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Abstract

A large number of graphene and other 2D materials are currently used for the development of
new technologies, increasingly entering different industrial sectors. Interrogating the impact of
such 2D materials on health and environment is crucial for both modulating their potential toxicity
in living organisms and eliminating them from the environment. In this context, understanding if
2D materials are bio-persistent is mandatory. In this review we describe the importance of
biodegradability and decomposition of 2D materials. We initially cover the biodegradation of
graphene family materials, followed by other emerging classes of 2D materials including
transition metal dichalcogenides and oxides, Xenes, Mxenes and other non-metallic 2D
materials. We explain the role of defects and functional groups, introduced onto the surface of
the materials during their preparation, and the consequences of chemical functionalization on
biodegradability. In strong relation to the chemistry on 2D materials, we describe the concept of
“degradation-by-design” that we contributed to develop, and which concerns the covalent
modification with appropriate molecules to enhance the biodegradability of 2D materials. Finally,
we cover the importance of designing new biodegradable 2D conjugates and devices for
biomedical applications as drug delivery carriers, in bioelectronics, and tissue engineering. We
would like to highlight that the biodegradation of 2D materials mainly depends on the type of
material, the chemical functionalization, the aqueous dispersibility and the redox potentials of
the different oxidative environments. Biodegradation is one of the necessary conditions for the
safe application of 2D materials. Therefore, we hope that this review will help to better
understand their biodegradation processes, and will stimulate the chemists to explore new

chemical strategies to design safer products, composites and devices containing 2D materials.



1. Introduction

2D layered materials consist of sheets of different atomic elements that can stack on top of each
other, stabilized by van der Waals forces.! If these layers are exfoliated into monolayers or few-
layers, new physicochemical properties show up. Graphene became the most popular 2D material
since more than one decade.? This material is a single atomic plane of graphite, made of sp?
hybridized carbon atoms. Graphene monolayer has unprecedented properties, including room-
temperature quantum Hall effect, high carrier mobility, high thermal conductivity and a relatively
high Young’s modulus.®> However, graphene is not immune from structural defects. In fact,
engineering defects on graphene has been a key approach to understand and tune its properties.
In this context, a family of graphene materials has emerged in the last years, and these carbon-
based materials can be classified depending on the carbon to oxygen ratio (C/O), the lateral size
and the number of layers.* These three properties can be mainly modulated by the production and
processing methods.> Graphene family materials (GFMs) like graphene oxide (GO),® few-layer
graphene (FLG)"® or graphene nanoribbons (GNRs),° among others, have arisen as novel
nanomaterials for different applications depending on their final properties.'®!* Regarding the
industrial applications, GFMs have been already applied as conducting additives in electrodes for
batteries,'? as additives in anti-corrosion primers,®® or as precursors for touch panels.**1® In the
biomedical field, GFMs have also gained a central role and they have been explored as effective
platforms for drug delivery,'®® as components of bioanalytical devices,'*?° or embedded into
scaffolds for neuronal growth,?* and tissue engineering.?*# In addition, functionalized graphene
nanocomposites have demonstrated to ameliorate the photothermal properties for tumour
treatment.?*

The success of graphene and GFMs has been the inspiration of an equally remarkable
development of other inorganic 2D materials consisting of single atomic sheets of different classes
of compounds.??® These new materials include transition metal dichalcogenides (TMDs),
hexagonal boron nitride (hBN, also known as white graphene), MXenes (2D carbides or nitrides),
transition metal oxides (TMOs), 2D Xenes such as borophene, silicene, germanene, or
phosphorene (also called black phosphorus, BP), and other 2D materials like layered double
hydroxides (LDHs),?” metal-organic frameworks (MOFs),?8% and covalent organic frameworks
(COFs)® (Fig. 1).

We could consider TMDs as the first descendants of graphene,?®3! due to the properties similar
to graphene and GFMs, like excellent electrical transport, high in-plane stiffness, Young’s modulus,
transparency and flexibility.3> 2D TMDs have a three-layer atomic structure, where the outside
layers is made of chalcogens covalently bound to a metallic atom inner layer. Each of these layers
is arranged in a triangular lattice. Some examples of TMDs are MoS,, MoSe,, WS;, WSe,, etc.
This kind of 2D materials shows also unique electrical and optical properties due to a tuneable
bandgap when bulk materials are processed as monolayers, which make them suitable candidates
for a wide range of optoelectronic devices.** MoS; is probably the most widely studied TMD until
now, and it has been used as a solid industrial lubricant® or as a catalyst,* for instance. On the
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other hand, the bioapplications of TMDs are still at their infancy,*” despite some studies were
reported mainly focusing on the development of electrochemical sensing of multifunctional targets.
MoS; nanostructures have been used to create sensors, which have demonstrated their prominent
role in biological, environmental, and food analyses.®® Besides, their toxicity has been
demonstrated to be low for MoS,, WS, and WSe,.*® Overall, TMDs reached the same potential of
graphene after the discovery of their direct band gap, their high charge density and their
valleytronics properties.

hBN is also among the most promising 2D layered nanomaterials.*® hBN is composed of
covalently bound alternating nitrogen and boron atoms. The high mechanical stiffness, wide band
gap, and excellent thermal conductivity and stability, are at the origin of its applications.** As it
happens with TMDs or graphene, hBN hosts defects that were engineered to obtain for example
room temperature single-photon emission. Besides, van der Waals heterostructures combining
graphene and hBN have been recently reported.”> hBN can tune the optical and electronic
properties of graphene in new ways under specific conditions in order to induce secondary Dirac
points or new plasmonic states. The integration of other van der Waals materials into these
heterostructures can modify the degrees of freedom (e.g., interlayer spacing), which paves the way
for the manipulation of the properties of limitless new devices. All features and possibilities offered
by hBN have led to its use as field effect transistor, in tunnelling devices or in deep UV emitters.*?
Exfoliated hBN films have been applied as well as coatings that withstand extreme environmental
conditions.* Future photonics functionalities are also expected for hBN, but there are still some
obstacles such as limited synthesis and processing techniques.*® hBN related structures seem to
have a better biocompatibility and lower cytotoxicity than their carbon-based cousins, although
more results are required.*® Despite one of the difficulties is the obtaining of good water
dispersibility, some progressions indicate that the challenges related to BN material poor water
dispersibility can be effectively addressed via chemical functionalization.*”*® The surface
madification of hBN by covalent and non-covalent approaches has been extensively explored, to
also prevent aggregation.®® Another important challenge is the biocompatibility of the material
depending again on its physicochemical properties, purity or concentration.*® However, some
research has been done in this field.** Golberg and co-workers developed, for instance, a
biocompatible hydroxyl hBN that could load ~300 wt% of doxorubicin (DOX), and exhibit much
higher potency in reducing the viability of human prostate adenocarcinoma than the free drug.*

Silicene, the silicon equivalent of graphene,® and other periodic table group IV materials such
as germanene or stanene,*>*® and group V phosphorene (e.g., the single- or few-layer form of
black phosphorus)® are considered as emerging 2D materials, grouped in the so-called family of
Xenes.>>" Compared to graphene, the bandgap value in silicene is not suitable for electronic
devices, although it is emerging a new field of research interested in the phenomena of quantum
spin Hall effect, which is one of the recent scientific attraction due to its importance for technological
applications in the fields of 2D spintronics nanotechnology. Considering the quantum spin Hall
effect, it is important to highlight that silicene is one step ahead compared to graphene due to its
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compatibility with the present matured silicon-based semiconductor technology. Regarding
phosphorene, novel physical, chemical, and mechanical properties have led to the fabrication of
phosphorus-based devices with promising potentials for applications in electronics,
optoelectronics, photovoltaics, and spintronics.®®%° Besides, phosphorene offers a desirable
characteristic for radio-frequency applications that is lacking in graphene-based field effect
transistors.®® Due to stability issues, the experimental developments and uses of silicene and
phosphorene have only just started. The stability problem can be overcome by
functionalization,®*%2 or by forming heterostructures.”® For example, the design and surface
functionalization of Xenes for biomedical applications has been recently reviewed.®® In this
(bio)context, 2D Xenes have been proposed as biosensors,54% for bioimaging,%®®" as
therapeutics,®®% and even as antimicrobials,”® and neuroprotective systems.”

Commonly, the “MAX” phases have a formula of M,.1:AX, where “M” means early d-transition
metal, “A” represents the main group sp-element (mostly belonging to 11l A or IV A groups, including
Al, Ga, In, Tl, Si, Ge, Sn, Pb, P, As, or S), and “X” indicates C and/or N.”? 2D transition metal
carbide and nitride layers (MXenes) have been produced by the selective chemical etching of “A”
in MAX phases. Ultrasonication is the primary tool for delaminating, exfoliating and separating
MXene sheets of high quality.” In the same way graphene-based materials can be obtained from
graphite, the exfoliation of some members of the MAX phase family can be achieve by using
hydrofluoric acid solutions and sonication.”* As for other 2D nanomaterials, the surface
functionalization of MXenes is possible.” Considering the large family of 2D materials, MXenes
are very young, but they have grown rapidly in the last years. More than 70 different MXenes have
been reported and, owing to their large surface area, hydrophilicity, adsorption ability, and high
surface reactivity, they have attracted the attention as novel catalysts, for ion batteries, for gas
storage media, and as sensors.’? Regarding the biomedical applications, MXenes have shown to
be promising materials for the fabrication of sensors in environmental analysis and biomedical
detection (e.g., gas sensing, detection of H.O», and detection of macromolecules and cells). For
example, an ultrathin conductive MXene-micropatterned field-effect transistor (FET) device for the
fast detection of action potentials in primary neurons was reported.”® The FET devices are crucial
for the detection of neurotransmitter dopamine through doping effect, caused by the n—r interaction
between dopamine and the electrons from the terminal groups such as OH and F. Besides, the
system could also be used a real-time probe for cultured primary hippocampal neurons, showing
an outstanding biocompatibility.

Another class of 2D materials comprises the transition metal oxides (TMOs),”” which are
composed of oxygen atoms joined to transition metals, being classified in monoxides (MO),
dioxides (MO,), trioxides (MO3), and ternary oxides in which perovskite structure is the most
widespread configuration. The type of metal-oxygen bonding varies between highly
covalent/metallic to nearly ionic, determining unusual properties of this kind of materials, imparted
also by the unigue nature of the outer d-electrons. TMOs have demonstrated to be suitable
candidates for energy-related applications’ or for organic electronics.” On the other hand, TMOs
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have also got a lot of attention in the biomedical field.2° MnO; has been for instance used in cancer
therapy,®%2 and degradable MoOx has been applied as therapeutic nanoplatforms.®* MoOx flakes
are sufficiently stable in acidic pH but they are degraded into [MoO4]? at physiological pH.884

Additional 2D materials include layered double hydroxides (LDHs),%> metal-organic
frameworks (MOFs),®” and covalent organic frameworks (COFs).3°8 |DHs can be easily
obtained by top-down liquid phase exfoliation as 2D nanosheets.?>% This type of nanostructures
can be applied in a wide range of fields including energy, catalysis, optics and healthcare.?”:91:92
Pan et al. demonstrated, for example, how the introduction of LDH layers in polymer matrices
can even improve the flame retardancy of polymers.®®* MOFs, most often synthesized in the form
of 3D,% have been recently prepared as 2D materials by either top-down or bottom-up methods,
and can be used as well in different fields such as absorption and separation of toxic substances
from gas and liquid, catalysis and environmental or biomedical applications.®®* 2D MOFs have
been successfully applied for instance in X-ray-induced photodynamic therapy of colon
cancer.®® Finally, COFs have been also prepared as layered materials by mechanical or
gas/liquid phase exfoliation.®”-*° Similarly to LDHs and MOFs, COFs” unique features have
made them excellent candidates for a plethora of uses ranging from energy to biomedical
sciences.**1%° For example, hydrogen and methane storage using 2D COFs have been deeply
explored.10%.102

Overall, the development of 2D layered nanomaterials is ambitious, and the important role of
these materials in the industries® and in the biomedical sectors!®®'% is undoubtable.!1:1%510¢ For
these reasons, testing and understanding the biodegradability and the impact of 2D materials in
the environment and living organisms is imperative. If nanomaterials are (bio)persistent, their safe
use will be under risk unless the body clearance and excretion of administered doses occur.
However, if 2D materials are biodegradable, their body or environmental elimination may be
superfluous, provided that the degradation by-products will be nontoxic. In spite of this, there are
still no data on environmental transformation or biodegradation for the largest variety of the new
2D nanomaterials, being therefore a clear and crucial subject of research.

A series of works have already evidenced that oxidative enzymes (e.g., peroxidases) are able
to catalyse the degradation of 2D materials,°”1% in the presence of hydrogen peroxide, following
the peroxidase catalytic cycle.’?*!° These enzymes can be secreted by the immune cells like
neutrophils, eosinophils and macrophages. This is the case for human myeloperoxidase (hMPO)
or eosinophil peroxidase (EPO).11113 But there are also plant enzymes like horseradish peroxidase
(HRP) and fungal enzymes like lignin peroxidase (LiP) capable of the same action.''#!!’ Besides,
artificial peroxidases mimicking enzyme known as “DNAzymes” similar to HRP have been recently
reported.!*® These artificial enzymes, which are composed of a guanine rich G-quadruplex (a
single-stranded DNA complexed to hemin) resulted efficient in the degradation of GO similarly to
HRP.

In a recent highlight, we carefully evaluated the role of the material structural properties in the
degradation ability of each specific graphene-based material.’°® There, we briefly discussed the
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interest of studying the biodegradation possibilities of other 2D materials different from graphene.
This review goes ahead in that line, evaluating more in detail the biodegradability issues, describing
how the impact of 2D materials in ecosystems is mainly dependent on the type of material, its
chemical functionalization (oxidized versus pristine surface chemistry), its aqueous dispersibility
and the redox potentials of the enzyme intermediates. We analysed relevant articles centred on
biodegradation of 2D materials and the impact of chemistry on this process, expanding further the
field by covering the new emerging 2D materials and the most recent strategies aimed to
understand and tune their degradation. This review helps to better understand the biodegradation
of 2D materials, and it contributes to elucidate the possible mechanisms of degradation. The design
of new artificial enzymes mimicking natural systems that could help to fulfil this purpose is reviewed
as well.

To conclude, we hope that this contribution will be useful to design safer 2D-containing
composites, biomedical systems and devices. It is time to further advance our understanding by
exploring biodegradation of 2D materials, their functionalized derivatives and their
heterostructures. Biodegradation is one of the necessary characteristics for the safe use in vivo of

2D materials. Therefore, only following this strategy, we will be able to identify their most promising

biodegradable structures and to apply them in a safe way.
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Fig. 1 Molecular structures of representative 2D materials.

2. Biodegradation of graphene family materials

GFMs have been widely applied in biomedical fields, including cancer therapy, tissue engineering,
biosensing, diagnosis and bioimaging.!'®1?* Because of this wide range of bioapplications, the
assessment of their safety has received enormous attention.'?>?” The study of the biodegradability
is one of the steps towards the safe use of GFMSs. In this scenario, several research groups have
started to look to biodegradation of GFMs, particularly focusing on the peroxidase catalysis and
redox reactions.19912812% The role of the material properties (such as the number of layers, the

lateral dimension and the oxidation degree) in the degradation aptitude of each specific GFMs have
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been recently discussed (Fig. 2).1%
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Fig. 2 Classification of biodegradable GFMs based on their later size, number of layers and C/O
ratio. Reproduced with permission.®® Copyright 2019, the Royal Society of Chemistry.

The available results are very helpful to orient the future applications of GFMs in vitro and in vivo.
Usually, Fenton or photo-Fenton redox reactions are the common chemical methods for a GFM
efficient degradation,®*13! while enzyme-mediated catalytic biodegradations rely on the
interactions between an enzyme and GFMs with the assistance of H.O» (Fig. 3).110115132133 Thege

types of chemical and biochemical processes lead to the oxidation of carbon atoms generating
carbon dioxide as final product.

o
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Fig. 3 Biodegradation scheme of GFMs. (A) Degradation process of GO by Fenton reaction

(Fe**/Fe*/H,O2) under UV irradiation leading to final production of CO.. Reproduced with
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permission.* Copyright 2012, the American Chemical Society. (B, left) The interaction between
GO and HRP. Reproduced with permission.1*®> Copyright 2011, the American Chemical Society.
(B, right) Peroxidase catalytic cycle of HRP, MPO and EPO in the presence of H.O;, occurring
during the degradation of GFMs. Reproduced with permission.!® Copyright 2020, the Royal
Society of Chemistry.

2.1 Biodegradation of graphene

One of the first studies on the degradability of graphene demonstrated that pristine multi-layered
graphene can be slowly and partially degraded by redox reactions in the presence of H,O,.1* The
process was observed following the changes of the ratio between the Ip Raman band (at ~1350
cm?), associated to the defects of the graphitic structure, and the Is band (at ~1580 cm?),
representative of the graphitic sp? structure. Under a relatively low concentration of H.O, the Ip/lc
ratio first increased with time of treatment and then decreased again. The trend of this change was
attributed to the augmented number of defects on graphene surface after oxidation and subsequent
exposure of the underlying pristine graphene layers when the outer layer is damaged. Using a
higher concentration of H.O-, the Ip/lc value decreased faster, and both D and G bands almost
completely disappeared after 25 h when the concentration was above 100 M.

Alternative to chemical reactions, the environment and living systems rely on biochemical
process to degrade exogenous molecules and materials, exploiting natural oxidative enzymes,
called peroxidases. Therefore, peroxidase catalytic reactions started to be explored to evaluate
their capacity to degrade graphene. Opposite to the general belief that graphene might be non-
biodegradable, like pristine carbon nanotubes (CNTSs),'* mainly because of lack of functional
groups that were demonstrated to play the key role in the interaction and activation of the
peroxidases,*®® it resulted instead that such enzymes can degrade graphene. Highly dispersed
single-layer graphene (SLG) and FLG, could be almost completely degraded by human
myeloperoxidase (hnMPO) up to 40 h of treatment.!*! In the cellular systems, hMPO catalytic activity
lasts for about 6 h, the life time of the cells secreting the enzyme. Although this short action time, it
was demonstrated that this enzyme can degrade CNTs within 24 h in the lung.” In the context of
graphene study, activated immune polymorphonuclear leukocytes, which secret hMPO, are able
to degrade SLG and FLG efficiently up to 5 days. This experiment proves that the biodegradability
of SLG and FLG likely occurs in vivo, indicating that our immune system can put in place efficient
strategies to degrade any type of exogenous materials. These results suggest the safe use of
graphene in the biomedical field, as drug delivery system, for instance. In addition to human
peroxidases, plant oxidative enzyme like horseradish peroxidase (HRP) were also used to degrade
graphene.*” However, graphene only was partially degraded after 1 week. This is due to the redox
potential of this enzyme, which is lower than that of hMPO. Therefore, not all types of peroxidases
can degrade graphene fast and completely. Recently, one study demonstrated that pristine
graphene was degraded slowly in blood plasma, producing nanopores and wrinkles in the
nanosheets.'®® This was attributed to the reactive oxygen species (ROS) generated in blood, such
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as HO' and superoxide radicals (O ™). These results highlight how graphene can be degraded in

vitro and in vivo, supporting its biosecurity.

2.2 Biodegradation of graphene oxide

GO is probably the most studied member of the GFMs as it possesses several advantages
compared with graphene, like a high dispersibility and chemical reactivity, which endow GO with
great potential in biomedicine.'®**14! Since GO has a very high oxidation degree and more defect
sites than graphene, it is degraded much easier and faster than graphene, resulting safer for this
characteristics.'®® Several studies have addressed the biodegradability of GO. Photo-Fenton
reaction can be considered the most exploited chemical method to degrade GO.*? For example,
GO underwent morphological changes during the photo-Fenton reaction at pH 4, and it was
transformed into graphene quantum dots.*®* From the point of view of the mechanism, the
degradation of GO starts at the carbon atoms connected with the oxygen-containing functional
groups, following C-C bond break. Therefore, a high content of oxygen atoms contributes to favour
the degradation of GO. During the degradation process, the structures of generated by-products
consist of oxidized polycyclic aromatic hydrocarbons. Eventually, GO degrades to carbon dioxide
and H2O when pH value is below 3.1* This indicates that pH value plays a key role in the final
degraded products. Alternatively to the photo-Fenton reaction, the treatment with hypochlorite can
also degrade GO quickly, which provides a new way of degradation.'#*

Like we observed for graphene, photo-Fenton reaction or hypochlorite oxidisation are not the
ways by which GO degrades in vivo. In a living system, we can therefore imagine that the
biodegradation of GO undergoes via the catalytic action of peroxidases. The ability of hMPO to
degrade GO with different degree of oxidation, leading to a variable dispersibility in water, was
assessed in phosphate buffer rich in NaCl and in the presence of H,0.1*2 hMPO could completely
degrade highly dispersed GO, while it failed to degrade the most aggregated GO. This means that
hydrophilicity, available negative surface charge and colloidal stability have significant effects on
GO enzymatic degradation. The results obtained by this study provide a helpful guidance to design
degradable GO-based materials. In another work, big-size (micrometre range lateral dimension)
and small-size (nanometre range lateral dimension) GO could be degraded directly by neutrophils
after their degranulation, and the degradation products were proved to be non-cytotoxic and non-
genotoxic to the human lung BEAS-2B cell line.}* Alternative to hMPO, recombinant eosinophil
peroxidase (EPO) enzyme secreted by human eosinophils also showed efficient degradation ability
of GO with different degrees of oxygen functional groups in the presence of a low concentration of
H.0, and NaBr.11° The content of oxygenated defects has an obvious impact on the biodegradation
rate of GO by EPO, which is similar to hMPO mediated catalytic degradation. However, the
degradation speed of EPO (~90 h) is lower than hMPO (~24 h), certainly due to the difference of
the redox potentials of generated reactive intermediates. The redox potential of hMPO (~1.16 eV)
is only slightly higher than that of EPO (~1.10 eV), but hMPO can produce stronger oxidant species
(e.g., HOCI) than EPO (e.g., HOBY¥), that justify a quicker degradation of GO by MPO catalysis.
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Furthermore, HRP could also catalyse the oxidation of GO. The pioneer study of Star and co-
workers demonstrated how HRP is able to form quite regular holes on the basal plane of GO in the
presence of low concentrations of H,O.1%° In the same study, HRP failed to oxidize reduced GO.
The authors found that HRP was preferentially bound to the basal plane rather than the edge of
GO by computational docking analysis. It resulted that the heme active site of HRP is in closer
proximity to GO than reduced GO, facilitating the oxidation of former.

It is well-known that DNAzymes, composed of supramolecular guanine-rich G-quadruplexes,
display peroxidase activity mimicking HRP.1® A DNAzyme consisting of a PS2.M-hemin complex
was demonstrated to oxidize and degrade GO as an alternative to natural HRP. Although the
degradation rate was relatively low, similar to HRP (degradation period ~30 d), this strategy opens
many possibilities for the design of better artificial oxidative enzymes for the biodegradation of
GFMs and other new 2D materials. Very limited remain the studies exploring the biodegradation
of GFMs by environmental microorganisms like bacteria and fungi. One example has reported the
biodegradation of GO by bacterium Labrys sp. WJW, while another described the transformation
of GO by white rot fungus Phanerochaete chrysosporium, opening positive perspectives in GO
disposal.146.147

Besides the last two examples, all data described above demonstrate the degradation of GO in
test tube or in vitro. To assess the biodegradation of GO in vivo, the biotransformation of GO in
blood was observed, which is fundamental to assess a safe use of this material.»*® The results
reported in this study suggested that the biodegradation and the formation of the biological corona
on GO occurred simultaneously in blood plasma and could influence GO toxicity. Reactive species
HO', but not O,~, seems to play a dominant role in the degradation of GO in blood, with a
mechanism similar to the photo-Fenton reaction mediated degradation.*? In summary, GO
possesses a better biodegradability than graphene, likely resulting in safer in the different fields of

applications.

2.3 Biodegradation of other GFMs

Besides graphene and GO, the biodegradation of other GFMs (e.g. graphene quantum dots,
oxidized graphene nanoribbons, and 3D graphene scaffolds) have been also studied. The different
studies provide promising evidence about the biosecurity of GFMs. The degradation of oxidized
and reduced graphene oxide nanoribbons (GONRs and rGONRS) was evaluated using the fungal
enzyme LiP with and without the assistance of veratryl alcohol (VA is an electron transfer mediator
and a secondary metabolite of white rot fungi).!*® Within 96 h, in the presence of H.O. and VA,
GONRs and rGONRs were degraded completely and partially by LiP, respectively. The
degradation rate decreased obviously when VA was removed by the solution. Therefore, VA is an
essential factor in the degradation of GONRs and rGONRs by LiP catalysis.

Graphene quantum dots (GQDs) are an emerging type of OD carbon material, and possess an
atomically thin graphitic plane (typically 1 or 2 layers) usually with the size <10 nm.%*® They have
been develop as multifunctional platforms for applications in bioimaging, biosensing, and
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therapy.’*® The hMPO- and hEPO-mediated biodegradation of GQDs was observed after a few
hours and became more obvious after a few days.'® Molecular dynamics simulations showed
closed interactions between the enzymes and GQDs, ensuring a good degradation efficiency.
Furthermore, the biodegradation of 3D graphene scaffolds prepared by a deposition-etching
process, with high porosity and specific surface area for tissue engineering was also studied by
culturing the material with HepG2 hepatocarcinoma cells.**2*>3 The 3D graphene scaffold showed
a 2-step oxidative biodegradation process, consisting first on the disruption of the single-layer
domains and the peeling off of smaller graphitic particles from the surface of the scaffold, followed
by the decomposition and gradual degradation of the other graphitic flakes.

To promote the biodegradation of graphene, a carboxylated graphene, corresponding to an
oxidized derivative of graphene, well-dispersed in water similarly to GO, was prepared to study the
role of defects and functional groups on biodegradation. Confocal Raman imaging was used to
characterize the macrophage-mediated biodegradation of this carboxylated graphene.® 3D
images of characteristic Raman signatures of the material were obtained from different mouse
organs allowing to identify the gradual change and the structural disorders. The changes of another
characteristic band of graphene materials related to defects, called D’ (at ~1620 cm™), were
followed together with the evolution of the Ip/lg ratio. Both values increased, while the overall
intensity of the bands decreased with time in different tissues. Interestingly, the biodegradation of
this type of graphene was prominent in spleen over for 3 months, attributed to the action of the
phagocytic immune cells. However, almost no oxidation of pristine graphene happened up to 6
weeks in the lungs,'** which means that carboxylation can promote the degradation of graphene.

In conclusion, many GFMs can be degraded by enzymatic and chemical redox reactions (Fig.
4). The assessment of biodegradability can further promote applications, and it also helps to

increase the confidence in the biosafety of GFMs.
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Fig. 4 lllustration of the typical GFM degradation pathways followed by different enzymatic and
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chemical reactions.

2.4 Biodegradation of carbon nanotubes

Although CNTSs are considered within the family of graphitic carbon nanomaterials, they are not 2D.
However, we have decided to describe them because their degradation have been started to be
studied before GFMs and many experiments have been designed on that protocols. CNTs are
composed of graphene sheets and they are structurally divided into single-walled (SWCNTSs) and
multi-walled carbon nanotubes (MWCNTS). Due to the increased demand and the extensive
applications, the biocompatibility and the biodegradation of CNTs raised significant concerns.1°51%
The biodegradability of CNTs reduces the side effects and makes CNTs better eliminated from the
body, increasing their biosecurity.

It has been demonstrated that CNTs can be oxidized slowly and partially by commonly used
oxidants like NaOCI, HNOs, and H,0,.171%° Fe?'/Fe*-mediated Fenton reaction completely
degrades SWCNTs in ~10 days.'® Varied peroxidases (such as HRP, hMPO, EPO, LiP, and
manganese peroxidase) were used to degrade CNTs.197161-165 For example, HRP can catalyse the
biodegradation of oxidized SWCNTSs,!621% and the oxidative biodegradation of SWCNTs was
triggered using LiP.1%* SWCNT dispersions were also degraded by hMPO, in 24 h.1%7 In comparison
to the action of HRP, the synergetic effects of generated hypochlorite (HOCI) and the reactive
intermediates in MPO/H.0./CI~ system promote CNT degradation more efficiently than the
HRP/H0, system.1¢’

Macrophages, recruited in the lung after pulmonary exposure to CNTs, are able to degrade
functionalized SWCNTs by a superoxide/peroxynitrite oxidative process.1%16° SWCNTs with
defect sites are more prone to be biodegraded by macrophages,*”® and the functionalization of
SWCNTs with 1gG promotes MPO release and ONOO~ formation in zymosan-stimulated
macrophages, subsequently contributing to the higher degradation degree.’* PEGylated SWCNTs
are able to activate neutrophils to increase the production of HOCI, leading to a stronger oxidative
degradation.t”? Furthermore, photothermal imaging is a visual and practical technology that
allowed to assess the degradation level of functionalized MWCNTSs in primary glial cells.t”®

The study of the clearance and degradation behaviour of CNTs in vivo is very important to assess
their biosecurity.!’* Several studies have demonstrated that functionalized CNTs showed no
apparent toxicity in vivo, and could be excreted.!’>1’” However, impaired clearance and enhanced
pulmonary inflammatory/fibrotic response to CNTs happened in MPO-deficient mice, meaning that
MPO plays a vital role in the degradation process in vivo.!”® Furtherlore, Diels-Alder functionalized
CNT membranes for bone tissue engineering could be degraded easier than membranes
containing non-functionalized CNTSs, likely mediated by the oxidation-induced MPO in neutrophil
and macrophage inflammatory conditions.”® In conclusion, certain types of CNTs are
biodegradable particularly those chemically functionalized, as the functional groups introduce on

the surface of the tubes regulate the biodegradation and the toxicity in vivo.
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3. Biodegradation of other 2D materials

Beyond graphene and its derivatives, numerous 2D family materials have been explored and
applied in the biomedical fields.'® Based on their different properties, 2D materials are designed
and chemically modified for specific applications, such as drug delivery, cancer diagnosis and
therapy, bioimaging, biosensing, cell differentiation, and tissue engineering.'8-183 Assessing the
biodegradability of 2D materials is fundamental for their translation into future clinical
applications.'8* It has been reported so far that 2D materials are generally absorbed or
eliminated after degradation by metabolic or enzymatic actions. These processes transform the
structure and composition of 2D materials into ultra-small particles or soluble ions.'®® The
investigation of the biodegradability of 2D materials is fundamental to assess their biosecurity
and to understand their behaviour during or after their biological actions in vivo. In this section,
the degradation of Xenes family materials, MXenes family materials, transition metal
dichalcogenides, transition metal oxides, non-metallic materials and other 2D materials will be
discussed in detail.

3.1 Xenes’ family materials

Monoelemental 2D materials belonging mainly to the periodic table group IV and V, called Xenes,
have attracted a wide attention due to their new and unique properties. Xenes are considered
the next generation biomaterials, and they start to be widely applied in biomedicine, for
photothermal therapy, diagnosis, drug delivery and imaging.®® Therefore, the study of their
biosecurity and biodegradability is very important. The low stability of pristine Xenes provides
huge advantages, particularly because of their intrinsic biodegradability. Black phosphorus is
currently the most studied 2D Xene material in the biomedical domain.®>18 |t has been proved
that BP can be easily oxidized by H,O., and can be degraded by O dissolved in water or by
Oa/light system (Fig. 5).191% These conditions are easy to be met into cells and tissues, posing
the bases for the biodegradation of BP in vitro and in vivo. Furthermore, the degradation process
of BP is correlated to the electronic structure, explained by the transfer of electrons to surface
physisorbed O, molecules leading to the layer-dependent oxidation of BP, and is pH-
dependent.’®¢197 For materials science applications, it has been demonstrated that chemical
modifications and inclusion into composites can enhance the stability of BP.1%-200 mportantly,
the final degradation product of BP consist of PO.* ions, which are nontoxic not only to cells or
organs, but also to the environment.?°2%2 Therefore, BP possesses high potential for further

secure applications.
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Fig. 5 (A) Oxidative degradation of BP by O,/H.O system. Reproduced with permission.1%
Copyright 2019, the American Chemical Society. (B) Oxidative degradation of BP by Oa/light
system. Reproduced with permission.1® Copyright 2016, Wiley.

Besides BP, other Xenes are widely exploited. 2D antimonene nanosheets (AMNSSs) have
been applied as photonic nanomedicines for multimodal-imaging-guided cancer theranostics.%®
AMNSs could be degraded in water, and oxygen dissolved in water can accelerate the
degradation remarkably, indicating that the biodegradation of AMNSs follows an oxidation
pathway. It has been reported that in vivo, AMNSSs are cleared from mouse body by metabolic
degradation after 30 days, letting to consider antimonene as a safe material.®®2% However,
many of newly synthesised Xenes materials, such as tellurene,®® borophene,®” and
bismuthene,?* have been initially applied in the biomedical field, but their biodegradability has
been not assessed yet.

According to the current results, we can say that the degradation of Xenes materials is mainly
following a process of oxidation promoted by O, or H,O,. The presence of these molecule inside
the cells and tissues renders Xenes quite safe materials for in vivo uses, and clinical

applications.

3.2 Mxenes’ family materials
Mxenes’ materials are another type of 2D materials that have attracted enormous attention from
their discovery in 2011.2%° Mxenes consist of transition metal carbides, nitrides, and
carbonitrides with a typical formula of M1 X, (M: early d-transition metal; X: carbon and/or
nitrogen).%® Due to the distinctive properties, Mxenes have been widely applied in varied fields,
and biomedicine is one very important and attractive area of exploitation.?” Therefore, it is
becoming necessary and urgent to assess the biodegradability potential and biosafety of these
materials.

Titanium carbide (TisC,) Mxene has been applied, for example, in cancer therapy due to its
excellent photothermal efficiency.?%82%° To improve the dispersibility and the efficiency, TisC; is
usually chemically modified and combined with other materials.?1°?!! However, there is no report

about the degradability of TisC> Mxene likely due to its high stability. Titanium nitride (TiN) and
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tantalum carbide (TasCs) Mxenes also possess properties similar to TizC.212213 Recently,
alternative biodegradable Mxenes have been developed for uses in nanomedicine. Polyvinyl
alcohol modified ultrathin  molybdenum carbide (Mo.C-PVA) Mxene exhibits high
biocompatibility and fast degradability, showing high efficiency for photonic tumour
hyperthermia.?* Nanoflakes of Mo.C-PVA Mxene can be degraded in the presence of water
and water-dissolved oxygen, while the addition of H.O, accelerates the degradation process.
Consequently, we can conclude that Mo,C-PVA Mxene is probably easily degraded inside cells
or tissues. Mo,C Mxene is transformed into soluble innocuous MoO.%*. Alternatively, PEG
modified tungsten nitride (PEG-WN) Mxene also undergoes an oxidative degradation. It has
been reported that most of PEG-WN could be excreted in vivo within one week, following its
oxidation to water-soluble small molecular species (such as ammonium metatungstate
hydrate).?!® Interestingly, nanosheets of PVP modified niobium carbide (Nb.C-PVP) Mxene can
be degraded by hMPO in the presence of H.O- (Fig. 6).2'® In view of the data reported in the
literature, we can conclude that Mxenes’ materials are biocompatible and biodegradable and
they possess a great potential in biomedicine.
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Fig. 6 Biodegradation of Nb.C-PVP Mxene by hMPO cataIyS|s in PBS in the presence of H,O..
(A) Colour change, (B) size change and (C) absorbance spectra changes of Nb,C-PVP Mxene
under different conditions. (D) Morphology change of Nb.C-PVP Mxene under different
conditions. Reproduced with permission.?'® Copyright 2017, American Chemical Society.

3.3 Transition metal dichalcogenides

TMDs are within the first 2D materials that have been explored in biomedicine.?!”-?2° The
reference TMD is 1T phase MoS,, which is easily degraded in phosphate buffer saline (PBS)
after 7 days, being oxidized into water-soluble molybdenum oxide species (e.g., MoQ,?7).221:222
It is worth noting that acidic pH accelerate MoS; degradation, favouring its applications for
cancer therapy, due to the acidic microenvironment in tumour tissues. Our group found that
MoS; could be quickly degraded after 24 h by the hMPO/H,0,/NaCl system.'** On the basis of
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this finding, we can hypothesize that MoS. would show faster degradation in vivo. In this context,
Liu and co-workers have demonstrated that MoS, can be biodegraded and excreted relatively
faster than WS, and TiS; after intravenous injection. Therefore, MoS; can be considered
particularly promising for further biomedical applications. Although not studied, it seems that
protein corona, likely formed in the blood stream, does not hinder the biodegradation.??® In
addition, covalent functionalization would increase the stability of MoS; by stabilising the 1T
phase compared to the pristine MoS,. Therefore, by chemical modifications it is possible to tune
the degradation rate according to the corresponding application.

Besides dichalcogenides, it has been demonstrated that other metal containing sulphides like
tetragonal FesSs can effectively accumulate in the tumour under magnetic targeting, and
gradually biodegrade into particles of few nanometre diameter made of y-FeOOH over three
weeks by releasing Fe ions.??* The degraded product would be effectively excreted from the
body after exerting their therapeutic effect. Other nanomaterials like SnS and MoTe, showed a
NIR light-triggered degradable phenomenon through metal element oxidation.??>?26 The
degradation products of MoTe, contain ~21% of Mo(V) and ~79% of Mo(VI), which confirms
that most of Mo(V) is oxidized to Mo(VI) under the NIR irradiation-mediated degradation.
However, the biodegradability studies of many other TMDs and transition metal sulphides and
selenides (e.g., InSe, MoSe;, Bi;S3, TaS; and TiS,) are missing although they have shown

promising results as biomedical tools.??7-231

3.4 Transition metal oxides
2D Transition metal oxides (TMOs) have also gotten a lot of attention in various fields, including
the biomedical.® For example, 2D MnO; has been used in cancer therapy and diagnosis. MnO;
nanosheets can react with glutathione (GSH), and be reduced to Mn?* ions (Fig. 7). The reaction
between MnO, and GSH not only consumes intracellular GSH, but also causes the
biodegradation of the nanosheets.?*? Exploiting this process, MnO, has been explored as
ultrasensitive pH-triggered cancer theranostics, for cancer treatment. The Fenton-like reaction
of Mn?* ions converts H,O- into hydroxyl radical, for intracellular glutathione detection, as
mediator signal amplifier of down-regulated intracellular microRNA.233-23¢

Additional TMO materials like CoszO4 flat nanoprisms and MoOx [e.g., Hx(Mo"x)(Mo"'1.x)Os]
nanosheets have been recently studied. Coz0. is biodegradable in the presence of H»O; in
acidic conditions via a redox reaction. Co®" ions released from Cos0, are able to convert H,O,
into hydroxyl radicals to kill cancer cells through a Fenton-like reaction.?*” MoOy nanosheets are
instead relatively stable in acidic pH and are degraded into [MoO4?* at physiological
pH.8384238.23% Eyrthermore, MoOx nanosheets are able to convert H,O- into cytotoxic superoxide
radicals leading to cancer cell death. Due to the relatively good stability in tumour
microenvironment to cause cancer cell death by combination of photothermal therapy (PTT) and
chemodynamic therapy (CDT), and the fast degradability in normal tissues, MoOx nanosheets
possess great advantages for future clinical applications.
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Fig. 7 Biodegradation of MnO; by intracellular GSH with the synergistic effect of Mn?* ions
mediated by Fenton-like reaction. Reproduced with permission.3? Copyright 2018, Wiley.

3.5 Non-metallic 2D materials
Non-metallic 2D materials mainly include hBN and graphitic carbon nitride (g-CsNa4). These
materials were demonstrated to display a relatively high biocompatibility, and were explored for
biomedical applications.?*%?44 However, the biodegradability of hBN and g-CsN4 nanosheets is
little studied, likely because of their high chemical stability and strong resistance to oxidation.
Our group evaluated the biodegradability of hBN nanosheets by comparing the catalytic
activity of HRP and hMPO to the photo-Fenton reaction.'* The results showed that hBN flakes
underwent only a partial oxidation using hMPO after 35 h of treatment, while HRP failed to
degrade hBN up to 60 days (Fig. 8). Nearly complete degradation occurred instead in the
conditions of the photo-Fenton reaction during 100 h. This study evidenced that hBN possesses

higher intrinsic stability compared to GFMs.
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Fig. 8 The biodegradation of hBN by hMPO and HRP catalysis and photo-Fenton reaction. MPO

catalysis (2) and Fenton reaction (3) both can degrade hBN efficiently, and HRP catalysis (1)
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fails to degrade hBN. Reproduced with permission.'** Copyright 2018, Wiley.

Generally, g-CsNa4is very difficult to degrade. However, when it is in the form of quantum dots
with diameter of 2 to 6 nm, itcan be degraded within 24 h inside cells.?*® Furthermore, disulfide
bonds present as defects in the g-CsN4 framework because NH:sHSO, is used as a critical
adjuvant during the preparation process could endow g-CsNs nanosheets with partial
biodegradability, permitting to the reducing responsive intracellular compartments to break
disulfide bond.?*® Inversely, bulk g-CsN4 is very resistant to degradation. These results
demonstrate that size and chemical modifications are playing an important role to improve g-

CsN4 biodegradation.

3.6 Other 2D materials

In addition to the different classes of 2D materials that we have considered so far in this review,
there are also other families that are emerging for different types of applications and that
deserve attention about their degradability behaviour and safety. These 2D materials are
layered LDHs,%5% MOFs,®” and COFs.%08

In the case of LDHs, nanosheets containing conjugated Fe?* ions and stabilized by
PEGylation were used as therapeutic nanocatalysts for efficient tumour ablation by triggering a
localized Fenton reaction, which is attributed to the efficient biodegradation of this system at pH
value below 6.5 in the specific tumour microenvironment.?*” In a different work, the microbial
biodegradation of poly(3-hydroxybutyrate)/layered double hydroxide composite has been
reported.?*® In this study, it was found that, while the addition of different percentages of LDH to
poly(3-hydroxybutyrate)-based films enhances their mechanical properties, the differences on
bacterial degradability of these organo-modified LDHs are negligible.

In the case of MOFs, a biocompatible and biodegradable Cu-TCPP(Fe) MOF [TCPP,
tetrakis(4-carboxyphenyl) porphyrin] loaded with cisplatin was designed for cancer therapy
application. Following the delivery of the drug, the anticancer efficiency of the system was
enhanced by the Fenton reaction of Cu ions released after biodegradation.?*° In another study,
platinum-based Sm-TCPP-Pt MOF nanosheets ware developed and used as a degradable
platform to treat cancer by mitochondrion-targeting and oxygen self-supplier photodynamic
therapy.?° Finally, few biodegradable 2D COFs were prepared by condensation of appropriate
molecular building blocks, connected through reversible dynamic bonds.*>?! The reversible
covalent bonds are able to maintain their structure in normal conditions but to break under
specific stimuli such as low pH.?*2 COFs are stable enough to preserve their structure before
reaching the target tissues and biodegrade in the cancer microenvironment.® For instance, a
2D nanosized COF composed of 1,4-benzendiboronic acid and (3-aminopropyl) triethoxysilane,
coated with polydopamine, and loaded with indocyanine green has been used in cancer
immunotherapy,?®® while a cyanine IR783 stabilized COF nanosheets, made of 2,3,6,7,10,11-

hexahydroxytriphenylene and 5,15-bis(4-boronophenyl)-porphyrin, was developed for PTT and
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chemotherapy, allowing to achieve a high cancer therapeutic efficiency.?>

In conclusion, according to the relatively wide results available on biodegradability of 2D
family materials beyond GFMs, we can conclude that there are two main biodegradation
pathways: 1) a biochemical enzymatic process, and 2) a chemical redox process. Biochemical
enzymatic process possesses greater advantage to degrade 2D family materials with high
stability (e.g., MoS2 and hBN). Chemical redox reactions mediated by oxidants, such as O; and
H20,, can degrade 2D family materials with low stability in intracellular and tissue environment
(e.g., MnO2 and BP). The assessment of biodegradability of 2D family materials not only ensure
their biosecurity, but also promote their development for various applications.

4. Degradation-by-design: effect of chemical functionalization on biodegradability of 2D
materials

In this section, we are mainly focusing our attention on how the chemical functionalization of 2D
materials modulate their degradability. We will explain in depth the concept of “degradation-by-
design”, to enhance the biodegradation of 2D materials, which involves the covalent
functionalization with specific bioactive molecules able to increase the catalytic activity of
peroxidases.

The recent reviews on biodegradation of 2D materials have evidenced that the characteristics
of the original materials and their chemical modification influence their biological impact, eventually
suggesting the development of safer nanomaterials by-design.1%®

Despite carbon nanotubes and graphene present very distinct features, their key
physicochemical characteristics (i.e. structure, surface, chemical composition) can be compared
to some extent. In this context, carbon nanotubes have offered a set of rules regarding
biodegradation of graphene nanomaterials,*?® due to the fact that they are “older”?*® and they have
been extensively studied before GFMs started to be produced in high quantities. Different
strategies have been investigated to improve the degradability of 2D nanomaterials. Some of them
are atom doping, introduction of defective sites and oxygenated groups or even functionalization
with specific ligands to make the nanomaterial more “attractive” as a substrate for certain enzymes.
These strategies will be discussed in this section by illustrating related and remarkable literature
examples.

The enzymatic degradation of multi-walled carbon nanotubes by HRP/H.O, was reported by
Zhao et al. in 2011.1%¢ The authors investigated the degradation of purified, nitrogen-doped and
oxidized multi-walled carbon nanotubes. Different degrees of carboxylation were achieved by
controlling the time of oxidative acid treatment. The authors found faster degradations of oxidized
nanotubes compared to the pristine material thanks to the effective interaction between oxygen-
containing defects on the nanotubes and the active site of the enzyme. Furthermore, it was
demonstrated that the degradation took place layer-by-layer, on the defective sites of outer
graphitic walls. In contrast to carboxylated nanotubes, the defective sites present in all graphitic
walls of nitrogen-doped CNTs can trigger a complete degradation of the multi-walled carbon
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nanotubes by HRP.

The work on how to enhance the degradability of CNTs by appropriate chemical modifications,
appeared in 2015, represents the first example of “degradation-by-design”.?®® Two different
azidocoumarin and one catechol derivatives were linked to multi-walled carbon nanotubes (Fig. 9).
These molecules are good ligands for the peroxidases and act as reducing substrates and strong
redox mediators to enhance the catalytic activity of the enzymes. In addition, xanthine oxidase was
used to test the biodegradability of MWCNTSs functionalized with an azidopurine. Both coumarin
and catechol ligands were able to enhance the biodegradability rate of the nanotubes compared
to the oxidized nanotube precursors. This is due to the capacity of these substrates to better
interact with the active site of HRP. However, azidopurine-nanotubes were less degraded by
xanthine oxidase than oxidized nanotubes, suggesting that the design in the case of this enzyme
has to be reconsidered. This work illustrates the important role of the surface chemistry as a
strategy to tune the enzymatic degradability of carbon nanotubes.
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Fig. 9 Synthesis of the different functionalized multi-walled carbon nanotubes. Nanotube 1, 2 and
4 are modified with the coumarin and catechol substrates for HRP-mediated degradation.
Nanotube 3 is functionalized with a purine substrate for degradation by xanthine oxidase.

Reproduced with permission.?® Copyright 2015, Elsevier.

The role of functionalization on the biodegradation of carbon nanotubes was afterwards explored
by Modugno et al.*®* Double-walled and multi-walled carbon nanotubes of various lengths, degrees
of oxidation and chemical functionalizations, using different methods, were treated with HRP. For
this purpose, the introduction of amino groups both onto the sidewalls and at the tips of oxidized
carbon nanotubes using amidation and 1,3-dipolar cycloaddition reactions was applied. While all
tested double-walled nanotubes resulted resistant to degradation, short oxidized multi-walled

carbon nanotubes functionalized by amidation were reduced in length and presented a high
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amount of defects after the treatment with the enzyme. This work showed the importance of the
physicochemical characteristics of the nanotubes, including the structural defects and the
dispersibility, concluding that a low dispersibility ends in a worse interaction between the
nanomaterial and the enzyme, resulting therefore in a bad degradation capacity. Another example
showed the in vivo biodegradability of multi-walled carbon nanotubes functionalized by Diels—Alder
and further oxidized, in comparison to the pristine nanotubes.'’®

The examples and results obtained using CNTs have helped to understand a little more the
nanomaterial-enzyme interactions and the degradation mechanisms, and the approach has been
subsequently explored for other 2D materials. Kotchey et al. reviewed in 2012 the enzyme-
catalysed degradation of carbon nanomaterials,’® basically using hMPO or HRP. Most of the
examples concerned carbon nanotubes, but the authors also analysed the role of functional groups
in the degradation of reduced GO and GO.!® This work concluded that HRP catalyses the
oxidation of GO but fails oxidizing reduced GO, paving the way for future investigations on the role
of functional groups present on the surface of graphene materials. Soon after, the surface coating-
dependent degradation of graphene derivatives was reported.?®’ Li et al. demonstrated that both
PEGylation and conjugation with BSA (bovine serum albumin) protect the material from
degradation by HRP. However, the authors solved the problem of degradability by conjugating
PEG to GO via a cleavable disulphide bond, resulting in a hybrid that was partially degraded. In
view of these data, the importance of the surface functional groups and the consequent
enhancement of the dispersibility on biodegradability are clear. In fact, the dispersibility-dependent
degradation of carbon nanomaterials was demonstrated for GO,1%12 and for single- and few-layer
graphene.'! The works underline also how the level of oxidation of graphene directly correlates
with the efficiency of degradation.

To enhance the rate of degradation of GFMs, the degradation-by-design strategy, applied to
carbon nanotubes, was extended to GO.'7 In this work GO was functionalized with coumarin and
catechol to improve the interaction with HRP, as it had been previously demonstrated for carbon
nanotubes, leading to a faster degradation of these functionalized materials (Fig. 10, part A).2*®* We
also found that amino functions on GO reduced the biodegradability compared to unmodified GO.
To further expand the concept of degradation-by-design, our group reported in 2019 a study
demonstrating an acceleration of the biodegradation of GO by hMPO after functionalization of the
surface with the chemoattractant peptide N-formyl-methionyl-leucylphenylalanine (fMLP) (Fig. 10,
part A).Y In addition, the fMLP-functionalized platform was loaded with doxorubicin. In this context,
the drug was targeted to HelLa cells, which contain specific formyl peptide receptors, thanks to the
presence of the fMLP ligand. The hybrid demonstrated a higher doxorubicin internalization and a
higher cytotoxicity for cancer cells in vitro compared to the non-functionalized GO. In another recent
article, Arnold et al. published the long-term biodegradation of graphene oxide with polyphosphate
groups (Fig. 10, part B).?%® Long-term safety has remained an issue due to the limitations of in vitro
and in vivo models, which do not enough life span to predict a full lifetime of human use. The
authors applied an ex vivo degradation method through which the degradation of the nanomaterial
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can be monitored indefinitely and sampled at any point during the degradation process, studying
both the chemical structures and the physical properties of the aged materials. They found that
phosphate-modified GO chemically degrade over time in aqueous and enzymatic conditions,
eluting osteoinductive cations and anions. All these examples highlight that the biodegradation of
graphene family materials is strongly dependent on the type of functional molecules attached to

their surface.
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Fig. 10 (A) Synthesis of the different functionalized GO. GO 1 and 2 are modified with the catechol
and coumarin substrates for HRP-mediated degradation. GO 3 is functionalized with the
chemotactic peptide fMPL for hMPO-mediated degradation. (B) GO 4 is modified by polyphosphate

chains.

Degradation-by-design has been recently extended also to the other 2D nanomaterials. In this
context, the biodegradability of water dispersible pristine MoS; and acetamide functionalized-MoS;
nanosheets was examined.'*® The results showed that the chemical modification of this TMD tunes
the degradability and in particular it endows the material with a higher physiological stability. It has
been demonstrated that pristine MoS: is instable in the presence of O, and degraded in various
oxidizing aqueous conditions.?®® In another work, in vivo degradation of different TMDs was
evaluated.?”® The authors demonstrated that PEGylated MoS, can be degraded and excreted
within one month, while the PEGylated WS, and TiS, nanosheets showed accumulation in
reticuloendothelial systems (e.g., liver and spleen) after intravenous injection. This work clearly
suggests the use of MoS; as a particularly interesting material among other TMDs for biomedical
applications, pointing out also the important role of the material itself, regardless of the

functionalization strategy followed. Besides, in a different work, He and co-workers informed about
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a novel one-pot hydrothermal synthesis of degradable MoS; using poly(acrylic acid) (PAA). They
also demonstrated that the PEGylation of the PAA-Mo0S; nanosheets via amide bond formation,
leads to final MoS; hybrids that are quickly degraded in PBS at pH 7.4, showing excellent stability
in several media and outstanding photothermal properties.??? It is therefore important to understand
the crucial role played by the specific ligands anchored to the 2D materials on their stability in
physiological conditions and consequently on their biodegradability.

The easy aggregation, fast degradation, and insufficient stability of Xenes limit their application
in biological conditions. Compared to their pristine forms, surface functionalized 2D Xenes exhibit
enhanced dispersion stability and surface reactivity.5®* Therefore, it is very important to prepare
Xenes modified with adjustable degradation rates for both the best therapeutic efficacy and the
lowest systemic toxicity. The degradability of black phosphorus, for instance, was shown to be
dependent on chemical functionalization.?®® Exfoliated BP functionalized with aryl diazonium salts
presents reduced degradation rate exposed to ambient conditions compared to pristine BP flakes.
In a different work, Huang et al. described how the decoration of BP with Bi-Oznanoparticles inhibits
the rapid degradation of the nanosheets by occupation of the defect sites.?®* This fact sends back
to GFMs, in the sense that defects improve the biodegradation of the nanomaterials by enzymes.
However, while defects are oxygenated functional groups enhancing biodegradation for GFMs,
decorating BP with Bi-O3; nanoparticles reduces the degradation rate. Other protection strategies,
such as atomic layer deposition of AlOx, have been used to prevent phosphorene from
degradation.?°2262 |n the case of other Xenes, the rapid degradation of bismuthene in air can be
slowed down, for instance, by depositing a thin (1-5 nm), amorphous silicon capping layer under
ultra-high vacuum.?%3Qther authors suggested that partial surface oxidation of bismuthene could
also prevent further inner degradation, as it happens when superficial aluminum oxide protects
deeper aluminum from oxidation.?®* In the case of antimonene, Tao et al. developed a photonic
drug-delivery platform based on 2D PEGylated antimonene nanosheets.% The authors performed
in vivo studies, and demonstrated the inhibition of tumor growth and the potential degradability of
the hybrids with no side effects.

The surfaces of other Xenes such as borophene,?® silicene,?® or tellurene,®* %’ have been
already functionalized. However, degradation rates of these last mentioned modified 2D Xenes
have not been tested yet. In summary, although Xenes resulted relatively safe in terms of
cytotoxicity, their degradation is one of the main issues that needs to be systematically investigated
before envisaging pervasive therapeutic applications of these 2D materials. In addition, the
biodegradation studies of 2D Xenes by plant or human enzymes in still missing.

Regarding 2D Mxenes, the fabrication of devices and functional coatings, based for instance on
TizC,Ty, remains challenging as they are prone to chemical degradation by their oxidation to TiO».
TizC,Tx acceleration of its oxidation under UV light has been recently reported.?®® Besides, Li et al.
have reviewed the environmental stability of Mxenes:?® (i) at low temperatures, dark, vacuum and
inert atmosphere are effective ways to isolate moisture and oxygen, and avoid the oxidation
tendency; (i) at high temperatures, the oxidation a occurs faster; and (iii) under hydrothermal
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conditions (e.g., high temperature and pressure), more varied microstructural transformations can
be obtained. Therefore, tuning physically the degradation of 2D MXenes is possible, but the
influence of chemical modifications needs to be further investigated. In addition, the biodegradation
studies of those new modified 2D materials by plant or human-derived enzymes should be studied
as well.

We would like to conclude highlighting that the degradation-by-design concept can also imply
the possibility to devise new artificial enzymes mimicking natural peroxidases capable to degrade
GFMs, and 2D materials under controlled conditions. We have already mentioned above
DNAzymes composed of guanine rich G-quadruplexes capable to degrade GO similar to HRP.118
These peroxidase mimetics could be useful to understand the degradation reactions of 2D
materials in long term studies, since they have the better stability at ambient temperature unlike
natural enzymes.

In conclusion, based on the few existing literature reports, we can assume that the mechanisms
of degradation of carbon-based nanomaterials is different from the degradation mechanisms
followed by other 2D nanomaterials, certainly due to the different chemical compositions. It is also
evident that functionalization has a different influence. While it helps to biodegrade faster carbon-
based nanomaterials, it seems to disturb when degrading 2D materials. Despite the above-
mentioned investigations, a careful engineering research on 2D materials is still required from the
point of view of the degradation. Surface functionalization strategies together with the use of
relevant in vitro and in vivo models are necessary to better understand the possible risks of long-
term biopersistence of such materials. With this in mind, one may anticipate novel applications by

making these 2D nanomaterials safer-by-design.

5. Biomedical applications of biodegradable products containing 2D materials

One of the purposes of developing biodegradable materials is to utilize them directly or to
produce corresponding functional products for further applications. The potential applications or
the possible final products containing biodegradable 2D materials can stimulate further
development, and can be also used as a standard to assess the value of 2D materials.8%270
Based on the different structures, properties and biodegradation behaviour, biodegradable 2D
materials can present different promises in various fields of applications, including the
biomedical. In this section, the applications of biodegradable 2D materials in cancer therapy,
tissue engineering, and the possible final technological products (e.g., electronic skins and gas
sensors) will be discussed in detail.

There are several applications of biodegradable 2D materials in cancer therapy.184218.232.271,272
They are efficient carriers for drug delivery, and can be exploited for PTT, and can be used as
specific agents for CDT. For drugs delivery and PTT, 2D materials should maintain their original
structure during the time of action, and then be degraded gradually by enzymatic catalysis or
redox reaction.?”® PTT combined with drug delivery has also been widely explored to improve
the therapeutic efficiency.?’? In the case of CDT, biodegradable 2D materials can react with
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intracellular matters directly, leading to cancer cell ablation by causing intracellular homeostasis
disequilibrium.?*2 After redox reactions, the structure and constituents of 2D materials change,
meaning that they have been simultaneously degraded.

Due to the high specific surface area and relative safety, a certain number of biodegradable
2D materials have been used as drug transporters?”® or photothermal conversion agents for
cancer therapy.?’* Typically, biodegradable GO and BP nanosheets have been widely
studied.1"189275276 Qur group has designed a multifunctional GO nanoplatform with intrinsic
biodegradability and targeting capacity.!” GO functionalized with fMLP (GOfMLP) is able to
deliver the chemotherapeutic DOX faster into cells, inducing higher levels of apoptosis, and is
capable of inducing neutrophil degranulation with subsequent degradation (Fig. 11). The results
demonstrate that this ad hoc modified GO is a promising carrier able to efficiently deliver
anticancer drugs, being endowed with the ability to induce self-biodegradation. Alternatively, BP
has been also used to deliver drugs or genes, and as agent for photothermal therapy.?75277:278
BP-agarose hydrogel can accurately release DOX intracellularly, triggered by near-infrared light
(NIR).2”> Under NIR irradiation, agarose hydrogel was degraded into segments, oligomers, and
monomers and finally carbon dioxide and water by hydrolysis of the ester bonds, while BP was
degraded into phosphate and phosphonate by O, and H-O. Besides, agarose hydrogel can also
regulate the degradation rate of BP increasing its stability. Moreover, dopamine encapsulation
can effectively prevent the rapid degradation of BP, maintaining a good stability for efficient
PTT.2’7 Furthermore, Mo.C-PVA nanoflakes were used for PTT due to the good biocompatibility,
strong NIR absorbance, and high photothermal-conversion efficiency, and can be degraded into
soluble MoO.?" ions in the presence of the oxygen dissolved in water.?'* Therefore, degradable
2D materials can be designed as functional nanoplates for cancer therapy by drug delivery and
photothermal therapy.
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DOX into cancer cells by GOfMLP. Reproduced with permission.t” Copyright 2019, Wiley.
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Some 2D materials are sensitive to the tumour microenvironment (such as pH, H>O,, and
GSH). After the reaction with the intracellular molecules and ions, these 2D materials cause
cancer cell death by CDT and get degraded at the same time. These 2D materials usually
belong to TMO family. For example, MnO. nanosheets react with GSH generating Mn?* ions
and GSSG. Subsequently, Mn?* ions convert H.O- into HO" in the presence of physiological
HCOs™ ions. GSH depletion and HO  generation finally cause cancer cell death.?*?2 Co304
nanoprisms modified with BSA can degrade liberating Co®" ions in the presence of H.O, and H*
via a redox reaction. The generated Co®* ions serve as a selective catalyst for H,O, degradation
leading to generation of hydroxyl radicals through the Fenton-like reaction, which increases
intracellular oxidative stress and cause cell mortality.?®” According to these results, it can
conclude that the redox reactions between 2D materials with intracellular matters provide the
basis for CDT, and also offer an alternative strategy to develop new biodegradable 2D materials
that do not rely on enzymatic degradation.

Moreover, many 2D materials have been applied in tissue engineering.'®327°280 Because
biodegradable 2D materials usually should be converted into a part of the human body after
degradation, they are more suitable in the process of reparation injured tissues compared to
biopersistent materials. It was found that a self-supporting graphene hydrogel film was able to
stimulate osteogenic differentiation of stem cells in vitro and in vivo.®! After being
subcutaneously implanted in rats, the film can promote bone tissue regeneration and blood
vessel formation. Meanwhile, the film swelled and cracked in vivo, suggesting the beginning of
degradation. A GO-copper (GO-Cu) nhanocompaosite-coated porous calcium phosphate scaffold
was designed to promote vascularised bone regeneration by activating the Erk1/2 signalling
pathway.?®? Notably, in the defect regions, GO-Cu nanocomposites were both detected in the
multinucleated giant cells, indicating that GO-Cu nanocomposites were phagocytosed and
subsequently degraded.

It is well-known that the final degraded product of BP is PO4* ions, which can promote
osteogenic differentiation and bone regeneration. A BP nanosheets-3D printed bioglass scaffold
(BP-BG) was prepared for localised treatment of osteosarcoma and bone regeneration by
stepwise therapeutic strategy (Fig. 12).28% In the initial phase, BP can kill cancer cells by
photothermal effect. Then, the degraded product (PO.*) of BP can promote osteogenic
differentiation of hBMSCs and osteogenesis in vivo. Furthermore, biodegradable BP and
polyurethane (PU) composite (PU/BP) was designed as a new shape memory polymer with
NIR-photoresponsive shape memory ability.?8* After implanted into deep tissue, the PU/BP
material enabled the rapid shape change under 808 nm light irradiation. Meanwhile, BP could
be degraded into phosphate and it also accelerated the degradation of PU, whose degraded
products are nontoxic carbon dioxide and water. Therefore, biodegradability of 2D materials not
only ensure the biosecurity, but can be designed to promote tissue regeneration by exploiting
the degraded products.
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permission.?3 Copyright 2018, Wiley.

In the field of bioelectronics, biodegradable 2D materials are promising because of the high
safety and bioresorbable properties in vivo. Until now, graphene and MoS; are the most used
two 2D materials, which are maturely applied in bioresorbable electronics. Graphene has high
electronic mobility, which is helpful for the applications in the corresponding electronic
devices.?® Due to the biodegradability of both graphene and silk, a bioresorbable graphene/silk
passive wireless telemetry system was developed to detect bacteria on tooth enamel.?8®
Alternatively, MoS;, has also shown several advantages, including 2D electron confinement,
strong in-plane covalent bonding, flexibility and optical transparency.?'-28° Those properties are
significant for applications in transparent and bendable electronic devices. It has been
demonstrated that MoS: in electronic devices undergoes slow hydrolysis in PBS solution without
adverse biological effects.??! The biodegradability of MoS, usually begins at the defect rich
areas, such as the grain boundaries and locations of point defects. Usually, over 2 months are
needed to completely degrade and adsorb a polycrystalline MoS, monolayer of ~200 nm size

in PBS solution at 37 °C. Moreover, it has been shown that temperature, pH, and the type and
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concentration of ions could influence the degradation rate.??* Meanwhile, another kind of MoS.-
based bioabsorbable and multifunctional sensor was fabricated for intracranial monitoring of
pressure, temperature, strain, and motion in animal models according to the resistance
changes.?® After 4 weeks, the implanted MoS: film was gradually degraded and dissolved into
the interstitial fluid of mice.

In conclusion, due to the good biocompatibility and biodegradability, innumerable 2D
materials with different properties have been widely applied in varied fields, such as cancer
therapy, tissue repair and bioresorbable electronic devices. The assessment of biodegradability
ensures the biosecurity when 2D materials are used in vivo, which is very significant and helpful
to further clinical applications, and also provides beneficial guidance to design and develop
multifunctional 2D materials system for advanced applications.

Taking into consideration the biomedical applications described above, it is necessary for 2D
materials to have also stability, against biodegradation by enzymatic catalysis or redox reaction,
adapted to the specific applications. For example, for delivery of drugs and for photothermal
therapy, 2D materials need to be stable (for few days) until the drugs are released at the specific
site of action (e.g., cancer cells) and PTT is performed. As many 2D materials are used as
scaffolds in tissue engineering, these materials should be stable for longer time periods
(approximately a few weeks).?8® In the case of bioelectronic devices used for brain interfacing,
MoS: sheets, for example, were stable up to 4 weeks. These examples highlight as the time
frames for biodegradation are based on specific applications and the appropriate 2D material

should be carefully selected before processing.

6. Conclusion and Perspectives

In summary, the discovery of graphene and other 2D materials is not only revolutionary for various
industrial applications ranging from aerospace engineering to electronics, energy, and composites,
but it also led to a remarkable research activity in developing various biomedical applications
including bioelectronics. Although several promising biomedical uses of 2D materials (e.g., drug
and gene delivery, bioimaging, theranostics, implants, etc.) have been already reported, the fate
of these new materials in living organisms should be better understood, expanding the studies to
their biodegradability in physiological conditions. In general, the nanomaterials are administered
intravenously or orally for delivery of drugs to the target organs, or in some cases materials could
be implanted in the organs for sensing, imaging (diagnosis), and tissue regeneration. Therefore,
assessing the biodegradability of 2D materials is mandatory for a safe translation into clinics. Most
of the biodegradation studies of 2D materials were performed using peroxidases secreted by
immune cells like neutrophils, macrophages, eosinophils, or treating the materials in gastric juices,
or physiological pH.109128132144.156.291-294 Hawever, the current degradation studies are limited as
relevant models either using in vitro cells (in time frame of days to weeks) or animal models (in a

timeframe of months) are lacking.?*®
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It is clear that the degradation of 2D materials depends on the type of material. Inorganic
materials (e.g., BP, MoS;, etc.) are more easily degradable compared to organic 2D materials like
graphene. Moreover, aqueous dispersibility of the 2D materials is also an important parameter to
evaluate, because highly dispersible GO samples were proven to be highly degradable over poorly
dispersible GO. In addition, redox potentials of specific peroxidases can clearly influence the
degradation process in vivo. For example, MPO has redox potential (E°~1.16 eV), which explains
a better biodegradability of GO compared to EPO (E° ~1.10 eV), and HRP (E° ~1.0 eV).

Importantly, it has been demonstrated that the chemical modifications and covalent
functionalization (e.g., oxidation or functionalization with ligands) play a key role in tuning the
degradability of carbon-based nanomaterials. Especially, oxidized graphitic materials (e.g. GO and
CNTs) were found to be easily degraded by the peroxidases compared to the pristine materials.
Indeed, the oxidation of GFMs initiates at the defects and at the level of C-O bonds.'** To enhance
and control the biodegradability of any materials, the “degradation-by-design” concept holds a lot
of potential. The possibility to covalently functionalize 2D materials with bioactive molecules (like
the substrates of HRP)7?% or chemoattractant peptides (to increase for example the oxidative
activity of hMPQO) is of high interest to design safer biomedical tools.!” However, this concept has
been developed very little and mainly applied to GFMs. It is clear that this concept can be easily
extended to non-metallic 2D materials like h-BN and g-CsN4, by designing covalent modifications
to accelerate the degradation compared to non-functionalized materials. In contrast, the covalent
functionalization of MoS; or BP should be aimed to reduce the speed of their biodegradation. 13260
On the other hand, since MoS;, phosphorene, MXenes, etc. are generally devoid of reactive
organic functional units on their surface, a controlled covalent chemical modification with bioactive
molecules or ligands is more challenging, but not impossible.'®” We believe that the application of
“degradation-by-design” to inorganic 2D materials is one of the ways to render them safer in
different domains of applications. In addition, the development of new surface functionalization
strategies together with the use of relevant in vitro and in vivo models are necessary to better
understand the possible risks of long-term biopersistence of such materials.

Based on the available reports, hBN is the most difficult 2D material to be degraded by
peroxidases followed by the graphene,!'*'* graphene oxide,}? and transition metal
dichalcogenides!'® Black phosphorus is the fastest degradable materials, since it can be easily
degraded by moisture and oxygen.194195.262295.2% |t 5 clear that the degradation of GFMs is different
from other inorganic 2D nanomaterials, mainly due to the difference in the chemical composition
and chemical bonding. Though the major end products resulting from the biodegradation of
graphene materials are CO and CO; along with many polyaromatic hydrocarbons, the long-term
effects of these by-products are still unclear.1®® Similarly, the end products of other 2D materials
(except phosphorene) must be clearly understood to better conceive safer in vivo biomedical
applications. By comparing all 2D materials, their degradability and cytocompatibility, BP seems to
be very promising for biomedical applications due to their ultrahigh surface area, ease of
fabrication, high photothermal conversion ability, excellent biocompatibility and faster degradability,
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leading to formation of phosphate ions, one of the main components of the bones.?®” As the pristine
BP is degradable within hours in water and atmospheric oxygen, various chemical functionalization
methods have been already developed to introduce P-C or P-O-C bonds to reduce its rapid
degradation.?®® With all these examples in mind, one may preview novel chemical strategies to
make 2D nanomaterials degradable-by-design.

In conclusion, this review is aimed to highlight the key importance of biodegradability of 2D
materials, and in particular the role of chemical functionalization that is fundamental to modulate
their degradation mechanisms. Chemical functionalization of 2D materials is reasoned to be
critically important for example in determining the rate of the catalytic reactions occurring during
the enzymatic degradation. Therefore, functionalized 2D materials can be rationally designed by
exploiting versatile chemical approaches. Suitable functional groups able to attract degradative
enzymes can be covalently linked to 2D materials. 2D Materials can be modified by
functionalization with substrates that prevent enzyme inactivation or with substrates that enhance
enzyme activity, or with molecules with pro-oxidant effects (e.g., generation of H>Oy), or with
ligands (e.g., aptamers) that preferentially bind to specific enzymes.

In the development of various biomedical products and for a real translation of the laboratory
research into clinical setting, the assessment and control of the biodegradability is one of the crucial
parameters. Though the number of 2D materials are increasingly reported, their degradability in
the physiological conditions is poorly studied. The lessons learnt from the graphene family
materials and few 2D materials should guide future biodegradation studies and help the
researchers for a better design not only of biomedical products and tools, but also in the field of

materials science, to avoid the potential problems associated to environmental disposal.
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