter ions in solution (termed Debye shielding). Outside the Debye length (the length of the electrical
double layer (EDL)), which is <1 nm in physiological solutions, the charges are electrically screened. An
increase in the Debye length can result in reduced screening effect and allow for a more sensitive

147,14 14, . . .
7% Hwang et al.'* were pioneers in exploring the

electrical detection of charged biomolecules
deformation of the graphene surface, by curving or bending it, to improve the sensitivity of the GraFETs
biosensors for detection of nucleic acids (DNA and/or RNA). The enhancement could be attributed to the
modulation of the Debye length (or volume) and by the induced band-gap opening in the graphene
channels due to strain. The probe DNA anchored via a linker molecule on flat and crumpled graphene
channels of the FET biosensors was affected in different ways by the Debye length. The flat graphene has
a constant Debye length; whilst in the crumpled graphene, the Debye length oscillated at the peaks and

the valleys of the crumpled surface (Figure 4 (b (i)). The surface of crumpled graphene was disorganized

with herringbone-like structures (Figure 4 (b (ii)) and these structures contributed to the disorganization in
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the distribution of the counter-ions of the EDL over a longer distance away from the surface of the
crumpled graphene. This accounted for decreases in the screening effect for the crumpled graphene in
relation to the flat graphene (Figure 4 (b (iii)). The theory proposed by the authors was fundamental from
the results obtained by the density functional theory (DFT) and molecular dynamics (MD) simulations,
and by the expressive results in the determination of miRNA spiked in PBS buffer and undiluted human
serum samples in a concentration of 600 zM and 20 aM, respectively, when compared to the negative
control testes (Figure 4 (b(iv)). In this way it is clear that the shape, deformation and roughness of the

surface of the 2D materials also have an important role in the sensitivity of the FETs biosensors.

Other 2D materials such as 2H-MoS, (semiconductor phase) and BP have been explored in the
development of FETs biosensors (table 1). The FETs biosensors based on 2H MoS, exhibit an advantage
over the GraFETs that is the high current on/off ratio (L), that can exceed 1 x 108, which is much
higher than that of GraFETs biosensors*>'*. As monolayer 2H MoS, is a semiconductor with a direct
band gap of 1.8 eV, this offers a much higher gate-tunable conductance for the 2H MoS, FETs in relation
to graphene, that has a band gap of 0 eV and due this low L, values and in some conditions, leakage

current, that can impact in the sensitivity of these devices*'™.

The few-layer BP was demonstrated interesting characteristics for the development of FETs
devices, as a p-type semiconducting material with mobility up to 984 cm”* V"' s™ (10 nm sample) and a
direct band gap that is tunable from 0.3 eV for bulk BP to 2.0 eV for monolayer BP'>'. However, the
biggest challenge that needs to be overcome to use BPFETS as biosensors is the poor chemical stability of
this material in the presence of the oxygen and water. BP can degrade quickly to oxygenated phosphorus

(POx), which makes biosensing processes on its surface unfeasible™.

For use the BPFET as a biosensor, Chen et al.** passivated the surface of the BP with a thin film
of ALOs, as a dielectric layer, to protect the BP from the oxidation process and to immobilize gold
nanoparticles labelled antihuman IgG antibody onto Al,O;, for the label free detection of IgG antigens.
The BPFET biosensor exhibited a low LOD of ~10 ngmL™ due the electrical properties of the BP and the
amplification signal of the gold nanoparticles. However, many efforts still need to be made in order to
develop strategies for stabilizing the surface of BP in aqueous environments and allowing for exploration

of the real potential of BPFETsS as biosensors.
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Figure 4. (a) Graphene-based field effect transistors biosensors for COVID19 diagnosis. (i) Schematic diagram of
COVID-19 FET sensor operation procedure. Graphene as a sensing material is selected and SARS-CoV-2 spike
antibody is conjugated onto the graphene sheet via 1-pyrenebutyric acid n-hydroxysuccinimide ester, which is an
interfacing molecular as a probe linker. (ii) Real-time response of COVID- 19 FET toward SARS-CoV-2 antigen
protein in UTM, insert the SARS-CoV-2 spike protein. (iii) Real time response of COVID-19 FET toward SARS-
CoV-2 virus from clinical sample (Reproduced with permission from Ref. (145). Copyright 2020 American
Chemical Society). (b) Scheme and characterization of flat and crumpled graphene FET biosensor. (i) Cross-
sectional scheme of the flat (left) and crumpled (right) graphene FET DNA sensor. Probe (black) and target (red)
DNA strands are immobilized on the surface of graphene. The blue dot lines represent Debye length in the ionic
solution and the length is increased at the convex region of the crumpled graphene, thus more area DNA is inside the
Debye length, which makes the crumpled graphene more electrically susceptible to the negative charge of DNA.
The inset boxes represent qualitative energy diagram in K-space. Graphene does not have an intrinsic bandgap.
However, crumpled graphene may open the bandgap. (ii)) SEM images of crumpled graphene. The scale bar is 500
nm (iii) ELD structures of flat (left) and crumpled graphene (right). Loosely structured EDL of crumpled graphene
leads to the smaller capacitance value (ref). Nucleic acids absorption and hybridization test on flat and crumpled
FET. (iv) Dirac voltage shift of the FET sensor with miRNA detection of hybridization. Target RNA spiked in
human serum was treated on the FET sensor (Adapted with permission from Ref (148). Copyright 2020Springer
Nature).

3.1.3 - Optical

By exhibiting tunable optoelectronic properties, 2D materials are also ideal materials for optical

sensors. Their unique optical and vibrational characteristics, such as photoluminescence, enhanced
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photoelectron interactions and plasmonic behaviors, has facilitated the construction of high performance
biosensors with remarkable sensitivities and ultrafast response times that rival, and can potential surpass

. : 152,153,154
or replace, the use of current electrical biosensors.”>'**!3

Typically, 2D based optical sensors will
employ the 2D material as a substrate, due to the planar structure and high surface area and
aforementioned properties, rather than an optical label. In particular, the TMDs pose as ideal candidates
for optical based sensing due to its tunable band gaps and abilities to absorb in the visible and NIR ranges
upon doping."” The most common 2D material based optical sensors include surface plasmon resonance

(SPR), surface-enhanced Raman spectroscopy (SERS) and fluorescence based sensors.

Both SPR and SERS methods offer outstanding sensitives and the capability of single molecule
and label free detection. Considered as a standard biophysical tool'*, surface plasmon resonance (SPR)
sensors have found increasing bio-applications, ranging from environmental monitoring to healthcare
diagnostics."”’ There are many advantages of SPR sensors, including rapid analysis, high specificity and
dynamic measurements, amongst many others. Using an emerging 2D material, atimonene, Xue et al.'®
developed an SPR biosensor for ultrasensitive detection of miRNA (figure 5(a)). Despite possessing
similar lattice structure to graphene, the author’s DFT studies revealed that antionmene exhibits strong
spin-orbit coupling and has greater interaction with ssDNA due to the higher delocalized 5s/5p orbitals.
Motivated by this, the authors then obtained 2D atimonene nanosheets by liquid phase exfoliation and
coated it onto a gold film for SPR sensing. To add selectivity to the antimonene, probe DNA conjugated
gold nanorods were adsorbed onto the surface. Using miRNA-21 and miRNA-155, the ultralow detection

limit of 10 aM was obtained, surpassing current sensing methods, and a concentration-dependent response

up to 10" M.

SERS has also emerged as a powerful and reliable technique for bio and chemical sensing and
analysis. The integration of 2D materials for SERS is typically focused to enhance the Raman signal by
increasing the charge transfer rate between the (sensor) surface and the adsorbed analyte. In particular,
TMDs exhibit excellent charge transfer properties'”” and SERS activities when coupled to plasmonic gold

. . 160,161
or silver nanoparticles.'®”'®

Due to its compatible work function, WS, has been shown to provide better
SERS enhancement than MoS,; the most widely studied transitional metal dichalcogenide'®*. Motivated
by this, Shorie et al.'” developed a SERS based aptasensor for the label free detection of myoglobin using
a WS,-AuNP nanohybrid (figure 5(b)). The in-situ coupling of WS, and AuNP together greatly enhanced
the SERS platform both chemically and electromagnetically, while the specific aptamers increased the

selectivity. The sensor displayed enhanced sensitivity, as low limit of detection of 0.5 aM was obtained,

and great selectivity for myoglobin whilst in the presence of hemoglobin and bovine serum albumin.
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Although SPR and SERS biosensors have achieved exceptional results, these platforms are not
always user friendly as specific instruments and setups are required. Consequently, naked-eye detection
methods are potential solutions as they are easy to use and, additionally, can be adapted for point of care
(POC) devices. The most common use of 2D materials is in fluorescence based biosensors, where the
exceptional intrinsic fluorescence-quenching abilities of 2D materials are harnessed. In particular, for
microfluidic and on/off sensors,'® fluorescence based biosensors typically employs the Forster resonance
energy transfer (FRET) approach that pairs a fluorophore (fluorescent donor) and a quencher (light
absorbing acceptor) to obtain a signal.'®'® Yang et al.'”’ demonstrates the FRET approach for
multiplexed sensing of lectins and bacteria with a fluorescence array that uses saccharide functionalized
multi-colored QDs and 4-mercaptophenylboronic acid (PBA) functionalized MoS, nanosheets (figure
5(c)). In their array, through chemical interaction of the saccharides and PBA, the QDs are initially
absorbed onto the MoS, and the fluorescence is quenched. Then, depending on the lectins that are
present/added, the QDs begin to detach from the MoS, surface, thereby restoring the fluorescence. This
effect was attributed to the diverse affinities of the lectins to the saccharides, which causes competitive
binding of the lectins to the QDs, and leads to desorption from the MoS, surface. In the presence of
multiple lectins, a distinct fluorescence response pattern was observed and analyzed with linear
discriminant analysis. The authors concluded that there was 100% accuracy in identification between

multiple lectins and bacteria reaching detection limits as low as 3.7 nM and 66 cfu/mL, respectively.

In another example, Zamora-Galvez et al.'® use a similar approach for naked-eye detection of
immunoglobulin G (IgG) in a paper-based lateral flow immunoassay (figure 5(d)). Here, the authors use
CdSe QDs modified with anti-human IgG functionalized as the fluorescence probe, graphene oxide
nanosheets as the quencher and SiO, beads as a spacer. The SiO, beads are functionalized with the
detection antibodies that capture the analyte and flow towards the test and control lines via capillary
action. Upon reaching the test line, the analyte forms an immunosandwich with the QDs and the (pre-
attached) SiO,. The GO is then added to the paper strip as the ‘revealing” agent. The presence of the SiO,
bead creates enough distance between the QD and the GO that hinders quenching of the fluorescence.
Whereas, without the analyte and the spacer bead, the fluorescence can be easily quenched as the GO

comes in direct contact with the QDs.
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Figure 5: (a) Fabrication of a miRNA sensor integrated with antimonene nanomaterials. Schematic illustration of the
strategy employed to detect antimonene-miRNA hybridization events (reproduced with permission from ref (158).
Copyright 2019 Nature). (b) Schematic showing stepwise synthesis and fabrication of Au-WS, nanohybrid based
SERS active platform (reproduced with permission from ref (162). Copyright 2018 Springer). (c) Schematic
illustration of the design rationale for lectin detection (reproduced with permission from ref (167). Copyright 2018
Springer). (d) Scheme of the developed lateral flow (reproduced with permission from ref (168). Copyright 2018
Elsvier).
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3.2 - Biomedical

The 2D materials are receiving increased interests in biomedical applications owing to their
special physicochemical and surface properties. In this section, we will focus on the recent application of
2D material for antibacterial, antifouling, tissue engineering and drug delivery. A widely studied approach
is the use of 2D materials for optical biomedical applications, such as bioimaging, photothermal therapy
and theranostics. While the surface area and number of layers has great influence on the optical properties
of 2D materials, these optical biomedical applications will not be thoroughly discussed in this review; as
their applications rely more on the intrinsic optical properties than on the surface of the 2D material.
However, great progress has been made in this field of biomedical research and there are many recent

reviews that brilliantly discuss these achievements.'® '’

3.2.1- Antibacterial

2D materials have attracted considerable attention in biomedical applications due to their
antimicrobial activity'> ">, The antimicrobial activities of the 2D materials, such as graphene materials
(GMs, defined by graphene and its derivatives such as GO and rGO), MoS,, h-BN, BP and some
MXenes, are related with the physicochemical and structural characteristics of these materials. So, in this
way, the surface properties of these materials play an important role, as all the interaction between the 2D

materials and these pathogens, mainly bacteria, occur at their surface.

The first materials that had their antimicrobial activities investigated were the GMs in 2010'7°.
Since then, several mechanisms have been proposed to explain how these materials display antimicrobial
activities. However, the main three most accepted mechanisms are: i) nanoknives derived from the action
of sharp edges; ii) oxidative stress mediated with the production of reactive oxygen species (ROS), and
iii) wrapping or trapping of bacterial membranes derived from the flexible thin-film structure of GMs
77178 " Other recent mechanisms have been proposed as the extraction of lipid bilayers'” , the interference

181

of protein—protein Interactions (PPIs)"*® and the “self-killing” effect'®". The Figure 6(a) summarize the

main mechanisms of the antimicrobial activities of GMs.

The nanoknives mechanism is related with the extremely sharp boundaries of the GMs
nanosheets. The blade like GMs nanosheets can cause physical damage to the membranes of microbes
and leakage of the intracellular matrix, thus leading to inactivation of the microorganisms ''"'’. In this
way, the control of the number of layers (exfoliation degree) in the GMs is a crucial factor for the
antimicrobial activity by this mechanism, as the number of layers can increase the thickness of the GM

nanosheets, thus decreasing the effectiveness of the nanoknives effect.
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The oxidative stress mechanism can be attributed to the capacity of the GMs nanosheets to induce
the oxidative stress in bacteria. The oxidative stress can interfere with bacterial metabolism and disrupt
essential cellular functions, leading to cellular inactivation or even cell death'”'”®. The GMs nanosheets
are able to mediate the generation of ROS (such as hydrogen peroxide (H,O,), superoxide anions (O,"),
hydroxyl radicals (OH’), or singlet molecular oxygen) by the adsorption of O, on the defect sites and
edges of the GMs nanosheets'®. In this way, the density of functional oxygen groups and defects on the
surface of the GMs nanosheets contribute to the high generation of ROS and explain the excellent

antimicrobial activity of the GO'7®'#37!85,

The last, and most acceptable, mechanism for the antimicrobial activity of GMs is related with
wrapping or trapping effects in the bacterial membranes. GMs nanosheets can entrap the bacteria or
microorganisms and isolate them from their surroundings, making them incapable to proliferate due to

gas exchange and access to nutrients, leading to bacterial growth inactivation or bacterial death'®*'*,

Other graphene-like nanomaterials also possess enormous potential in antibacterial applications,
displaying antimicrobial mechanisms similar to that of GMs*"'"7*"*"!%8 The emerging class of the 2D

MXenes have also attracted attention for their intrinsic antibacterial properties. Rasool et al '*

reported
the antibacterial properties of micrometer-thick titanium carbide (Ti;C,Tx) MXene membranes against
Escherichia coli (E. coli) and Bacillus subtilis (B. ubtilis) bacteria. The Ti;C,T, MXene membranes were
prepared by vacuum filtration of a colloidal solution of single- and few layers of Ti;C,T (Figure 6 (b (i-
ii)). The antibacterial rate of fresh Ti;C,Tx MXene membranes reached more than 73% against B. subtilis
and 67% against E. coli as compared with that of control PVDF, while aged Ti;C,Tx membrane (after 30
days storage) showed over 99% growth inhibition of both bacteria under the same conditions (Figure 6 (b
(i11)). The authors attributed the antimicrobial effectiveness of the Ti;C,T, MXene membranes to the
sharp edges of the nanosheets, which caused physical damage and disruption of the bacteria cellular
membranes, inducing oxidative stress that can be generate by the anatase TiO, nanocrystals (produced
from the natural oxidation of the Ti;C,Ty in air). Moreover, the negatively charged and hydrophilic

surface of the Ti;C,Ty nanosheets may have also facilitated the inactivation of the bacteria by direct

contact interaction with its surface.

MoS, nanosheets have also been explored for antimicrobial applications based on the oxidative

. . 174,190,191
stress and the nanoknives mechanism ™

. The conductivity of the MoS, nanosheets also play an
important role in its antimicrobial properties. Due to the higher electric conductivity of the metallic phase,
1T MoS; has been shown to present with higher antimicrobial activity than that of the semiconducting 2H

MoS,. The higher conductivities can render lower electrical resistance for electron transfer from bacterial
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intracellular components to the external environment, promoting the oxidative stress of the bacteria'”.
Another important factor of the antimicrobial activity of the MoS, is the shape of the nanomaterial.

Recently, Xu et al.'!

evaluated this parameter by comparing MoS, nanosheets and nanoflowers against
S. aureus and E. coli (Figure 6 (c (i-ii)). For this they obtained the MoS, nanosheets and nanoflowers
from the galvanostatic electrolysis in a Mo electrode, by tuning the current in the system. The MoS,-
nanoflowers showed relatively improved antibacterial performance in relation to the MoS, nanosheets.
The higher surface area of the MoS,-nanoflowers was attributed to cause more oxidation stress to bacteria

upon contact than the nanosheets (Figure 6 (¢ (i-ii)).
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Figure 6. Antimicrobial properties of the 2D Materials. (a) Mechanisms of the antimicrobial activities of GMs
(Reproduced with permission from ref (177). Copyright 2016 American Chemical Society). (b) Antibacterial
membrane based on 2D Ti;C, Ty (MXene) nanosheets. (i) Ti3C,Tx (MXene) membrane on a PVDF support and (ii)
its cross-sectional SEM image. (iii) Cell viability measurements of E. coli and B. subtilis grown on fresh and aged
Ti;C, Ty (MXene) membranes for 24 h (Adapted from ref (189), Copyright 2017 Springer Nature). (c) The effect of
the shape of the MoS, nanosheets on their antibacterial properties. (i) The optical images of S. aureus, (ii) E. coli
incubated 4 h with MoS, nanomaterials of different concentration (Adapted with permission from ref (191).
Copyright 2020 Elsevier).
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3.2.2 - Antifouling

The formation of biofilms by microorganisms around implantable medical devices still represents
a challenge for the biomedical community. Surfaces that are in direct contact with biological fluids, such
as a catheter and urinary probe, are an ideal environment for bacteria to adhere and proliferate, leading to
infection in the patients'”. Similarly, surfaces of membranes for nanofiltration processes also suffer from
the formation of biofilms, which reduces their performance and deactivates their surface. The best
strategy to combat this is based on the use of biomaterials on the surface of these biomedical implantable
devices and membranes that can repel the microbes or kill them in the surrounding areas '**'**. In this
scenario the use of 2D materials as a coating, composites, or membrane among others, emerges as an

interesting approach for antifouling application, due their unique surface properties.

In particular, 2D materials with high surface hydrophilicity and negative charge stand out. By
controlling the biofouling via an anti-adhesion mode, unfavorable conditions for natural organic matter
(NOM) and some bacteria are created and hinder their growth onto the surface. In addition, the surface
roughness of 2D materials also plays an important role in the antifouling properties, where several authors
have shown that the surface roughness increases the adhesion forces resulting in larger bacterial
attachment to rougher surfaces'®'°. In this case, MoS, presents special features as extremely low friction
and low surface roughness and, along with GO, have been explored for this purpose**’. Alam et al.”
performed a comparative study between the antifouling properties of MoS, and GO. Both materials
present a highly negative zeta potential in deionized water, —41.33 £ 0.5 mV and —40.34 = 0.76 mV for
GO and MoS, respectively. However, the contact angle measurements of the GO and MoS, were 25 + 5.4
and 42 + 4.6, respectively, suggesting that GO was slightly more hydrophilic than MoS,. But, on the other
hand, MoS, exhibited slightly better antifouling properties than GO. In most cases, the deposition of
NOM and E. coli (which are Gram-negative bacteria and are strongly negatively charge) was significantly
lower on MoS, than GO due to the presence of functional groups on GO, which bound more easily with

the foulants, and the low roughness of the MoS, surface.

Another interesting approach to further improve the antifouling properties of 2D materials is the
preparation of nanocomposites and hybrid nanomaterials with metal and oxide nanoparticles and
polymers, among others, that exhibit antibacterial properties'””'*®. Graphene and GO have been explored
in the development nanocomposite with improved antifouling properties and the recent work of

1‘51

Maruthupandy et al.” showed impressive anti-biofilm formation activities of a graphene/chitosan

nanocomposite against biofilm producing P. aeruginosa and K. pneumoniae. The formation of biofilm by
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Pseudomonas aeruginosa and Klebsiella pneumoniae was inhibited at 94 and 92 %, respectively, by the
use of only 40pg/mL of the graphene/chitosan (GR/CS) nanocomposite in PBS. The effectiveness of the
GR/CS nanocomposite in hindering the biofilm formation was attributed to causing disruptions to the

biofilm aggregation via membrane damage and distorting cellular morphology.
3.2.3 Tissue engineering

Bodily tissues can be easily damaged by physical trauma, infection, or tumors. Many efforts have
been dedicated to treat and repair various tissues, mainly in bone and dental tissue regeneration. In this
scenario, the integration of 2D materials in the tissue engineering approach appears as an advantageous
alternative'”. Besides the outstanding physical and chemical properties of the 2D materials, these
materials possess also excellent biocompatibility, biodegradability, surface functionality, high mechanical
resistance and plasticity, that render these materials as suitable applications in tissue engineering as
coatings, nanocomposites, among many others **. Specifically, the surface properties of the 2D materials
play an important role in tissue engineering, mainly due the interaction between the 2D material and the
tissues - that is an interfacial phenomenon. The unique large surface area and surface chemical properties
of the 2D materials are strongly related with their biocompatibility, which is the key parameter to
consider if a material is a biomaterial. The excellent mechanical strength and low cellular toxicity of 2D
materials improve much more the biocompatibility of scaffolds and promotes osteogenic differentiation,
and is beneficial to bone tissue engineering™'. Besides that, the antimicrobial and antifouling properties
of several 2D materials, as previously discussed, are very interesting for applications in wound repair®”
and in medical implants, helping in the prevention of bacterial biofilm formation on the implantable

medical devices.

The successful use of the 2D materials as a coating for implantable biomedical devices is also
related with the surface topography of these materials and plays a crucial role in the regulation of the
cellular behavior’™. In this scenario, graphene and its derivatives like GO and rGO, stand out as these
materials have distinctive topographical characteristics, such as wrinkles and ripples etc., that can increase
the surface roughness of the substrates'””****. The rough surface of graphene and its derivatives provide
anchorage sites for cells, that allows the cells to easily adhere to the substrates. Moreover, the oxygen
functional groups of GO (carboxyl, hydroxyl and epoxide groups) are able to adsorb serum protein in
culture medium, by attaching to molecules or surfaces, and promote the cellular differentiation and
growth®™. This is evidenced in the use of a substrate recovered with GO film to promote the
differentiation of dental pulp stem cells (DPSCs)*”. Besides that, the negatively charged GO surface can

promote electrostatic interactions with the positively charged calcium phosphate (due to the calcium
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moieties), enabling the development of nanocomposites based on GO and calcium phosphate and to

. . . . . 206.207
induce the osteogenesis process on bone regeneration applications>"**"".

One recent example of the development of a nanocomposite based on GO for bone regeneration,
is the work performed by Li and collaborators®®. The authors developed a bioactive three-dimensional
GO foam (GF)/polydimethylsiloxane (PDMS) /zinc silicate (ZN) scaffold with enhanced osteoinductivity
properties for bone regeneration. The nanocomposite was synthesized via dip coating and hydrothermal
synthesis processes, resulting in the interconnected macroporous structure (Figure 7 (a)). The authors
combined the properties of all the materials, such as: 1) the 3D structures of the GO foam, to improve the
proliferation of mouse bone marrow mesenchymal stem cells (mBMSCs) and play an active role in
osteogenic differentiation in bone tissue engineering; ii) the flexible stiffness and biocompatibility of the
PDMS, that can increase the mechanical properties of the GF scaffold without changing its good cell
compatibility and iii) the zinc silicate particles, to provide zinc and silicon ions to the GF scaffold to
improve the ability of stem cells to survive and differentiate into bones; to achieve scaffolds exhibiting a
porous characteristic with organic—inorganic components similar to natural bone tissue. The
nanocomposite scaffold displayed excellent biocompatibility and the ability to induce mBMSC
proliferation and preferential osteogenic differentiation. The in vivo analysis of critical bone defects in
rabbits demonstrated superior bone formation in defect sites in the GF/PDMS/ZS scaffold group at 12

weeks of post implantation without any significant inflammatory response (Figure 7 (a (i-xii)).

Another 2D material that has been attracting attention in bone tissue engineering is BP***'°.

Besides having all the unique properties of the 2D materials, BP has a special feature, that is related with
its chemical composition - the phosphorus atoms. As previously mentioned in this review, the BP has
poor chemical stability in the environments with oxygen and water and rapidly degrades to oxygenated
phosphorus (POx), releasing phosphate ions. However, the phosphate ions are a major constituent of bone

minerals and play an important role in bone regeneration®''. Based on that, Huang et al.*"

proposed to
develop a 3D hydrogel based on BP nanosheets (BPNs) to consistently and mildly provide phosphorus
ions to accelerate bone regeneration without introducing foreign calcium. The 3D hydrogel was fabricated
by photo-crosslinking of gelatin methacrylamide, BPNs, and cationic arginine-based unsaturated
poly(ester amide)s. The incorporation of the BPNs in the 3D hydrogel scaffolds improved the mechanical

performance of the hydrogels and promoted the capture of the calcium ions to accelerate the

biomineralization process in defected bone (Figure 7(b)).
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Besides the graphene, and BP many other 2D materials, and nanocomposites based on these
materials have been explored in tissue engineering, where their surface properties confer these materials

outstanding performance when incorporated into scaffolds, as can be seen in the table 2.
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Figure 7. The application of 2D materials for bone tissue engineering. (a) Schematic illustration of the synthesis of
nanocomposite based on three-dimensional GO foam (GF)/polydimethylsiloxane (PDMS) /zinc silicate (ZN)
scaffolds and their potential application in osteoblast differentiation. A 6 mm x 10 mm rabbit bone defected in vivo
and the gross anatomy of the (i) blank group at 12 week post-surgery and (ii-iv) GF/PDMS/ZS composite scaffold
group at 4, 8, and 12 weeks after surgery, respectively. 3D CT reconstruction model diagram of the (x) blank group
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at 12 weeks after surgery and (vi-viii) GF/PDMS/ZS composite scaffold group at 4, 8, and 12 weeks after surgery,
respectively. Sagittal plane anatomy of the (ix) blank group at 12 weeks after surgery and (x—xii) GF/PDMS/ZS
composite scaffold group at 4, 8, and 12 weeks after surgery, respectively (Adapted with permission from ref (208).
Copyright 2019 American Chemical Society). (b) Schematic illustration of the preparation of black phosphorus
nanosheets based 3D hydrogel platform via photopolymerization of gelatin methacrylamide (GelMA) and cationic
arginine-based unsaturated poly(ester amide)s [U-Arg-PEAs], for effective bone regeneration. (Reproduced with
permission from ref (212). Copyright 2019 American Chemical Society).

3.2.4 — Drug Delivery

Drug delivery systems represent one of the best strategies to perform target drug transportation
and decrease side effects in patients. As the thinnest materials, 2D materials have the highest specific
surface areas among all known materials, and can act as large reservoirs and anchoring sites to efficiently

load and deliver therapeutic agents'**"

. Moreover, it is possible to take advantage of the outstanding
physicochemical, optical, and electronic properties of the 2D materials to combine the drug delivery
systems with cellular imaging, chemotherapy, photothermal (PPT) and photodynamic (PDT) therapies to
develope smart drug delivery systems®'*. In these applications, the surface properties of the 2D materials
play an important role in efficient drug loading. The GMs - graphene, GO and rGO - were the first 2D
materials explored as carriers in drug delivery systems >'>*'**!” by harnessing the surface properties. The
surface of graphene is abundant in delocalized surface m electrons that can be used for effective drug
loading of poorly soluble drugs (the most common drugs used in cancer therapies) via hydrophobic
interactions and m—7 stacking®'®*'®. Additionally, the large surface area of graphene allows the high
density functionalization of its surface via both covalent and non-covalent approach, improving the drugs

219

loading™". However, GO is more widely used than graphene for drug delivery applications due to the
presence of carboxylic, epoxy and hydroxide groups, which allow for wide range of reactions and
functionalization opportunities. Furthermore, the surface of GO displays a coexistence of hydrophobic
and hydrophilic properties, due to the sp” and sp’ hybridized carbon domains in its structure, which
enables this material to possess good water dispersity and biocompatibility, but also a high affinity for
some drug molecules that are immiscible in aqueous media. However, in contrast with GO, graphene has
more sp> hybridized carbon domains exhibiting a higher absorbance in the near-infrared region (NIR),
which is favorable for the PPT and PDT applications™.

A particular interest of drug delivery systems is to perform the release a sequence of drugs with
defined kinetics and molar ratios to enhance the therapeutic effects while minimizing the dose to
patients®'. Recently, Schneible et al. achieved this concept by developing a nanocomposite based on GO
nanosheets embedded in a Max8 peptide hydrogel, which provides controlled kinetics and molar ratios of

release of doxorubicin (DOX) and gemcitabine (GEM)*'. With this nanocomposite, the authors

demonstrated the high DOX loading on GO and sustained release by pH (18.9% over 72 h and 31.4%
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over 4 weeks) and a Max8 hydrogel with a capability to release GEM with faster kinetics and with 10-
fold molar ratio to DOX. The nanocomposite based on DOX/GO@GEM/Max8 hydrogel matrix was
tested against a triple negative breast cancer cell line, MDA-MB-231, and achieved a combination index
of 0.093 + 0.001; indicating a much stronger synergistic effect compared to the DOX—GEM combination
as free drugs co-administered in solution (CI = 0.396 + 0.034). This combination index value obtained by
the DOX/GO@GEM/Max8 hydrogel nanocomposite was the lowest reported in the literature for this and
similar drugs.

As a member of the TMDs family, MoS, shows very interesting application in drug delivery
systems combined with PPT and PDT. This is due to the fact that a monolayer of MoS, has 7.8 times
higher NIR absorbance than GO. In addition, the surface chemistry of MoS, is rich for functionalization,
since MoS, has unsaturated d-orbitals, chemically active edge defects and sulfur vacancies, that acting as

sites for introducing functional groups and ligands***

. However MoS, demonstrated low serum stability
and inefficient intracellular delivery”***. A nice strategy to mitigate these issues and improve the
biocompatibility and decreased even more the cytotoxicity is to perform the functionalization of the
surface of Mos, with biocompatible materials and/or biomolecules. This was clearly demonstrated

recently by Xie. M. et al.”®

. The authors showed the modification of the MoS, surface with egg yolk
phospholipids (MoS,-Lipid) to enhance the stability of the MoS, nanosheets under physiological
conditions and to act as nanocarrier system for the treatment of tumors via the combination of
chemotherapy and photothermal therapy. The MoS,-Lipid demonstrated a loading rate of DOX of 104.4
%, and a release mediate by pH and NIR light. The non- covalent functionalization of the MoS, surface
with lipids by coating, represents an easy strategy to improve the stability of MoS, nanosheets, but also
enhanced the biocompatibility and the accumulation of the nanocarrier in mice tumors in vivo.

Another 2D material that has been drawing attention as an ideal candidate for drug delivery is h-
BN, which possess many beneficial properties including surface chemical inertness, hierarchical surface
porosity, high specific surface area, the low toxicity, and high thermal conductivity'”. Fu, Z. et al**,
took advantage of the unique properties of h-BN to develop a multifunctional nanoplatform, co-carrying
DOX and the heat shock protein inhibitor 17AAG, which can kill cancer cells and inhibit tumor growth at
relatively low temperatures. The high surface area of h-BN allowed the high density functionalization
with the cRGD peptide to target the avp3 integrin, which is over-expressed in the cells of tumors. The h-
BN nanoplatform exhibited a high loading capacity for DOX (603 mg g ') with a drug release by pH and
NIR controlled. The presence of 17AAG and the high thermal conductivity of the h-BN nanosheets,
allowed for low temperature PTT to be combined with chemotherapy with DOX, resulting in highly

effective anti-cancer activity of the multifunctional platform based on h-BN nanosheets.
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Based on the combination of drug delivery and PPT- PDT process, many others 2D materials
have been exploited in this purpose, mainly that have strong light absorption in NIR regions, such as

MXens?*” and BP'"*?®® as can be seen in the table 2.

3.3 — Biocompatibility and Biodegradability

The biocompatibility and biodegradability of the 2D materials are essential for their integration
and use in biomedical applications, such as implantable devices, tissue engineering, drug delivery
systems, among others. The biocompatibility of 2D materials is not only dependent on the surface
properties of these materials, such as functionalization degree and reactive surface, but also the

229,230,231

concentration, purity, size, shape, thickness and form of the 2D materials. For example, a study

performed by Mateti et al.”*

showed that micrometer-sized h-BN nanosheets possess in vitro
biocompatibility against Osteoblast-like cells; however, nanosheets with a lateral size less than 1pum and a
thickness below 100 nm were less biocompatible. It was suggested that this observation may be due to the
unsaturated B atoms located at the nanosheet edges or on the surface of the material (in the case of
defects) are present in a radical state, and triggering faster reactivity kinetics with other active atoms, such
as oxygen, to generate ROS and leading to cell death. In this case, the larger lateral sized nanosheets of h-
BN possess more exposed edges with unsaturated B atoms, and, thus, would decrease the
biocompatibility of this 2D material.

In case of the GMs, graphene and its derivatives obtained by different methods, such as
mechanical exfoliation, CVD or solution process (liquid and chemical exfoliation), can all exhibit
different biocompatibility properties. Nanoflakes of chemically exfoliated graphene, micrometer size
flakes of GO, or substrate bound CVD graphene will have dramatically different interactions and effects
(if any) on live cells and tissue that can result in contradicting conclusions.”” For example, a study
performed by Park et al.*** showed that graphene obtained by CVD on copper foil was an ideal substrate
to promote the cardiomyogenic differentiation process of mesenchymal stem cells. Moreover, it was also
found that the grown graphene did not exhibit any sign of cytotoxicity for the stem cell cultures;
indicating that this method for obtaining graphene could be an approach towards the development of
implantable biosensors based on CVD graphene.

The functionalization of the surface of 2D materials is a great strategy to improve the
biocompatibility of these materials.”>*" In this sense, GO poses as an ideal candidate due to their
intrinsic oxygen functional groups at its surface. Jasim et al.>** demonstrated that the intravenous injection
of large amounts of GO nanosheets into mice resulted in an extensive urinary excretion, indicating a rapid

transit across the glomerular filtration barrier (GFB), without causing any kidney (or other tissue)
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damage. Similarly, it has been reported that the functionalization of the MoS, surface with lipoic acid and
poly(ethylene glycol) (PEG) improved significantly its biocompatibility and physiological stability>.
The investigation of the mechanisms and material parameters that are responsible for the biocompatibility
of 2D materials, and the potential for the materials to induce any type of damage in the tissues, still
warrants thorough investigation. This is the only way to ensure the safe use of 2D materials in biomedical
applications. In this context, we can highlight government initiatives such as the GRAPHENE Flagship
project™, funded by the European Union, that has a work package (Health and Environment) related to
study the safety and potential risks to the health of animals, humans and the environment, of the graphene
and other 2D materials. These initiatives help to improve and seek new knowledge regarding the
nanosafety of 2D materials, contributing to the future commercial implementation of these materials in
the biomedical applications.

The biodegradability of 2D materials is other important parameter that needs to be very
well investigated before its integration in biomedical applications. In particular, the biodegradaility has to
be considered for some biomedical applications which may require long-term integration within the
biological milieu®, such as orthopedic or neuronal implants, catheters, wound healing agents,
implantable biosensors and corneal devices. Moreover, for biomedical application such as drug delivery
systems, the ability of 2D materials to biodegrade is very important and can be influenced by many
factors, inlcuding the type of material, the degree of chemical functionalization, the aqueous dispersity
and the redox potentials of the different oxidative environments. Thus, it is of utmost importance to
consider all of these parameters when examining the biodegradability of 2D materials, and to find
stratergies to enable, or promote, this aspect for commercial biotechnologies.”>> Recently, Bianco et al.>
performed an elegant roadmap study examining the main parameters into the biodegradation of 2D
materials. The surface defects, functional groups and chemical functionalization all played an important
role in the promotion of the biodegradability. Furthermore, the authors introduced the concept of
“degradation-by-design” which represents a great approach to improve the biodegradability of the 2D

materials by the covalent modification of the material surface with appropriate molecules.

4. Future outlook and conclusions

From the early stages of discovery, to recent advancements in synthesis and surface engineering,
there is no denying that tremendous progress and achievements have been made in the field of 2D
materials. With such a diverse range of properties, and endless possibilities to ‘mix and match’, 2D
materials have benefited many areas of research and technology. In particular, 2D materials have great

potential for bio-applications that can have great impacts on healthcare and society.
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Owing to its outstanding properties that arise from its dimensionality and surface interactions, 2D
materials have levitated many intrinsic limitations of biomolecular and chemical sensing, such as low
signals, slow bio-reaction times or events, and instability, and have enabled the realization of many
platforms and devices with high sensitivity and selectivity. Surface engineering and functionalization
techniques to modify and tune the electronic and optical properties have become a common approach to
expand the family of 2D materials and to compensate for various drawbacks. Moreover, due to the
success of 2D materials, there are continuous efforts in finding newer and novel 2D materials with

potentially superior properties or more facile synthetic routes.

With this in mind, there are still several challenges and limitations that need to be addressed.
Whilst 2D materials has been a trending topic for the past two decades, the commercial availability of
healthcare devices and technologies based on 2D materials is currently still lacking. The key reason that
hinders its market presence stems from large-scale production and standardization issues. As the
properties of 2D materials are defined by its physical and atomic structures, it is essential that mass
production of the materials have high uniformity (control on the number of layers, lateral size and defects
of the nanosheets) such that there is no, or low, device-to-device variability. This is also particularly true
for applications that require surface functionalization, where the amount/concentration of bioreceptors

should be consistent in each sensor or device.

In addition, to have a competitive and economical edge, the synthesis methods should be low
cost, yet with a high degree of controllability. The issue of low cost mass production is also another factor
that hinders the commercial availability of 2D material-based biotechnologies. For platforms and devices
that require pristine and uniform surfaces, like FETs, growth methods, such as chemical vapor deposition
(CVD), are costly approaches to obtain high quality, yet low-yielding, 2D materials. To meet several
growth parameters, such as high temperatures and pressures, expensive and specific instruments and
facilities are typically required alongside the costs associated with hiring and training specialized
personnel. On the other hand, solution based methods, such as ultrasonication assisted exfoliation, may be
a cost effective and high-yielding approach. However, this represents only a reality for graphene and its
derivatives; where some companies on the market are able to control the homogeneity of graphene and its
derivatives from bath to batch. The mass production of 2D nanomaterials beyond graphene, such as the
TMDs and h-BN, still pose as a challenge. Besides that, the implementation of the 2D materials in
biomedical applications, such as tissue engineering and drug delivery system, require a strict quality
control of the 2D nanosheets obtained by solution based methods. The use of the rigorous protocols that
aim to purify and remove the remaining impurities from liquid chemical exfoliation process, such as

acids, basis, and metallic ions, among others, from the resulting 2D dispersion needs to be performed. The
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presence of chemical impurities, as well as the type of solvent and the pH value of the dispersion, can
greatly affect the performance the 2D materials in the biomedical applications and even more affect its
cytotoxicity. Whilst these drawbacks may be overlooked in research settings, translation of these

processes to commercial products and mass production must be addressed.

Another issue, mainly related to in vivo and biomedical uses, is the stability and compatibility in
biological environments for extended periods of time. Factors such as device or material degradation, due
to exposure to complex biological media, toxicity, and prolonged use and its effects should be

systematically evaluated prior to their use in everyday life.

In conclusion, while there are still several challenges and limitations to be faced, it is evident that
the field of 2D materials has made tremendous progress and has had great impacts for biosensors and
biomedical devices. In this review we highlight the importance of the surface and dimensionality of 2D
materials and how it has influenced the design and development of many biotechnologies. We showed
that the understanding of the surface properties (high surface area, surface roughness, chemical
functionalities of the surface, surface charge, confinement of charge carriers, biocompatibility and among
others), the dimensionality and shape of the 2D materials nanosheets is the key point to better explore the
potential of these materials in the successful development of biotechnologies such as in biosensors,
implants, tissue engineering, membranes and surfaces with antimicrobial and antifouling properties,
among others. Thanks to the unique surface properties of the 2D materials it has been possible to develop
biosensors with outstanding characteristics, never achieved before using materials at the bulk scale.
Biosensors with impressive low limits of detection (fM, aM and even zM), miniaturized, integrated into
the user’s skin, stable and with different functionalities have been developed taking advantage of the 2D
materials surface properties. It is thanks to the constant strive of many researchers, both inside and
outside of academia, to better understand the properties and mechanisms of 2D materials that enables the
creation of novel strategies and engineering methods to push for the realization of advanced and future

biotechnologies.
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