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Abstract
There are diverse diseases such as some infections, trauma, and tumor resec-
tions during cancer surgery that can cause bone damage or skeletal defects in
persons.Most of the time, these defects cannot heal spontaneously due to several
medical conditions that patients encounter, like diabetes, hormone-related prob-
lems, and autoimmune disorders. This issue is even worse for older people and
some special treatments should be provided for them. Bone-tissue engineering
has emerged to tackle these challenges. By investigating bone repair strategies,
studying bone structures and biomechanics, and employing appropriate growth
factors, suitable scaffolds, and biomaterial-centered regenerative approaches can
be employed to treat bone defects more effectively. This study reviews some
recent bone-tissue-engineering strategies relying on two-dimensional (2D)mate-
rials, including graphene and its derivatives, black phosphorus, andMXenes that
are exhibiting a great potential in regenerative medicine.

KEYWORDS
2D materials, black phosphorous, bone regeneration strategies, bone-tissue engineering,
graphene derivatives, MXenes

1 INTRODUCTION

Due to situations such as trauma, tumors, and illnesses,
bone regeneration in large osseous defects is a key

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Journal of the American Ceramic Society published by Wiley Periodicals LLC on behalf of American Ceramic Society.

challenge in clinical surgery, and this is still more diffi-
cult in case of osteomyelitis and osteitis. Figure 1 illustrates
the process involved in bone regeneration.1 Many treat-
ment techniques have been used, including autografts,
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F IGURE 1 Illustration of the process of bone regeneration. MSC, mesenchymal stem cell. Source: Reproduced from Ref. [7] under CC
license.

allografts, and artificial bone scaffolds. In clinical prac-
tice, autografts are the gold standard, but they have several
drawbacks, including restricted bone mass, small size
range, minimal availability, and donor site injury.
Disease transmission, contamination, and immunolog-

ical response are all common hazards associated with
allografts. As a result, it is critical to produce an arti-
ficial bone replacement with superior osteoconduction,
osteoinduction, and osteointegration.2 The utilization of
nanomaterial-based composites produced from both nat-
ural and synthetic sources has resulted in substantial
advancements in bone-tissue engineering for the treat-
ment of a variety of bone abnormalities. Hence, great
focus has been placed on the development of artificial
bone materials or composites made of polymers, ceram-
ics, and metals, as well as their integration into hard tissue
engineering.3 Furthermore, due to their bone-mimicking
characteristics and drug transport behavior, nanomate-
rials are gaining popularity in bone-tissue-engineering
applications, especially related to orthopedics. Although
a variety of synthetic and natural biopolymers and bio-
ceramics are now being employed to create artificial
bone prosthesis, their usage has often been restricted to
laboratory research. Under natural physiological circum-
stances, creating prostheseswith distinct, bone-mimicking
qualities is difficult. Furthermore, employing nanotech-
nology, nanomaterials, scaffolds, and cell-based biomate-
rials, numerous researchers have sought to make artificial
bone. For one or more uses, most nanomaterials have
been proven to be appealing for biomedical applications
and to carry important added values. Many have a high

capacity for bone-tissue building, have superior mechan-
ical qualities, are noncytotoxic to osteoblasts, and have
inherent antibacterial capabilities (without the use of any
exogenous antibiotics). Nanobiomaterials have been stud-
ied extensively for bone-tissue-engineering applications,
either as a matrix material or as an extra-reinforcing
phase in a variety of polymeric nanocomposites, due to
their beneficial qualities. Diamond, fullerene, graphite,
carbon nanotubes (CNTs), and graphene are some of
the allotropes of carbon that are accessible in isoforms.
CNTs and graphene, among these nanocarbon materi-
als, show promise in biomedical applications, such as
nanoelectronic biosensing, drug transport, and bone-tissue
engineering.4,5 Since their discovery in 1991, 24 types of
CNTs, which are one-dimensional (1D) macromolecules,
have been exploited in a variety of biological applica-
tions owing to their exceptionalmechanical, electrical, and
physical characteristics.6
Single-walled carbon nanotubes (SWNTs) and multi-

walled carbon nanotubes (MWNTs) have been the most
widely investigated biomaterials among the several forms
of CNTs. SWNTs and MWNTs were used to study compar-
ative mesothelial invasion. In comparison to MWNTs with
a comparable aspect ratio, SWNTs have a higher affinity
for binding to the cell membrane. Apart from CNTs, other
interesting classes of two-dimensional (2D) nanomateri-
als with potential biomedical applications include black
phosphorus (BP) nanosheets, also known as phosphorene,
andMXenes, which are covered in this review. Promises in
the context of bone scaffold development are particularly
highlighted.
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F IGURE 2 Diagram showing mechanisms of osteoconduction, osteoinduction, and osteogenesis. Source: Reproduced with some
modifications from Ref. [22] under CC license.

2 BONE REGENERATION STRATEGIES

Bone is an essential organ in human bodies because not
only provides structural support, load-bearing for moving,
and physical protection of the interior organs but also
serves as a foundation for hematopoiesis and tissue regen-
eration because the bone marrow contains a large number
of hematopoietic stem cells and bone marrow-derived
mesenchymal stem cells (BMSCs) that can differentiate
into different types of blood cells and osteocytes.7,8,9
Bone is made up of living bone cells organized in a

biomineral media based on calcium phosphate (CaP).10
Bone is made up of a variety of cell types, such as osteo-
cytes, osteoblasts, and osteoclasts that are all entrenched
in an intricate microenvironment.11 Osteoblasts and osteo-
cytes are engaged in bone synthesis, whereas osteoclasts
are involved in the resorption and remodeling of exist-
ing bone tissue.12 It is helpful to grasp two principles of
bone regeneration for tissue-engineering structures, that
is, osteoconduction (angiogenesis and cell support) and
osteoinduction (stimulation of undifferentiated cell dif-
ferentiation), before examining the required properties
of prospective tissue-engineering materials, as seen in
Figure 2. The capacity to allow pluripotent cells from
a nonosseous environment to differentiate into chondro-
cytes and osteoblasts, ending in bone formation, is known
as osteoinduction. Osteoconduction promotes the forma-
tion of bone by allowing capillaries and cells from the
host to develop into a three-dimensional (3D) structure.13
An osteoinductive substance permits repair in a place that
would typically not recover. On the other hand, an osteo-
conductive substance guides restoration in a region where
normal healing will occur.14 The biomineral medium of
bone is made up of approximately 30% organic and 70%
inorganic parts.15 Type I collagen accounts for 90% of the
organic segment, with non-collagenous proteins, lipids,
proteoglycan molecules, osteopontin (OPN), and other

bone matrix proteins forming the remaining 10%. The
mechanical strength and tissue adhesion properties of
bone matrix proteins are critical.16 Calcium (Ca2+) and
phosphate (PO4

3−) ions efficiently stimulate cell prolifer-
ation and differentiation.17 Clinically, the healing of bone
abnormalities induced by trauma or certain disorders such
as tumors is still a difficult task.18 Although bone tissue
generally has some self-healing potential, this ability is
hindered when the bone defect surpasses a critical value
(2 cm) or when the defect is caused by orthopedic ill-
nesses like tumors or infections.19 If bone healing fails,
ischemia, osteonecrosis, and bone loss will occur, result-
ing in nonunion of the bone.20 Bone graft transplantation
by using autologous or allogeneic bone is a common
treatment although carrying some limitations associated
to the donation site and risk of disease transmission,
respectively.21,22
Specifically, donor site problems, restricted tissue avail-

ability, immunological rejection, and other issues must
be addressed when using these procedures.23 Additional
therapies to encourage bone regeneration are necessary to
prevent these issues. On the other hand, artificial bone
replacements with exceptional osteoconduction, osteoin-
duction, and osteointegration have had a lot of success in
recent decades.24
To build biomimetic scaffold platforms for bone regen-

eration, a variety of methodologies have been used. Just
to mention an example involving 2D carbon nanoma-
terials, a silk fibroin/hydroxyapatite (HA) scaffold can
be loaded with micro-RNAs using graphene oxide (GO).
This scaffold can promote osteogenic differentiation and
mineralized bone production in defects without loading
osteoblast cells.25 Despite significant progress, designing
various scaffolds with porous structures and the right
constituents, loaded biomolecules, acceptable mechanical
characteristics, and high bioresorbable properties remains
a difficult task. Overall, utilizing 2D bioceramics meet the
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bone regeneration criteria, which represents the key goal
in view of clinical usages.

3 BONE STRUCTURES,
BIOMECHANICS, BIOLOGY, AND
GROWTH FACTORS

Bone is the most important component of the human
skeletal system, since it provides structural function, sup-
ports mechanical movement, protects organs, and pro-
duces and hosts blood cells. The cortical bone and trabec-
ular bone are the two layers that makeup bone. Except
for 3%–5% of space for canaliculi and osteocytes, cortical
bone is compact and thick.26 Cortical bone is made up
of many tiny columns of bone matrix, each of which is
called osteon. Multiple layers of osteoblasts and osteocytes
surround a central canal known as the Haversian canal
in each column. The basic multicellular units (BMUs)
continually reconstruct mineralized bone in the columns,
coordinating the actions of osteoclasts and osteoblasts and
responding to mechanical loading according to Wolff’s
rule.27 Trabecular bone is made up of a rodlike matrix
that provides space for the movement of cells, marrow,
and blood vessels. It is a porous network with a larger
bone surface-to-bone volume (BS/BV) proportion than
compact bone. Unlike cortical bone, where BMUs must
originate from an existing Haversian or Volkmann’s canal,
BMUs in cancellous bone originate from the exterior of the
trabeculae.28
The quality of bone tissue is determined by both bone

biomechanics and total bone structure. Biomechanical test
findings can be evaluated for clinical significance by look-
ing for correlations with characteristics often utilized in
clinical practice, such as bone mineral density (BMD) and
bone geometry.29
Natural bone has a wide range of mechanical character-

istics depending on age and body area. Natural bone has
anisotropic Young’smodulus and yield stress. The compact
bone is stronger andmore rigid in its longitudinal direction
than in its transverse direction. The porosity and organi-
zation of the particular trabeculae dictate the mechanical
characteristics of the trabecular bone, which has a porous
structure.26
When external loading surpasses the load-bearing capa-

bility of the bone, it fractures. This, however,might happen
due to a variety of reasons. The bone matrix may be weak
due to poor physico-mechanical qualities such as low ulti-
mate strength, or the shape of the bonemay be affected due
to a thin cortex or low BMD. Mechanical tests are typically
done on bone specimens of a specified (standard) geome-
try, the preparation of which is frequently tricky when it
comes to bone. To begin with, the bone specimen must

be molded or trimmed to a predetermined form that is
suitable to the mechanical test. Furthermore, if the bone
is porous, the test must account for the porous geometry,
which is especially critical in trabecular bone.30
The tissue features inside the calcified matrix, also

known as bulk tissue properties, determine the properties
of the bone matrix. They are influenced by collagen fiber
organization, mineralization of the bone matrix, organic
matrix composition, and interactions between mineral
and organic phases. The micro-architecture (porosity or
trabecular architecture) or the macro-architecture (gross
geometry) of bone determines its geometrical qualities
(overall shape and cortical thickness). Pore percent, tra-
becular quantity and density, the interconnectivity of
trabecular bone, trabecular direction (anisotropy), bone
mass, cortical breadth and thickness, and ultimately the
overall form of the whole bone may all be used to examine
these geometrical features.31
Bone is a unique substance in the sense that it may be

described as flexible and weak in terms of strength and
hardness. Its flexibility is due to the collagenous matrix,
which affords the bone exceptional tensile load support.
Within lamellae, collagen fibrils are piled in a parallel
order to produce a fibril array, and there are four different
fibril array patterns.32
Furthermore, bone is a delicate material, and the min-

eral elements that determine its capacity to withstand
compressive stresses have a substantial impact on its
fragility grade. The orientations of force application will
vary the bone behavior due to these biomechanical features
of bone. Diverse forces, including compression, tension,
shear, bending, and torsion, may be applied to bones
depending on the directions of loads.33 In general, bone tis-
sues of long bone may be able to withstand larger stresses
in the longitudinal direction and less orthogonally to the
major axis, whichmakes sense given that bone absorbs the
majority of its loads in this direction.34
Natural bone is made up of cells, an ECM made up of

collagen fibrils, HA, and associated minerals. Under dry
circumstances, collagen and HA combined make for 95%
of natural bone.35 Biological apatites include ion substitu-
tion elements, such as Na+, Mg2+, Cl−, K+, F−, and Zn2+,
which differ from the stoichiometric composition of HA.36
Bone cells, which include osteoblasts, osteoclasts, bone

lining cells, and osteocytes, are important for bone growth,
shape, and maintenance. The osteoblast is in charge of
bone creation, whereas the osteoclast is in charge of bone
remodeling by resorbing damaged and defective bones.
Themodeling and remodeling procedures help to keep the
created bone in place and aid in fracture healing growth
factors (GFs) are proteins that govern a variety of cellu-
lar activities (such as survival, proliferation,migration, and
differentiation), and they play an important role in BTE.37
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Bone morphogenetic proteins (BMPs) are one of the most
researched GFs, having been identified by Urist in 1965.
They are a family of cytokines that relate to the transform-
ing GF family. BMPs have been frequently employed in
BTE to improve bone regeneration by encouraging bone
marrow progenitor cells to become bone cells, due to their
important functions in bone formation. The binding of
BMPs to serine–threonine kinase receptors on the cell
surface triggers particular intracellular pathways that stim-
ulate gene transcription, influencing cell proliferation and
differentiation.38

4 POPULAR 2DMATERIALS FOR
BONE-TISSUE ENGINEERING

Nanomaterials are materials with one or more of their
three dimensions defined on a nanoscale varying from 1
to 100 nm or even more. Typically, the thickness varies
between a few angstroms to a few nanometers.39 2D nano-
materials are extremely thin nanomaterials with high
degrees of anisotropy and/or practicality.40 The sideward
dimension-to-thickness ratio of 2D materials is tremen-
dously high.41 2D materials have outstanding physico-
chemical features that facilitate their uses and make them
a much more appealing topic for researchers. Biocom-
patibility and biodegradability have been demonstrated
in some of these 2D materials, which are very desirable
for biological and medical purposes. So far, investiga-
tors have discovered a wide range of 2D materials that
have numerous applications in biomedicine, as shown in
Figure 3.
Tissue-engineering technology has brought emerging

research paths and concepts for the treatment of bone
abnormalities in the past few years, owing to the con-
tinuing invention and development of biomaterials. This
technology integrates engineering and cell biology prin-
ciples and technologies to create biomaterials that can
repair and rebuild the function and structure of injured
tissues.42–44 After being damaged, bone tissue has the
inherent potential to self-repair. This potential, mean-
while, can be deficient in complicated clinical situations
when considerable quantities of newly formed bone are
required or the regenerating process is hampered.45 Also,
with rising in the prevalence of bone disorders and ail-
ments throughout societies, it is more important than ever
to find approaches to overcome present restrictions and
produce bone graft replacements that could regenerate
bone in whole capacities. There are some characteristics
and aspects of an ideal bone graft, as described below.
For cell and tissue ingrowth, an ideal synthetic bone

graft must be porous with adequate interconnected pore
dimensions, mechanically capable of matching the char-

F IGURE 3 Schematic of two-dimensional (2D) nanomaterials
and their application in biomedicine. Source: Reproduced from Ref.
[48] under CC license.

acteristics of the host bone and bearing as well as con-
veying loads, stimulate the viability of progenitor cells
and their differentiation into bone cells that result in the
induce osteogenesis and osteoinduction, be osteoconduc-
tive, causing bone cells to proliferate, grow, and adhere
to its surface, be biocompatible and maintain normal cel-
lular function in the host tissue without causing local or
systemic toxicity. Furthermore, after a while it is expected
to biodegrade under controlled conditions that harmonize
with the formation of new bone.46,47,48
Recognizing the structure and function of native bone

tissue, as well as the proper choice of biomaterials, is
needed for desirable materials design for bone-tissue
engineering.49 The material that constructs the scaffold
and determines its functionality indeed plays an essen-
tial role in bone-tissue engineering. The discovery of
novel materials with appealing attributes such as high
biocompatible, undisturbed secure biodegradation, the
capabilities to facilitate cell differentiation, growth, and
differentiation, and the acceptable ability to withstand the
stress of physical forces, is necessary for tissue regenera-
tion effectiveness.60 As summarized in Table 1, we review
the extensive application of 2D materials in various bone-
tissue engineering and then describe their forthcoming
uses in bone therapy based on their properties.

4.1 Graphene and its derivatives

One of the main vital elements in all human and animal
organs is carbon. It has mostly provided humans in the
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form of food and energy for centuries. In the last cen-
tury, in addition to its prevalent uses, it has received much
attention from researchers in the nanomaterials area.37,61
Hitherto, around 500 theoretical 3-periodic allotropes of
carbon are known,62 including graphene. Since its discov-
ery in 2004, graphene has attracted a growing amount of
attention due to its extraordinary features, including high
electron mobility, great loading capacity, high elastic mod-
ulus, and excellent biocompatibility.63–67 Graphene would
be seen as a single atomic sheet that is approximately trans-
parent, which is comprised of a one-atom-thick 2D sheet
of sp2 hybridized carbon atoms that have been arranged
according to a hexagonal symmetry.68,69
Graphene is a flexible material with a large specific sur-

face area of nearly 2600 m2 g−1 for a single graphene
sheet.70 Each carbon atom includes the three in-plane σ-
bonds, which contribute to graphene’s perfect planarity,
and one out-of-plane π-bond that can interact with other
atoms.71 This one-of-a-kind structure has given graphene
exceptional mechanical, electrical, thermal, and chemical
stabilities as well as optical attributes, which outperform
those of any other material, with some even beyond
theoretically expected limits.72 Besides, graphene shows
intrinsic strength of 130 GPa, electrical mobility of 2 ×
10

5 cm2 V
−1
s−1, great light pellucidity of 97.7%, and

Young’smodulus of 1 TPa.73–76 Graphene has an exception-
ally high thermal conductivity at ambient temperature, for
a suspended single-layer graphene was found to have a
thermal conductivity value of 5000 W m−1 K−1.77 Never-
theless, the hydrophobic nature of graphene may affect
the interaction of membrane-associated proteins, result-
ing in cellular toxicity.78 Moreover, pristine graphene
in hydrophilic types of media and physiological fluids
has weak dispersibility.72Graphene functionalization, on
the other hand, has been considered to be an effec-
tive approach to minimize its toxicity and increase its
dispersibility, especially for its usage in the medical
field.79
Two of the most important graphene derivatives are

GO and reduced graphene oxide (rGO), as shown in
Figure 4. Graphene may indeed be oxidized, and exfo-
liation of graphite into a single layer is performed to
produce amphipathic GO, which can then be subsequently
reduced to generate rGO.80 One specific advantage thatGO
has over rGO and pristine graphene is that it is always
more attainable to accomplish functionalization. Having
various functional groups, such as epoxy, hydroxyl, and
carboxyl groups, makes it much easier to bind to a variety
of biomolecules and, accordingly, expands the biologi-
cal applications of GO.79 Graphene and its derivatives
(GDs) can potentially be used in a variety of areas, includ-
ing biotechnology, polymer science, electronics, photonics,
optics, catalysis, energy storage, and biomedicine.79,81 In

the medical area, graphene and particularly its derivatives
might be used as drug delivery carriers,82 photothera-
peutic agents in curing cancer,83,84 substances in tissue
engineering85,86 that serve as an anchor for cell prolifer-
ation and differentiation, biosensing, bioimaging, and so
forth.

4.2 Black phosphorus (BP)

Since BP nanosheets were first delaminated from bulk BP
in 2014,87 researchers have been fascinated by BP nano-
materials, also known as phosphorene, which is a family
member of 2D substances. Apart from BP nanosheets
(BPNSs), BP nanoparticles, and BP quantumdots have also
attracted great interest in many high-tech and biomedical
fields.79 In single-layer BP, the phosphorus atom and three
adjacent atoms are covalently connected in sp3 hybridized
orbitals, and weak Van derWaals forces preserve the inter-
action amongst layers.88 As a result, exfoliating layers
of BP from the bulk crystal become facile. To construct
BPs with varying numbers of layers and dimensions
for biomedical applications, typically liquid exfoliation
procedures89 are implemented. BP nanomaterials expose
in-plane anisotropy that emanated from a unique puck-
ered orthorhombic structure.87,90,91,92 Furthermore, BP has
excellent properties that are useful in bone-tissue regen-
eration as shown in Figure 5 and summarized in Table 2.
This structural anisotropy gives BP many distinct charac-
teristics, including optical and electronic features with a
large tunable energy bandgap (0.3–2.0 eV),93-95 and ther-
mal, mechanical, and geometric properties.96,97 Moreover,
due to the biocompatibility and biodegradability of this
material, BP demonstrates to be suitable in contact with
the physiological environment.98 Phosphate ions or phos-
phonates are the biodegradation products of BP; they
are naturally found in bone tissue and are involved in
the mineralization of bone.99 For instance, Wang et al.
reported that hydrogels containing BP can inducemineral-
ization, boost osteogenic cell differentiation, and promote
bone rebuilding.100 As a bone ingredient, phosphorus
accounts for almost 1% of the entire body weight.101 Phos-
phate ions not only are found in the blood and have no
health risks and toxic effects but are also essential to
skeleton growth and bone repair, facilitating osteogenesis
and osteointegration.50,102 Because of these characteris-
tics, BP is a highly desired 2D material for phototherapy
of cancers,103 bioimaging,104 biosensors,105 theranostics,106
drug delivery,107-109 scaffolds for implantation into the
body,110 and other bioengineering and biomedical applica-
tions. Even so, the use of this biodegradable material for
tissue engineering is now in its early stages, with relatively,
limited investigations provided.50
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5118 KHODABANDEHLOO et al.

F IGURE 4 Illustration of the different approaches in the synthesis of graphene derivatives, graphene oxide (GO), and reduced graphene
oxide (rGO). Source: Reproduced from Ref. [86] under CC license.

TABLE 2 Black phosphorous (BP) nanomaterials in bone tissue engineering.

Type of BP material Type of study Outcomes reported References
BP nanosheets-enabled DNA hydrogel In vivo and in

vitro
Promoted blood vessel growth
and induced osteogenesis

111

BP-enhanced injectable hyaluronic acid In vivo and in
vitro

Reestablished infected wound 112

BP nanosheets incorporated fish-gelatin hydrogel In vitro Promoted osteogenesis 113

BP hybrid – Increased osteogenic gene
expressions

114

BP/collagen/poly(ε-caprolactone) nanofiber
matrix

In vitro Improved osteogenic
differentiation

115

BP/β-tricalcium phosphate/doxorubicin/peptide
scaffold

In vivo Reduced the long-term toxicity 116

BP quantum-dots functionalized aptamer In vivo Promoted biomineralization 117

BP nanosheets poly(lactic-co-glycolic acid) In vivo and in
vitro

Increased osteogenesis
promotion

99
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KHODABANDEHLOO et al. 5119

F IGURE 5 Properties of black phosphorus (BP) and its current application in bone tissue engineering. ROS, reactive oxygen species.
Source: Reproduced from Ref. [92] under CC license.

4.3 MXenes

In 2011, scientists at Drexel University discovered MXene,
a novel 2D material that is made up of transition metal
carbides, nitrides, and carbonitrides.118 In the appella-
tion of MXene, “MX” indicates that it derives from
MAX phase ceramic materials, and “ene” originated from
graphene, because of its 2D sheetlike structure.119,120 MAX
phase ceramic materials are trinary and/or multi-carbide,
nitride, or carbonitride substances inwhich the “M” stands
for primary transition metal elements (Cr, V, Sc, Mo, Ta,
Nb, Zr, Ti, Hf, etc.), the letter “A” represents an IIIA or
IVA element from the periodic table (i.e., groups 13 or 14)
like Si or Al, and “X” denotes carbon or nitrogen.121,122
MXene has the chemical formula M𝑛+1X𝑛T𝑥, where “M”
and “X” possess a similar definition as within the MAX
phase, and n illustrates the stoichiometric number, which
can be 1, 2, 3, or maybe 5 (in MAX phase),123 and “T”
describes the surface-terminated functional groups, such
as hydroxyl (−OH), fluorine (−F), and oxygen (= O)

on MXene sheets.124 Whenever “A” is eliminated from
the MAX phase, “T” is required to poise the broken
charge neutrality in MXene. It should be noted the exact
value of x is undetermined.119 There are over 70 dif-
ferent MAX phases discovered by now,122 and also the
fact that non-MAX phases may be involved to generate
MXene125 enhances the designability and variety ofMXene
in abundant ways. According to this wide range of MAX
phases, at least 30 different MXenes have been identified
to date, including Ti3C2T𝑥, Nb4C3T𝑥, V2CT𝑥, and multi-
ple more.126 MXene has a crystalline nature that is quite
close to MAX phase ceramics. Diverse MAX phases could
have resulted in a broad assortment of MXenes with dis-
similar features.121 Furthermore, adding functional groups
impacts the properties ofMXenes, thereby augmenting the
MXene diversification more than before.
Excellent chemical and physical attributes of MXenes

have attracted much attention from researchers in recent
years. The MXene sheet has remarkable mechanical capa-
bilities, including tremendous flexibility and strength, due
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5120 KHODABANDEHLOO et al.

to the MX bond being one of the strongest recognized
chemical bonds.123 MXenes can outspread in physiological
environments due to their hydrophilic inherent.126 Fur-
thermore, since Ti, Ta, and Nb are rather inactive in phys-
iological environments, some MXenes are biocompatible
with biological organisms with insignificant toxicity, and a
recent research has shown the biodegradation of MXenes
in rats.127 MXenes also have a high light absorption in the
near-infrared (NIR) biological window, rendering them
superior in phototherapy and photoacoustic imaging.128
MXenes hold acceptable chemical stability,129 large spe-
cific surface areas,130 excellent electrical conductivity, and
high hydrophilicity.131 These appealing properties make
MXenes desirable options in energy storage,132 environ-
mental engineering,133 catalysis,134 and finally biomedi-
cal applications,135 including tissue engineering,136 drug
delivery,137 antibacterial activity,136 photothermal therapy
(PTT),138 cancers treatment,139 biosensing,140 and so on.

5 THE APPLICATIONS OF 2D
MATERIALS FOR BONE REGENERATION

Bone-tissue engineering is a strategy for improving bone
regeneration at bone defects by integrating biomaterials,
cells, and osteogenic agents. Due to the superior phys-
ical and chemical attributes of 2D materials, such as
biodegradability and biocompatibility, as well as excellent
mechanical capabilities and load-bearing, and so on, the
use of 2Dmaterials in BTE has risen in popularity in recent
years. In the following, the application of these sheet-
like materials is specifically discussed in the context of
bone-tissue engineering. Available research on relatively
recent BP and MXene has been thoroughly reviewed; as
regards the graphene family and the relevant derivatives
that have already receivedmuch attention, themost impor-
tant and significant investigations from 2018 onward have
been considered.

5.1 The applications of graphene and its
derivatives for bone regeneration

Because of remarkable electron transport, physicochem-
ical, and mechanical characteristics, as well as its large
specific surface area, GDs have become a focus of exten-
sive scientific attention. This emerging 2D nanomaterial
family can increase osteoclast cellular activities in vitro,
such as growth, adhesion, proliferation, mineralization,
and osteogenic differentiation, as well as enhance bone
regeneration in vivo.141
Some in vitro studies have demonstrated that integrating

a modest quantity of GDs into substances such as scaf-

folds or nanocomposites can positively improve osteoblast
activities like proliferation and adhesion. The potentials of
GD-basedmaterials to improve cell adhesion, viability, and
proliferation are due in part to their high ability to adsorb
proteins. Adsorbed proteins form a coating that facilitates
cell attachment, spreading, and growth. The 𝜋-electron
cloud in graphene interacts with the internal hydropho-
bic region of proteins to aid protein binding, whereas the
oxygen functional groups in GO enhance adsorption by
electrostatic interaction.
Scaffolds are crucial in bone-tissue-engineering research

because they act as frameworks for new bone-tissue devel-
opment and formation and supply structural backing to
certain cells. Scaffolds promote regenerating bone and
can also be utilized to infuse bioactive agents that speed
up tissue recovery and formation time. Biocompatibil-
ity, osteoinduction, osseointegration, and osteoconduc-
tive properties should be included in scaffolds for bone
regeneration.60
GDs can be embedded in scaffolds as a valuable

component for bone regeneration usage. In 2018, Liang
et al. used the freeze-drying method to construct three-
dimensional spongy nano-HA/poly(lactic-co-glycolic
acid)/GO (nHAC/PLGA/GO) scaffolds, which they sub-
sequently cocultured with MC3T3-E1 cells, as shown in
Figure 6. The findings of that study indicated that the
nHAC/PLGA/GO (1.5 wt%) scaffold enhanced osteoblast
(MC3T3-E1) adherence and growth as compared to GO-
free nHAC/PLGA scaffold at days 3, 5, and 7. Specifically,
the cells were relatively vaster and much more stretched
on the GO-containing scaffold.142
Furthermore, since GDs endow stem cells with a spe-

cial physical structure similar to the natural ECM, they
may indeed be capable to adjust the osteogenic differen-
tiation of stem cells from various sources. For instance,
Newby et al. synthesized GO nanoscale particles with
a 6%–10% oxygen content, then cocultured them with
human mesenchymal stem cells (HMSCs), and used
alizarin red staining and quantitative analysis to assess
the influence of graphene nanoparticles on osteogenic
differentiation of HMSCs. According to their observa-
tions, the amount of calcium of HMSCs cocultured with
GO nanoparticles stood considerably higher than that
of cells on the control surface. Intriguingly, the signifi-
cant increase of cellular activity was found in the lack
of any osteoinductive substances (e.g., bone morpho-
genetic proteins), suggesting that GO nanoparticles might
inherently cause calcium aggregation in HMSCs on their
own.143 For a more detailed example, Krukiewicz et al.
manufactured integrated GO/poly(methyl methacrylate)
(PMMA) composites. The osteogenic differentiation effi-
cacy of human mesenchymal stem and progenitor cells
cultured on GO/PMMA composite was then investigated
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KHODABANDEHLOO et al. 5121

F IGURE 6 (A) Optical image of the fabricated nano-hydroxyapatite/poly(lactic-co-glycolic acid)/graphene oxide (nHAC/PLGA/GO)
scaffolds with a diverse amount of GO. (b–e) SEM pictures of (B) nHAC/PLGA, (C) nHAC/PLGA/GO (0.5 wt%), (D) nHAC/PLGA/GO
(1.0 wt%), and (E) nHAC/PLGA/GO (1.5 wt%) scaffolds. (F) Hole distribution of nHAC/PLGA/GO (0, 0.5, 1.0, and 1.5 wt%). Source:
Reproduced from Ref. [142] under CC license.

using three differentiation markers: alkaline phosphatase
(ALP), secreted protein acidic and rich in cysteine, and
bone morphogenetic protein-2 (BMP-2), with the out-
comes revealing that GO/PMMA composites have been
effective in stimulating osteogenic differentiation andwere
more promising compared to pure PMMA.144
GDs can be incorporated into other materials, such as

metals, natural polymers, and mineral phases for achiev-
ing enhanced efficiency and synergistic purposes. In 2019,
Lyu et al. applied anodizing and SF/GO self-assembly
to develop multilayer ZnO nanotubes/silk fibroin/GO
nanomaterials (SF/GO-ZnO) on raw zinc surfaces. They
also loaded the osteogenic drug dexamethasone (Dex)
on the surface of the composite to additionally enhance
the efficiency of the structure. The study indicated that
SF/GO-Dex-ZnO exhibited outstanding antibacterial and
osteogenic potential, which could be ascribed to GO’s spe-
cial structure and the active oxygen generated from ZnO
decomposition. The sharpness and stiffness of the GO 2D
nanomaterial damaged the cell membrane of bacteria via
straight physical contact. Furthermore, the cells on the
composite with SF/GO coating self-extended in various
orientations, but the cells on raw zinc and anodized zinc
were lengthened, demonstrating that the SF/GO covering
had a great impact on cell proliferation and division. The
aforementioned findings might be explained by the fact
that the composition of SF is nearly identical to collagen,
the primary element of the ECM, and GO seems to have
a better adsorption performance for serum protein, lead-
ing to a larger density of adhesion molecules that can be
employed for improving cell proliferation and adhesion.As
a result, SF andGO functioned together as complementary
substances to enhance cellular growth and proliferation.145
Because inorganic compounds like HA make up a sub-

stantial part of bone composition, the ability to accelerate
the biomineralization of inorganic materials in natural
bone was seen as a key indicator in bone regeneration.146
Zhao et al. developed GO/chitosan/nano-HA particles
(GO/CS/nHAP) scaffolds via incorporating nHAP into a
framework including covalently bonded CS and GO. The
result demonstrated that the scaffolds exhibited excep-
tional physiochemical features, such as three-dimensional
spongy bone structure, mechanical characteristics, and
biodegradation. Moreover, in vitro investigations showed
that, in comparison to the defect in the CS/nHAP sample,
the defect in the GO/CS/nHAP group was approximately
completely covered with regenerated bone tissue and
created a coherent framework with natural bone.
Polymers have long been employed as bone regener-

ation components due to their many benefits, including
processability into three-dimensional with high poros-
ity frameworks, degradability, and mechanical attributes
that are similar to the implanted tissue. Several polymers,
including polycaprolactone (PCL) and poly(lactic acid)
(PLA), are hydrophobic with no functional groups, which
can be led to an undesirable biological propensity. One of
the remarkable features of GDs is their capability of uni-
formly distributing or spreading in almost all polymeric
matrices.147 Recently, Unagolla et al. used 3D printing to
construct PCL–GO composite scaffolds that could regulate
the dimensions and pore radius of the implants sepa-
rately. The morphological analysis revealed that the area
of the pure PCL scaffold was hard and uneven, whereas
the surface of the GO-based nanostructures was smooth
and even. Besides, the addition of GO particles increased
the nanocomposite fluidity. The compositional analysis
detected the presence of calcium and phosphorus, thus
indicating that GO increased scaffoldmineralizationwhen
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5122 KHODABANDEHLOO et al.

compared to GO-free PCL-based scaffolds. Western blot
examination revealed that the high porosity ofGOandPCL
nanocomposite scaffolds boosted the release of BMP-2 and
OPN, confirming that this integrated structure encouraged
osteogenesis.148
Collagen is a natural biopolymer that is commonly

employed in biomedicine. Collagen-based scaffolds stand
not harmful to living tissue, are capable of being decom-
posed, and are bioactive with minimal immunogenicity.
Nonetheless, poor mechanical strength makes collagen
scaffolds unsuitable for most of bone-regenerative applica-
tions. In 2018, Zhou et al. added GO to collagen in order
to increase the biomineralization potential of the final
composite. The collagen–GO constructs were immersed in
simulated body fluid for 1 week, yielding the uniform for-
mation of bone-like apatite with a Ca/P proportion close
to that of natural bone. After 12 weeks, this resulted in
much more bone-tissue growth in mice cranial lesions,
accompanied by a doubling in bone volume and density.149
Dental scaffolds containing GDs impact the osteogenic

and odontoblastic development of dental pulp stem cells
and periodontal ligament stem cells, allowing them to
be employed in dental tissue regeneration. For example,
the ability of GO to promote alveolar bone regenera-
tion and periodontal attachment rehabilitationwas proven
by implanting GO-coated collagen sponges in periodon-
tal class II furcation defects in beagle dogs.150 Similarly,
Wu et al. recently prepared PLGA/graphene nanoplate
films that caused higher alveolar bone healing in Sprague-
Dawley rats after 2 months,151 emphasizing the significant
potential of GDs Family nanocomposites in dental usage.
WhenGO is added to hydrogels, the physical, biological,

and chemical attributes of polymers improve as well. The
addition of GO to chitosan/glycerophosphate thermore-
sponsive hydrogels facilitated protein adsorption, swelling
propensity, biomineralization ability, and the potential to
induce osteogenic differentiation in MSCs.56,152 The incor-
poration of GO to injectable thermosensitive hydrogels
of poly(polyethylene glycol citrate-co-N-isopropyl acry-
lamide) and gelatin (PPCNg) kept the hydrogels ther-
moresponsive and boosted ALP activity and osteogenic
gene expression in mesenchymal progenitor immortalized
mouse adipose-derived cells (iMADs). These compos-
ite hydrogels were subcutaneously injected into BMP9-
transduced iMADs in athymic nude mice, giving rise to
mineralized, greatly vascularized trabecular bone that was
substantially more grown and denser compared to the
PPCNg hydrogels.153
The great attributes of this substance do not end there.

Other appealing properties of GO include its strong NIR
light absorbance and high photothermal conversion effi-
ciency. In this regard, Ma et al.154 fabricated a novel
temperature-sensitive multifunctional composite scaffold

comprising nano-sized HA, GO, and chitosan, which can
simultaneously kill osteosarcoma cells while promoting
osteogenesis at the defect site. Specifically, cancer cells
could be killed due to GO-associated photothermal effect
under 808-nm NIR irradiation by reaching a temperature
of 48◦C and bone regeneration was stimulated by the pres-
ence of HA. Furthermore, this scaffold exhibited a good
hemostatic effect, thus facilitating the overall healing of
osseous injury.
Research has also revealed that 2D materials may

easily access friction surfaces because of their highly nar-
row sheet formations and low shear strength between
each layer, avoiding the friction surfaces from straightfor-
wardly contacting each other, and reducing the friction
coefficient.155 For instance, a CuO/rGO nanocomposite
was synthesized by Meng et al. and its lubricating effect
was examined. The results demonstrated that 0.06 wt%
CuO/rGO inclusion dramatically decreased the friction
factor (−46.62%) and wear rate (−77.05%).156 Concern-
ing the thin film deposition feature of 2D materials,
researchers believe that incorporating these materials into
the area of contact of artificial jointsmight be an applicable
approach to enhance the operational life of artificial joints
by improving lubrication and lowering friction.
According to previous research, however, GDs can

cause cytotoxicity by exhaustingmitochondrial membrane
potential and raising intracellular reactive oxygen species
(ROS), which can lead to apoptosis. Additionally, the
dimensions, form, concentration, and degree of function-
alization of GDs were all linked to possible cytotoxicity.
These concerns aboutGDs potential cytotoxicity and possi-
ble residues in vivo are the most significant challenges for
bone healing material and manifestly for other biomedical
applications.157–160

5.2 The applications of BP for bone
regeneration

Biocompatibility, biodegradability, PTT, photodynamic
therapy (PDT), and high drug-loading efficiency are only
a few of the remarkable features of BP nanomaterials that
show great promise for biomedical purposes, especially
bone-tissue engineering. About 85% of the total phospho-
rus of the human body belongs to bones and teeth.161
It is reported that BP can be oxidized and degraded in
vivo, producing nontoxic PO3−

4
ions.99,110 This can pro-

vide essential phosphorous for bone-tissue regeneration.
The phosphate ion canmake CaP deposits when combined
withCa2+, which promote biomineralization and speed up
bone healing.162 Thus, it is plausible trying to incorporate
BP into bone-tissue engineering to treat bone defect.79 In
a recent research, Huang et al.163 developed a BP-based
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KHODABANDEHLOO et al. 5123

scaffold by employing a novel technique that catches
calcium ions via phosphorus supplied by BP photore-
sponsive deterioration, thus boosting mineralization and
bone-tissue regeneration. In addition, an in vivo test in
rabbits showed that these scaffolds highly promoted bone
formation at the injury site.
BP has also been combined with other 2D materials to

produce composites for bone-tissue-engineering applica-
tions. To induce bone regeneration, Liu et al. developed
a composite of GO and BP to be applied on 3D-printed
poly(propylene fumarate) scaffolds. The designed GO
nanosheets improved cell adhesion, protein adsorption,
provided large surface area, and surrounded BP to ensure
constant PO3−

4
release, which drives cell osteogenesis and

new bone development. In consequence, the cell shape
became extended, and cellular filaments grew along the
margins. These findings showed that integrating 2D BP
with GO stimulated cell division and bone formation
synergistically, thereby suggesting this technique to be a
reliable path for bone-tissue regeneration.91 Biologically
active ions like strontium (Sr2+) and magnesium (Mg2+)
are highly studied because of their ability to facilitate
osteoblast differentiation and osteogenesis, thus being of
high significance in the context of bone-tissue engineering.
Wang and colleagues integrated BP and SrCl2 into PLGA
microscopic hollow spheres, and NIR irradiation was used
to elicit local Sr2+ release. They found that the synergistic
impact of Sr2+ and PO3−

4
could lead to more considerable

bone regeneration ability.102
One of the outstanding properties of BP 2D material is

its great photothermal conversion efficiency. Tong et al.
synthesized BP/PLGA osteoimplant to evaluate osteoge-
netic effect under NIR light irradiation. This osteoimplant
contained only 0.2 wt% BP. The results showed that NIR-
exposed osteoimplant increased the local temperature to
40–42◦C, therefore increasing the level of heat shock
proteins besides accelerating bone healing.99
As mentioned before, one of the considerable features

of BP nanomaterials is the ability to elicit PTT and
PDT effects. The BP nanomaterials could be employed
to promote bone regeneration even in the case of tumor
and bone infection. For instance, Yang et al. incor-
porated BPNSs into a 3D-printed bioactive glass (BG)
scaffold, resulting in a dual-functional BP–BG scaffold
that protects against osteosarcoma while also promot-
ing osteogenesis. During a 2-week observation period,
they reported that tumors on rats of the BP–BG scaf-
fold group were destroyed by irradiation using NIR light,
accompanied by no recurrence. Besides, the micro-CT
data demonstrated that BP–BG scaffolds could repair
bone deficiency better than pristine BG scaffolds.50 Sim-
ilarly, Raucci et al. reported BPNSs to have differential
effect on healthy or tumor cells. These 2D materials

decreased and limited the metabolic activity of osteosar-
coma cells, but concurrently increased the cell growth
and osteogenic differentiation of human preosteoblast
cells.164
Orthopedic implants are employed for rigid tissue appli-

cations to take place of bones and joints, rectify malfor-
mations and abnormal forms, restore fractions, and so
on. Every orthopedic implant carries the risk of infection,
which can lead to implant failure and rejection in the
long term. Since drug resistance to conventional antibi-
otics is an increasing issue at the moment, it is challenging
to find new methods to improve the antibacterial proper-
ties of orthopedic implants.79 2Dmaterials offer interesting
physicochemical characteristics due to their distinct struc-
tures, and so bear a broad variety of functions, such as
antimicrobial behavior. The antibiotic-similar effect was
seen by Xiong et al. in BP 2D nanomaterials against both
gram-positive and gram-negative bacteria. They confirmed
bacterial toxicity in a time- and concentration-dependent
manner and observed that the maximal bactericidal effi-
cacy of BP 2D nanomaterial against Escherichia coli and
Bacillus subtilis was 91.65% and 99.69%, respectively, after
12 h exposure.165 Another amazing feature of BP is the
capability to successfully treat infections caused by bac-
teria without creating antibiotic resistance via generating
an abundance of ROS.166 Earlier investigations indicated
that BP-based integrated materials maintain—or even
potentiate—those promising bactericidal properties which
are typical of the pure BP nanomaterials.167 Aksoy et al.
created a nanocomposite by integrating gold (Au) nanopar-
ticles into BPNSs to improve BP antimicrobial proper-
ties. When irradiated in the NIR region, the fabricated
nanocomposites of BP/Au could generate more heat and
also had more effective antibacterial features than pure
BP.168,169 To summarize, BP 2D materials could be an
excellent option for achieving antibacterial effects with
improved efficiency in biomedical applications, especially
in bone-tissue engineering.
The chemotactic factors deployment of osteoblast pre-

cursor cells to damaged locales, as well as the enhanced
differentiation of osteoblast precursor cells and the min-
eralization of ECM, are two critical stages in promoting
bone-tissue regeneration. In 2020, Cheng et al. employed
the micro-sol electrospinning technique for fabricating
poly(lactic acid) (PLA) electrospun fibers coated with
BMP2-loaded BPNSs. They found that the loaded BMPs
were released through the composite and utilized to stim-
ulate osteoblast precursor cell differentiation. Moreover,
phosphate ions from BP degradation enclosed Ca

2+ for
performing a mineralization function and precipitate in
situ. In vitro and in vivo tests confirmed the outstand-
ing bone regeneration performance of these novel BP-PLA
nanofibrous scaffolds containing BMP2.170
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TABLE 3 Some applications of MXene nanomaterials in bone tissue engineering.

Type of
MXene

Composite or
modification Type of study Outcomes reported References

Ti3C2 MXene/RSF hydrogel In vitro Promoting direct osteogenesis 177

Ti3C2 GelMA/β-TCP/sodium
alginate (Sr2+)/MXene

In vivo Accelerates the healing of
infection and bone
regeneration

178

Ti3C2 – In vivo and in vitro Excellent biocompatibility 179

Ti2AlN
(Ti2AlN)/polycaprolactone

In vivo and in vitro Improved in situ bone repair 180

Ti3C2Tx MXene NPs-integrated
with PLCL and collagen

In vivo Promoted spontaneous
osteodifferentiation

181

Ti3C2 MXene/UHAPNWs In vivo Enabled bone regeneration 182

Ti3C2 MXene quantum dots In vitro Aids in tissue repair and
treatment of inflammatory

183

Ti3C2 CaO2–TiOx@Ti3C2,
C-T@Ti3C2

In vivo and in vitro Promoted osteogenic
transformation and
enhanced bone quality

184

Abbreviations: PLCL, poly(l-lactide-co-ε-caprolactone); UHAPNWs, ultralong hydroxyapatite nanowires.

5.3 The applications of MXenes for bone
regeneration

MXenes are one of the emerging kinds of 2Dnanomaterials
that are becoming employed in various biomedical applica-
tions, as summarized in Table 3. This is due to their excel-
lent biological compatibility, high specific surface area,
and great physical and chemical characteristics. MXene
nanostructures were shown to be highly cytocompatible
and promoted osteogenic differentiation in vitro, accord-
ing to the report of recent research. MXene nanostructures
also demonstrated high biocompatibility, osteoinductivity,
and bone regeneration function in vivo when placed into
subcutaneous regions. To improve themechanical and bio-
logical possessions of MXene, Fu et al. added ultralong
hydroxyapatite nanowires (UHAPNW) as a reinforcing
phase. In this investigation, to establish stronger interac-
tions between 1D UHAPNWs and 2D MXene nanosheets
via hydrogen bonds, multiple nanosheets were employed
to integrate with ultralong nanowires. The inclusion of
UHAPNWs facilitated cell adhesion, proliferation, and
osteogenic differentiation while also improving mechan-
ical characteristics and hydrophilicity. As a result, bone
repair in a rat calvarial bone defect was expedited. More-
over, the authors showed that the incorporation of 10 wt%
UHAPNWs into MXene yielded the highest Young’s mod-
ulus and tensile strength.171
In 2017, Lin et al. showed that MXenes are particu-

larly suitable in the potential therapy of osteosarcoma. The
authors reported that, after intravenous administration,
Nb2C nanosheets behaved as a photothermal transforma-
tion nanoscale agent for NIR-caused photonic hypother-

mia against breast cancer.172 More recently, the same
investigators employed ultrathinNb2CMXene nanosheets
that were merged into a 3D-printed bone-mimetic BG
scaffold (BGS), called NBGS, for providing the compos-
ite scaffolds with the distinctive ability of photonic bone
malignancy ablation in the NIR-II biological window,
while stimulating osseous restoration through ameliorated
neovascularization (Figure 7). First, they utilized pho-
tothermal hyperthermia to attack bone-tumor cells after
implanting multipurpose NBGS. After then, considerable
vascularization appeared to stimulate new osseous for-
mation, followed by slow degradation of the scaffolds;
overall, the associated formation of blood vessels and bone
structures was favorable for the efficient repair of mas-
sive bone defects. Eventually, the study indicated that 2D
Nb2C MXene incorporated with BGS had the potential
to promote angiogenesis, which is key to allow osseous
regeneration in large bone defects.173
MXene-based materials have been used successfully in

guided bone regeneration (GBR). The premise behind
GBR therapy, which is extensively used for orthodontic
implantation, oral rehabilitation, and periodontal regen-
eration, is to use a membrane to protect the bone from
soft tissue interference.40 The application potential ofmul-
tilayered Ti3C2T𝑥 MXene films in GBR has been studied
by Zhang et al., who found that Ti3C2T𝑥 MXene films
are extremely cytocompatible and appropriate for cell
spreading and proliferation in vitro due to MMXene’s
rough shape and hydrophilicity. The functional groups
of Ti3C2T𝑥 provided negative charges to the surface of
MXene films, resulting in an electrically charged microen-
vironment appropriate for bone defect regeneration.174
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F IGURE 7 The process for photothermal ablation of osteosarcoma and bone regeneration. Source: Reproduced from Ref. [173] under CC
license.

Furthermore, Ti3C2T𝑥’s hydroxy groups could establish
hydrogen bonds with proteins, hence impacting on cell
differentiation. According to in vivo testing, MXene films
offered a high bone regeneration capability because they
lead to rapid mineralization and early osteogenesis. How-
ever, when employed as a barrier membrane in GBR,
MXene films have some disadvantages and restrictions.175
In another study, Chen et al. developed Ti3C2T𝑧/PLA
nanocomposite membranes for GBR purposes. Using N-
octyltriethoxysilane as a connection between hydrophilic
Ti3C2T𝑧 nanosheets and hydrophobic PLA increased ulti-
mate tensile strength considerably. The results showed
great biocompatibility, including improved cell adhesion,
proliferation, and osteogenic differentiation.176
Recently, Awasthi et al. used the electrospinningmethod

to produce MXene/PCL fibers that were more cytocom-
patible with pre-osteoblast cells as compared to fibroblast
cells. They reported that MXene increased the wettability
of the composite fiber matrix, facilitating cell attachment
and proliferation. They also illustrated the bioactivity of
these materials in terms of phosphorus/calcium accu-
mulation and in vitro biomineralization, which led to
adequate osteointegration. Eventually, they concluded that
these composite fibers could be used for bone regener-
ation and wound dressing applications, although more
investigations are still necessary.185
In recent years, for simultaneously executing photonic

bone-tumor destruction and bone-tissue regeneration, Pan
et al. combined 2D Ti3C2 MXene with 3D-printed BG
to obtain composite scaffolds. They observed that these
Ti3C2-BG (TBGS) materials gave a perfect growing envi-
ronment and space for human bonemarrowmesenchymal

stem cells (hBMSCs), attracting them to attach to the
scaffold surface. According to this research, TBGS was
claimed as biocompatible and could increase cell prolif-
eration. It is also worth mentioning that TBGS could be
employed as a biomaterial to induce the osteogenic dif-
ferentiation of hBMSCs in vitro. Finally, in vitro and in
vivo comprehensive tests proved that these Ti3C2MXene-
integrated composite scaffolds effectively promoted the
death of bone cancer cells. Concurrently, the incorporation
of 2D Ti3C2 MXene into the composite BG scaffolds has
shown to significantly promote the formation of new bone
tissue. In summary, these Ti3C2 MXene-integrated com-
posite scaffolds showed promise as potential candidates
for the treatment of bone tumors owing to their dual ther-
apeutic action for cancer cell apoptosis and bone-tissue
engineering.128

6 CONCLUSIONS AND FUTURE
PERSPECTIVES

To repair diseased tissue and related function at the
bone injury site, 2D biomaterials have been designed to
promote endogenous regrowth ability in circumstances
when healing and restoration are impeded.186 Due to their
extraordinary characteristics, 2D materials may be able
to perform in several ways, independently or combined
together in order to ensure a synergetic effect to accom-
plish the best therapeutic outcome; the latter approach
indeed expands further the utilization of 2D materials in
biomedical research. As mentioned previously, the use of
2D materials in clinical trials still faces some challenges.
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The process of photothermal conversion is a case in point.
2D nanomaterials are used to damage inflammatory tissue
by providing elevated temperatures and ROS. It is a fact
that high temperatures can damage inflammatory tissue,
but there is a significant risk that normal tissues like the
meniscus and cartilage will be harmed, too. On the other
hand, controlled PTT would allow the selective killing
of cancer cells while leaving healthy cells almost undis-
turbed. In this regard, the development of multifunctional
scaffolds, encompassing both 2D nanomaterials able to kill
cancer cells uponNIR irradiation and bioactive substances
to stimulate bone-tissue regeneration, is a great promise
for improving the clinical treatment of tissue injuries like
osseous defects from osteosarcoma resections. However,
PTThas obvious restrictions in penetration depth that have
to be taken into account.
Several scientists have looked into using GDs to cre-

ate bone biomaterials with improved physicochemical
and mechanical characteristics. The good mechanical fea-
tures of GDs, as well as their attractive physicochemical
properties, can be employed to reinforce scaffolds and
implants and create biomaterials that can endure the
load-bearing conditions of bones. The graphene family of
materials is increasingly gaining attention for bone-tissue-
engineering applications, particularly for its possible uses
in avoiding bacterial resistance and stimulating stem cell
osteogenic differentiation. The biocompatibility of GDs
is critical before they are evaluated for clinical trials in
biomedical applications. However, some obstacles must be
overcome. GDs also have a lot of potential in the GBR
and controlled drug delivery. The mechanical character-
istics of biodegradable membranes consisting of collagen
or chitosan are improved by graphene family compounds
without affecting their unique properties. By using 𝜋–
𝜋 stacking, electrostatic forces, and hydrogen chemical
bonds, osteogenic drugs or osteogenic proteins can be
adsorbed on graphene or its derivatives with great effi-
ciency. Considering all of the benefits, graphene family
materials have a lot of prospects for bone-tissue regener-
ation.
As regards the application of BP for BTE, the full poten-

tial of this class of nanomaterials has not been fully
exploited yet. In the context of bone regeneration, BP
is predominantly used in the form of nanocomposites.
The BP-based nanomaterials demonstrate the potential for
osteosarcoma disease therapy and bone healing strategies
like the NIR-triggered drug delivery systems. In addition,
previous research has shown that integrating 2D BP with
GO can increase cell proliferation and osteogenesis in
a complementary manner. Many 2D composite materi-
als offer features that BP alone cannot, including great
stability; therefore, introducing various 2D materials com-
posites to the domain of bone regeneration could bring

novel ideas and impressive outcomes. As a result, the com-
bined nanomaterials approach offers a feasible path for
BTE applications. Many obstacles remain in the applica-
tion of BP nanostructures in BTE, from primary studies
to clinical usage. As mentioned, BP is regarded to have
high biocompatibility since it is unstable under physio-
logical environments and easily dissolves into phosphate
ions, which are nontoxic to cells. On the other hand, Shao
et al. recently discovered that 2D BP may identify and
connect to Polo Like Kinase 1 (PLK1) in the centrosome,
which is essential for cell cycle progression. PLK1 activ-
ity would be decreased after binding with 2D BP, and the
cell cycle would be stopped in the M phase, eventually
resulting in cell apoptosis.187 To prevent BP from deteri-
orating, it has been suggested to encapsulate with PLGA
or polydopamine. This finding acts as a warning to take
precautions while using 2D BP in BTE applications. To get
the strongest positive impacts from the treatment, future
research should investigate techniques to maximize the
balance between stability and biodegradability.
Being an increasingly applied 2D material for bone

formation and GBR therapeutics, MXene is extremely
biocompatible, with significant osteoinductivity. Prolifer-
ation, viability, adhesion of cells, and osteogenic differ-
entiation were all improved using MXene nanosheets.
According to current research, MXene-integrated compos-
ite scaffolds successfully promoted the death of bone can-
cer cells and accelerated the formation of new bone inside
and in contact with composite BG scaffolds. TheseMXene-
integrated composite scaffolds are quite advantageous for
bone cancer therapy due to their simultaneous capabil-
ity of inducing bone-tumor death and healthy bone repair.
Furthermore, some MXene nanomaterials are prospective
multifunctional bioscaffolds with great promise in bone
regeneration and photonic-responsivemedical approaches
in the treatment of osteosarcoma. The existing shortcom-
ings of these nanostructures include mass production,
in vivo retention, formation accuracy, preservation, and
long-term biosafety, which all obstruct their broad use
in bone regeneration and must be overcome in the next
future. To sum up, due to their special structure, possi-
ble osteogenic functionality, and intrinsic biocompatibility,
MXene and MXene-based nanostructured materials will
have the potential to make a significant contribution to
BTE.
As noted previously, bone tissue, as well as its different

structural arrangements, is complicated. Although signif-
icant progress in bone formation has been made to this
point, more research is necessary to understand what is
required to arise a marketable tissue-generated bone. The
strategy of mixing and exploiting the benefits of multiple
2D materials to generate composites with a synergetic
impact could be a route to get the strongest therapeu-

 15512916, 2023, 9, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19185 by C
ochraneItalia, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



KHODABANDEHLOO et al. 5127

tic efficacy and expand the use of 2D nanostructured
materials in bone therapy.

ACKNOWLEDGMENTS
Authors would like to acknowledge Hasan Nikkhah, a
Ph.D candidate in the University of Connecticut, for his
personal and academic assistance to this work.

ORCID
AmirHosseinKhodabandehloo https://orcid.org/0009-
0007-0650-6343
AminShamsabadipour https://orcid.org/0000-0001-
9920-4764
FrancescoBaino https://orcid.org/0000-0001-8860-0497

REFERENCES
1. Qi J, Yu T, Hu B, Wu H, Ouyang H. Current biomaterial-based

bone tissue engineering and translational medicine. Int J Mol
Sci. 2021;22(19):10233.

2. Hosseini FS, Soleimanifar F, Aidun A, Enderami SE,
Saburi E, Marzouni HZ, et al. Poly (3-hydroxybutyrate-co-
3-hydroxyvalerate) improved osteogenic differentiation of
the human induced pluripotent stem cells while consid-
ered as an artificial extracellular matrix. J Cell Physiol.
2019;234(7):11537–44.

3. Ghorbani F, Nojehdehian H, Zamanian A. Physicochemical
andmechanical properties of freeze cast hydroxyapatite-gelatin
scaffolds with dexamethasone loaded PLGA microspheres
for hard tissue engineering applications. Mater Sci Eng C.
2016;69:208–20.

4. Aidun A, Zamanian A, Ghorbani F. Immobilization of
polyvinyl alcohol-siloxane on the oxygen plasma-modified
polyurethane-carbon nanotube composite matrix. J Appl
Polym Sci. 2020;137(12):48477.

5. Pourmadadi M, Soleimani Dinani H, Saeidi Tabar F, Khassi
K, Janfaza S, Tasnim N, et al. Properties and applications of
graphene and its derivatives in biosensors for cancer detection:
a comprehensive review. Biosensors. 2022;12(5):269.

6. Rezaei Z, Golobostanfard MR, Abdizadeh H. 1D/2D mixed
nanocomposite thin film of SnO2/carbon nanotube/graphene.
J Ultrafine Grained Nanostruct Mater. 2022;55(1):45–8.

7. Wen J, Cai D, Gao W, He R, Li Y, Zhou Y, et al. Osteoim-
munomodulatory nanoparticles for bone regeneration. Nano-
materials. 2023;13(4):692.

8. Lowe B, Ottensmeyer MP, Xu C, He Y, Ye Q, Troulis MJ. The
regenerative applicability of bioactive glass and beta-tricalcium
phosphate in bone tissue engineering: a transformation per-
spective. J Funct Biomater. 2019;10(1):16.

9. SuN, Yang J, Xie Y, DuX, ChenH,Hong Z, et al. Bone function,
dysfunction and its role in diseases including critical illness. Int
J Biol Sci. 2019;15(4):776–87.

10. Uskoković V, Janković-Častvan I, Wu VM. Bone mineral
crystallinity governs the orchestration of ossification and
resorption during bone remodeling. ACS Biomater Sci Eng.
2019;5(7):3483–98.

11. Mohammadi M, Mousavi Shaegh SA, Alibolandi M,
Ebrahimzadeh MH, Tamayol A, Jaafari MR, et al. Micro

and nanotechnologies for bone regeneration: recent advances
and emerging designs. J Controlled Release. 2018;274:35–55.

12. Torgbo S, Sukyai P. Bacterial cellulose-based scaffold materials
for bone tissue engineering. Appl Mater Today. 2018;11:34–49.

13. Albrektsson T, Johansson C. Osteoinduction, osteoconduction
and osseointegration. Eur Spine J. 2001;10(2):S96–101.

14. Burg KJL, Porter S, Kellam JF. Biomaterial developments for
bone tissue engineering. Biomaterials. 2000;21(23):2347–59.

15. Wang D, Jang J, Kim K, Kim J, Park CB. “Tree to bone”:
lignin/polycaprolactone nanofibers for hydroxyapatite biomin-
eralization. Biomacromolecules. 2019;20(7):2684–93.

16. Hu C, Ashok D, Nisbet DR, Gautam V. Bioinspired surface
modification of orthopedic implants for bone tissue engineer-
ing. Biomaterials. 2019;219:119366.

17. Jang J-H, CastanoO, KimH-W. Electrospunmaterials as poten-
tial platforms for bone tissue engineering. Adv Drug Deliv Rev.
2009;61(12):1065–83.

18. Majidinia M, Sadeghpour A, Yousefi B. The roles of signal-
ing pathways in bone repair and regeneration. J Cell Physiol.
2018;233(4):2937–48.

19. Wagner JM, Reinkemeier F, Wallner C, Dadras M, Huber J,
Schmidt SV, et al. Adipose-derived stromal cells are capable
of restoring bone regeneration after post-traumatic osteomyeli-
tis and modulate B-cell response. Stem Cells Transl Med.
2019;8(10):1084–91.

20. Loi F, Córdova LA, Pajarinen J, Lin T-H, Yao Z, Goodman
SB. Inflammation, fracture and bone repair. Bone. 2016;86:
119–30.

21. Nunziato C, Williams J, Williams R. Synthetic bone graft sub-
stitute for treatment of unicameral bone cysts. J Pediatr Orthop.
2021;41(1):e60–6.

22. Özcan M, Hotza D, Fredel MC, Cruz A, Volpato CAM. Materi-
als and manufacturing techniques for polymeric and ceramic
scaffolds used in implant dentistry. J Compos Sci. 2021;5(3):
78.

23. Wong P-C, Wang C-Y, Jang JS-C, Lee C-H, Wu J-L. Large-pore
platelet-rich fibrin with a Mg ring to allow MC3T3-E1 pre-
osteoblast migration and to improve osteogenic ability for bone
defect repair. Int J Mol Sci. 2021;22(8):4022.

24. Aidun A, Zamanian A, Ghorbani F. Novel bioactive porous
starch–siloxane matrix for bone regeneration: physicochem-
ical, mechanical, and in vitro properties. Biotechnol Appl
Biochem. 2019;66(1):43–52.

25. Ou L, Lan Y, Feng Z, Feng L, Yang J, Liu Y, et al. Function-
alization of SF/HAP scaffold with GO-PEI-miRNA inhibitor
complexes to enhance bone regeneration through activating
transcription factor 4. Theranostics. 2019;9(15):4525–41.

26. Wang X, Xu S, Zhou S, Xu W, Leary M, Choong P, et al.
Topological design and additive manufacturing of porous met-
als for bone scaffolds and orthopaedic implants: a review.
Biomaterials. 2016;83:127–41.

27. Rauch F, Travers R, Parfitt AM, Glorieux FH. Static and
dynamic bone histomorphometry in childrenwith osteogenesis
imperfecta. Bone. 2000;26(6):581–9.

28. Pazianas M, van der Geest S, Miller P. Bisphosphonates and
bone quality. Bonekey Rep. 2014;3:529.

29. Beaupied H, Lespessailles E, Benhamou C-L. Evaluation
of macrostructural bone biomechanics. Joint Bone Spine.
2007;74(3):233–9.

 15512916, 2023, 9, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19185 by C
ochraneItalia, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0009-0007-0650-6343
https://orcid.org/0009-0007-0650-6343
https://orcid.org/0009-0007-0650-6343
https://orcid.org/0000-0001-9920-4764
https://orcid.org/0000-0001-9920-4764
https://orcid.org/0000-0001-9920-4764
https://orcid.org/0000-0001-8860-0497
https://orcid.org/0000-0001-8860-0497


5128 KHODABANDEHLOO et al.

30. Fratzl P, Gupta HS, Paschalis EP, Roschger P. Structure and
mechanical quality of the collagen–mineral nano-composite in
bone. J Mater Chem. 2004;14(14):2115–23.

31. Bouxsein ML, Seeman E. Quantifying the material and struc-
tural determinants of bone strength. Best Pract Res Clin
Rheumatol. 2009;23(6):741–53.

32. Weiner S, Wagner HD. The material bone: structure-
mechanical function relations. Annu Rev Mater Sci.
1998;28(1):271–98.

33. Athanasiou KA, Zhu C-F, Lanctot DR, Agrawal CM, Wang X.
Fundamentals of biomechanics in tissue engineering of bone.
Tissue Eng. 2000;6(4):361–81.

34. Qu H, Fu H, Han Z, Sun Y. Biomaterials for bone tissue
engineering scaffolds: a review. RSC Adv. 2019;9(45):26252–62.

35. MaH, Feng C, Chang J,WuC. 3D-printed bioceramic scaffolds:
from bone tissue engineering to tumor therapy. Acta Biomater.
2018;79:37–59.

36. Eliaz N, Metoki N. Calcium phosphate bioceramics: a review
of their history, structure, properties, coating technologies and
biomedical applications. Materials. 2017;10(4):334.

37. PengZ, ZhaoT, ZhouY, Li S, Li J, LeblancRM.Bone tissue engi-
neering via carbon-based nanomaterials. Adv Healthc Mater.
2020;9(5):1901495.

38. Bessa PC, Casal M, Reis RL. Bone morphogenetic proteins in
tissue engineering: the road from the laboratory to the clinic,
part I (basic concepts). J Tissue Eng RegenMed. 2008;2(1):1–13.

39. Cheng L, Wang X, Gong F, Liu T, Liu Z. 2D nano-
materials for cancer theranostic applications. Adv Mater.
2020;32(13):1902333.

40. George SM, Kandasubramanian B. Advancements in MXene-
polymer composites for various biomedical applications.
Ceram Int. 2020;46(7):8522–35.

41. Machnicki CE, Fu F, Jing L, Chen Po-Y, Wong IY.
Mechanochemical engineering of 2D materials for multiscale
biointerfaces. J Mater Chem B. 2019;7(41):6293–309.

42. Roseti L, Parisi V, Petretta M, Cavallo C, Desando G, Bartolotti
I, et al. Scaffolds for bone tissue engineering: state of the art and
new perspectives. Mater Sci Eng C. 2017;78:1246–62.

43. Shafiee A, Atala A. Tissue engineering: toward a new era of
medicine. Annu Rev Med. 2017;68(1):29–40.

44. Wu M, Zou L, Jiang L, Zhao Z, Liu J. Osteoinductive and
antimicrobial mechanisms of graphene-based materials for
enhancing bone tissue engineering. J Tissue Eng Regen Med.
2021;15(11):915–35.

45. Dimitriou R, Mataliotakis GI, Calori GM, Giannoudis PV. The
role of barrier membranes for guided bone regeneration and
restoration of large bone defects: current experimental and
clinical evidence. BMCMed. 2012;10(1):81.

46. Gao C, Peng S, Feng P, Shuai C. Bone biomaterials and
interactions with stem cells. Bone Res. 2017;5(1):17059.

47. Bose S, RoyM, Bandyopadhyay A. Recent advances in bone tis-
sue engineering scaffolds. Trends Biotechnol. 2012;30(10):546–
54.

48. Zare P, Aleemardani M, Seifalian A, Bagher Z, Seifalian AM.
Graphene oxide: opportunities and challenges in biomedicine.
Nanomaterials. 2021;11(5):1083.

49. Koons GL, Diba M, Mikos AG. Materials design for bone-tissue
engineering. Nat Rev Mater. 2020;5(8):584–603.

50. Yang B, Yin J, Chen Yu, Pan S, Yao H, Gao Y, et al. 2D-black-
phosphorus-reinforced 3D-printed scaffolds: a stepwise coun-
termeasure for osteosarcoma. Adv Mater. 2018;30(10):1705611.

51. Miao Y, Shi X, Li Q, Hao L, Liu L, Liu X, et al. Engineering
natural matrices with black phosphorus nanosheets to gen-
erate multi-functional therapeutic nanocomposite hydrogels.
Biomater Sci. 2019;7(10):4046–59.

52. YangQ,YinH,XuT, ZhuD,Yin J, ChenY, et al. Engineering 2D
mesoporous silica@MXene-integrated 3D-printing scaffolds for
combinatory osteosarcoma therapy and NO-augmented bone
regeneration. Small. 2020;16(14):1906814.

53. He C, Yu L, Yao H, Chen Yu, Hao Y. Combinatorial photother-
mal 3D-printing scaffold and checkpoint blockade inhibits
growth/metastasis of breast cancer to bone and accelerates
osteogenesis. Adv Funct Mater. 2021;31(10):2006214.

54. Zhang X, Zhang H, Zhang Y, Huangfu H, Yang Y, Qin Q, et al.
3D printed reduced graphene oxide-GelMA hybrid hydrogel
scaffolds for potential neuralized bone regeneration. J Mater
Chem B. 2023;11(6):1288–301

55. Tabatabaee S, Baheiraei N, Salehnia M. Fabrication and
characterization of PHEMA–gelatin scaffold enriched with
graphene oxide for bone tissue engineering. J Orthop Surg Res.
2022;17(1):216.

56. Saravanan S, Vimalraj S, Anuradha D. Chitosan based ther-
moresponsive hydrogel containing graphene oxide for bone
tissue repair. Biomed Pharmacother. 2018;107:908–17.

57. Kolanthai E, Sindu PA, Khajuria DK, Veerla SC, Kuppuswamy
D, Catalani LH, et al. Graphene oxide—a tool for the prepara-
tion of chemically crosslinking free alginate-chitosan-collagen
scaffolds for bone tissue engineering. ACS Appl Mater Inter-
faces. 2018;10(15):12441–52.

58. WangB, Yuan S, XinW,ChenY, FuQ, Li L, et al. Synergic adhe-
sive chemistry-based fabrication of BMP-2 immobilized silk
fibroin hydrogel functionalized with hybrid nanomaterial to
augment osteogenic differentiation of rBMSCs for bone defect
repair. Int J Biol Macromol. 2021;192:407–16.

59. Martín C, Merino S, González-Domínguez JM, Rauti R,
Ballerini L, Prato M, et al. Graphene improves the biocompat-
ibility of polyacrylamide hydrogels: 3D polymeric scaffolds for
neuronal growth. Sci Rep. 2017;7(1):10942.

60. Shadjou N, Hasanzadeh M, Khalilzadeh B. Graphene
based scaffolds on bone tissue engineering. Bioengineered.
2018;9(1):38–47.

61. Nasir S, Hussein M, Zainal Z, Yusof N. Carbon-based nanoma-
terials/allotropes: a glimpse of their synthesis, properties and
some applications. Materials. 2018;11(2):295.

62. Hoffmann R, Kabanov AA, Golov AA, Proserpio DM. Homo
citans and carbon allotropes: for an ethics of citation. Angew
Chem Int Ed. 2016;55(37):10962–76.

63. Kumar S, Raj S, Sarkar K, Chatterjee K. Engineering a
multi-biofunctional composite using poly(ethylenimine) deco-
rated graphene oxide for bone tissue regeneration. Nanoscale.
2016;8(12):6820–36.

64. Sayyar S, Officer DL, Wallace GG. Fabrication of 3D struc-
tures from graphene-based biocomposites. J Mater Chem B.
2017;5(19):3462–82.

65. Zhao H, Ding R, Zhao X, Li Y, Qu L, Pei H, et al. Graphene-
based nanomaterials for drug and/or gene delivery, bioimaging,

 15512916, 2023, 9, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19185 by C
ochraneItalia, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



KHODABANDEHLOO et al. 5129

and tissue engineering. Drug Discovery Today. 2017;22(9):1302–
17.

66. Heidari M, Bahrami H, Ranjbar-Mohammadi M. Fabrication,
optimization and characterization of electrospun poly (capro-
lactone)/gelatin/graphene nanofibrous mats. Mater Sci Eng C.
2017;78:218–29.

67. Ahadian S, Ramón-Azcón J, Chang H, Liang X, Kaji H,
Shiku H, et al. Electrically regulated differentiation of skele-
tal muscle cells on ultrathin graphene-based films. RSC Adv.
2014;4(19):9534–41.

68. Feng L, Liu Z. Graphene in biomedicine: opportunities and
challenges. Nanomedicine. 2011;6(2):317–24.

69. Liu S, Zeng TH, Hofmann M, Burcombe E, Wei J, Jiang R,
et al. Antibacterial activity of graphite, graphite oxide, graphene
oxide, and reduced graphene oxide: membrane and oxidative
stress. ACS Nano. 2011;5(9):6971–80.

70. Stoller MD, Park S, Zhu Y, An J, Ruoff RS. Graphene-based
ultracapacitors. Nano Lett. 2008;8(10):3498–502.

71. Shin SuR, Li Yi-C, Jang HL, Khoshakhlagh P, Akbari M,
Nasajpour A, et al. Graphene-based materials for tissue engi-
neering. Adv Drug Deliv Rev. 2016;105:255–74.

72. Novoselov KS, Fal′Ko VI, Colombo L, Gellert PR, Schwab MG,
Kim K. A roadmap for graphene. Nature. 2012;490(7419):192–
200.

73. Lee C, Wei X, Kysar JW, Hone J. Measurement of the elas-
tic properties and intrinsic strength of monolayer graphene.
Science. 2008;321(5887):385–8.

74. Geim AK, Novoselov KS. The rise of graphene. Nat Mater.
2007;6(3):183–91.

75. Nair RR, Blake P, Grigorenko AN, Novoselov KS, Booth
TJ, Stauber T, et al. Fine structure constant defines visual
transparency of graphene. Science. 2008;320(5881):1308.

76. Chen J-H, Jang C, Xiao S, IshigamiM, FuhrerMS. Intrinsic and
extrinsic performance limits of graphene devices on SiO2. Nat
Nanotechnol. 2008;3(4):206–9.

77. Balandin AA, Ghosh S, BaoW, Calizo I, Teweldebrhan D,Miao
F, et al. Superior thermal conductivity of single-layer graphene.
Nano Lett. 2008;8(3):902–7.

78. Luan B, Huynh T, Zhao L, Zhou R. Potential toxicity of
graphene to cell functions via disrupting protein–protein inter-
actions. ACS Nano. 2015;9(1):663–9.

79. Wang X, Han X, Li C, Chen Z, Huang H, Chen J, et al. 2Dmate-
rials for bone therapy. Adv Drug Deliv Rev. 2021;178:113970.

80. Qu Y, He F, Yu C, Liang X, Liang D, Ma L, et al. Advances
on graphene-based nanomaterials for biomedical applications.
Mater Sci Eng C. 2018;90:764–80.

81. Singh V, Joung D, Zhai L, Das S, Khondaker SI, Seal S.
Graphene basedmaterials: past, present and future. ProgMater
Sci. 2011;56(8):1178–271.

82. Tahriri M, Del Monico M, Moghanian A, Tavakkoli Yaraki
M, Torres R, Yadegari A, et al. Graphene and its derivatives:
opportunities and challenges in dentistry. Mater Sci Eng C.
2019;102:171–85.

83. Yang K, Zhang S, Zhang G, Sun X, Lee S-T, Liu Z. Graphene in
mice: ultrahigh in vivo tumor uptake and efficient photother-
mal therapy. Nano Lett. 2010;10(9):3318–23.

84. He Y, Del Valle A, Qian Y, Huang Y-F. Near infrared light-
mediated enhancement of reactive oxygen species generation

through electron transfer from graphene oxide to iron hydrox-
ide/oxide. Nanoscale. 2017;9(4):1559–66.

85. Safikhani MM, Zamanian A, Ghorbani F. Synergistic effects
of retinoic acid and graphene oxide on the physicochemical
and in-vitro properties of electrospun polyurethane scaffolds
for bone tissue engineering. e-Polymers. 2017;17(5):363–71.

86. Prasadh S, Suresh S, Wong R. Osteogenic potential of graphene
in bone tissue engineering scaffolds. Materials. 2018;11(8):1430.

87. Li L, Yu Y, Ye GJ, Ge Q, Ou X, Wu H, et al. Black phosphorus
field-effect transistors. Nat Nanotechnol. 2014;9(5):372–7.

88. Lei W, Liu G, Zhang J, Liu M. Black phosphorus nanostruc-
tures: recent advances in hybridization, doping and functional-
ization. Chem Soc Rev. 2017;46(12):3492–509.

89. Hanlon D, Backes C, Doherty E, Cucinotta CS, Berner NC,
Boland C, et al. Liquid exfoliation of solvent-stabilized few-
layer black phosphorus for applications beyond electronics. Nat
Commun. 2015;6(1):8563.

90. Tran V, Soklaski R, Liang Y, Yang L. Layer-controlled band gap
and anisotropic excitons in few-layer black phosphorus. Phys
Rev B. 2014;89(23):235319.

91. Liu X, Miller AL, Park S, George MN, Waletzki BE, Xu H,
et al. Two-dimensional black phosphorus and graphene oxide
nanosheets synergistically enhance cell proliferation and osteo-
genesis on 3D printed scaffolds. ACS Appl Mater Interfaces.
2019;11(26):23558–72.

92. JingX, Xiong Z, Lin Z, SunT. The application of black phospho-
rus nanomaterials in bone tissue engineering. Pharmaceutics.
2022;14(12):2634.

93. Liu H, Neal AT, Zhu Z, Luo Z, Xu X, Tománek D, et al. Phos-
phorene: an unexplored 2D semiconductor with a high hole
mobility. ACS Nano. 2014;8(4):4033–41.

94. Ling X, Wang H, Huang S, Xia F, Dresselhaus MS. The
renaissance of black phosphorus. Proc Natl Acad Sci USA.
2015;112(15):4523.

95. Yi Y, Yu X-F, Zhou W, Wang J, Chu PK. Two-dimensional
black phosphorus: synthesis, modification, properties, and
applications. Mater Sci Eng R Rep. 2017;120:1–33.

96. Choi SJ, KimB-K, Lee T-H, KimYH, Li Z, Pop E, et al. Electrical
and thermoelectric transport by variable range hopping in thin
black phosphorus devices. Nano Lett. 2016;16(7):3969–75.

97. Gui R, Jin H, Wang Z, Li J. Black phosphorus quantum
dots: synthesis, properties, functionalized modification and
applications. Chem Soc Rev. 2018;47(17):6795–823.

98. Shao J, Xie H, Huang H, Li Z, Sun Z, Xu Y, et al. Biodegradable
black phosphorus-based nanospheres for in vivo photothermal
cancer therapy. Nat Commun. 2016;7(1):12967.

99. Tong L, Liao Q, Zhao Y, Huang H, Gao A, ZhangW, et al. Near-
infrared light control of bone regeneration with biodegradable
photothermal osteoimplant. Biomaterials. 2019;193:1–11.

100. Wang Z, Zhao J, Tang W, Hu L, Chen X, Su Y, et al.
Multifunctional nanoengineered hydrogels consisting of black
phosphorus nanosheets upregulate bone formation. Small.
2019;15(41):1901560.

101. Berman ER, Michaelson IC. The chemical composition of the
human vitreous body as related to age andmyopia. ExpEyeRes.
1964;3(1):9–15.

102. Wang X, Shao J, Abd El Raouf M, Xie H, Huang H, Wang
H, et al. Near-infrared light-triggered drug delivery system

 15512916, 2023, 9, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19185 by C
ochraneItalia, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



5130 KHODABANDEHLOO et al.

based on black phosphorus for in vivo bone regeneration.
Biomaterials. 2018;179:164–74.

103. Wang H, Yang X, Shao W, Chen S, Xie J, Zhang X, et al. Ultra-
thin black phosphorus nanosheets for efficient singlet oxygen
generation. J Am Chem Soc. 2015;137(35):11376–82.

104. Yew YT, Sofer Z, Mayorga-Martinez CC, Pumera M. Black
phosphorus nanoparticles as a novel fluorescent sensing plat-
form for nucleic acid detection. Mater Chem Front. 2017;1(6):
1130–6.

105. Kou L, Frauenheim T, Chen C. Phosphorene as a superior gas
sensor: selective adsorption and distinct I–V response. J Phys
Chem Lett. 2014;5(15):2675–81.

106. Xing C, Chen S, Qiu M, Liang X, Liu Q, Zou Q, et al.
Conceptually novel black phosphorus/cellulose hydrogels as
promising photothermal agents for effective cancer therapy.
Adv Healthcare Mater. 2018;7(7):1701510.

107. Tao W, Zhu X, Yu X, Zeng X, Xiao Q, Zhang X, et al. Black
phosphorus nanosheets as a robust delivery platform for cancer
theranostics. Adv Mater. 2017;29(1):1603276.

108. Yin F, Hu K, Chen Si, Wang D, Zhang J, Xie M, et al. Black
phosphorus quantum dot based novel siRNA delivery systems
in human pluripotent teratoma PA-1 cells. J Mater Chem B.
2017;5(27):5433–40.

109. Shamsabadipour A, Pourmadadi M, Rashedi H, Yazdian F,
Navaei-Nigjeh M. Nanoemulsion carriers of porous γ-alumina
modified by polyvinylpyrrolidone and carboxymethyl cellulose
for pH-sensitive delivery of 5-fluorouracil. Int J Biol Macromol.
2023;233:123621.

110. Peng L, Abbasi N, Xiao Y, Xie Z. Black phosphorus: degra-
dation mechanism, passivation method, and application for
in situ tissue regeneration. Adv Mater Interfaces. 2020;7(23):
2001538.

111. Miao Y, Chen Y, Luo J, Liu X, Yang Q, Shi X, et al. Black
phosphorus nanosheets-enabledDNAhydrogel integrating 3D-
printed scaffold for promoting vascularized bone regeneration.
Bioact Mater. 2023;21:97–109.

112. Zhao Y, Chen Z, Shao W, Yang S, Cui W, Cai Z, et al.
Black phosphorus-enhanced injectable hydrogel for infected
soft tissue healing. APL Bioeng. 2023;7(1):016103.

113. Shen S, Liu R, Song C, Shen T, Zhou Y, Guo J, et al. Fish scale-
derived scaffolds with MSCs loading for photothermal therapy
of bone defect. Nano Res. 2023;16:7383-7392.

114. Zhao Y, Peng Xu, Xu X, Wu M, Sun F, Xin Q, et al. Chitosan
based photothermal scaffold fighting against bone tumor-
related complications: recurrence, infection, and defects. Car-
bohydr Polym. 2023;300:120264.

115. Lee YB, Song S-J, Shin YC, Jung YJ, Kim B, Kang MS, et al.
Ternary nanofiber matrices composed of PCL/black phospho-
rus/collagen to enhance osteodifferentiation. J Ind Eng Chem.
2019;80:802–10.

116. Wang C, Ye X, Zhao Y, Bai L, He Z, Tong Q, et al. Cryo-
genic 3D printing of porous scaffolds for in situ delivery of 2D
black phosphorus nanosheets, doxorubicin hydrochloride and
osteogenic peptide for treating tumor resection-induced bone
defects. Biofabrication. 2020;12(3):035004.

117. Wang Y, Hu X, Zhang L, Zhu C, Wang J, Li Y, et al. Bioin-
spired extracellular vesicles embedded with black phosphorus
for molecular recognition-guided biomineralization. Nat Com-
mun. 2019;10(1):2829.

118. Naguib M, Kurtoglu M, Presser V, Lu J, Niu J, Heon M,
et al. Two-dimensional nanocrystals produced by exfoliation of
Ti3AlC2. Adv Mater. 2011;23(37):4248–53.

119. Naguib M, Mochalin VN, Barsoum MW, Gogotsi Y. 25th
anniversary article: MXenes: a new family of two-dimensional
materials. Adv Mater. 2014;26(7):992–1005.

120. Tan TL, Jin HM, Sullivan MB, Anasori B, Gogotsi Y. High-
throughput survey of ordering configurations in MXene
alloys across compositions and temperatures. ACS Nano.
2017;11(5):4407–18.

121. Anasori B, Xie Yu, Beidaghi M, Lu J, Hosler BC, Hultman
L, et al. Two-dimensional, ordered, double transition metals
carbides (MXenes). ACS Nano. 2015;9(10):9507–16.

122. Wang C, Xie H, Chen S, Ge B, Liu D, Wu C, et al. Atomic cobalt
covalently engineered interlayers for superior lithium-ion stor-
age. Adv Mater. 2018;30(32):1802525.

123. Chen X, Zhao Y, Li L, Wang Y, Wang J, Xiong J, et al.
MXene/polymer nanocomposites: preparation, properties, and
applications. Polym Rev. 2021;61(1):80–115.

124. Magne D, Mauchamp V, Célérier S, Chartier P, Cabioc’h T.
Site-projected electronic structure of two-dimensional Ti3C2
MXene: the role of the surface functionalization groups. Phys
Chem Chem Phys. 2016;18(45):30946–53.

125. Chakraborty P, Das T, Saha-Dasgupta T. 1.15 – MXene: a
new trend in 2D materials science. In: Andrews DL, Lip-
son RH, Nann T, editors. Comprehensive nanoscience and
nanotechnology. 2nd ed. Oxford: Academic Press; 2019. p.
319–30.

126. Karahan HE, Goh K, Zhang C, Yang E, Yıldırım C, Chuah
CY, et al. MXene materials for designing advanced separation
membranes. Adv Mater. 2020;32(29):1906697.

127. Chen K, Qiu N, Deng Q, Kang M-H, Yang H, Baek J-U, et al.
Cytocompatibility of Ti3AlC2, Ti3SiC2, and Ti2AlN: in vitro
tests and first-principles calculations. ACS Biomater Sci Eng.
2017;3(10):2293–301.

128. Pan S, et al. 2D MXene-integrated 3D-printing scaffolds for
augmented osteosarcoma phototherapy and accelerated tissue
reconstruction. Adv Sci (Weinh). 2019;7(2):1901511.

129. Jeon M, Jun B-M, Kim S, Jang M, Park CM, Snyder SA, et al.
A review on MXene-based nanomaterials as adsorbents in
aqueous solution. Chemosphere. 2020;261:127781.

130. Dai C, Chen Yu, Jing X, Xiang L, Yang D, Lin H, et al. Two-
dimensional tantalum carbide (MXenes) composite nanosheets
for multiple imaging-guided photothermal tumor ablation.
ACS Nano. 2017;11(12):12696–712.

131. Naguib M, Mashtalir O, Carle J, Presser V, Lu J, Hultman L,
et al. Two-dimensional transition metal carbides. ACS Nano.
2012;6(2):1322–31.

132. Ghidiu M, Lukatskaya MR, Zhao M-Q, Gogotsi Y, Barsoum
MW. Conductive two-dimensional titanium carbide ‘clay’ with
high volumetric capacitance. Nature. 2014;516(7529):78–81.

133. Peng Q, Guo J, Zhang Q, Xiang J, Liu B, Zhou A, et al.
Unique lead adsorption behavior of activated hydroxyl group
in two-dimensional titanium carbide. J Am Chem Soc.
2014;136(11):4113–6.

134. Ran J, Gao G, Li F-T, Ma T-Y, Du A, Qiao S-Z. Ti3C2 MXene
co-catalyst on metal sulfide photo-absorbers for enhanced
visible-light photocatalytic hydrogen production. Nat Com-
mun. 2017;8(1):13907.

 15512916, 2023, 9, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19185 by C
ochraneItalia, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



KHODABANDEHLOO et al. 5131

135. SoleymanihaM, ShahbaziM-A, Rafieerad AR,Maleki A, Amiri
A. Promoting role ofMXene nanosheets in biomedical sciences:
therapeutic and biosensing innovations. Adv Healthc Mater.
2019;8(1):1801137.

136. Basara G, Saeidi-Javash M, Ren X, Bahcecioglu G, Wyatt BC,
Anasori B, et al. Electrically conductive 3D printed Ti3C2Tx
MXene-PEG composite constructs for cardiac tissue engineer-
ing. Acta Biomater. 2022;139:179–89.

137. Liu Y, Yu Q, Chang J, Wu C. Nanobiomaterials: from 0D
to 3D for tumor therapy and tissue regeneration. Nanoscale.
2019;11(29):13678–708.

138. Lin H,Wang X, Yu L, Chen Y, Shi J. Two-dimensional ultrathin
MXene ceramic nanosheets for photothermal conversion.Nano
Lett. 2017;17(1):384–91.

139. Hussein E, Zagho M, Nasrallah G, Elzatahry A. Recent
advances in functional nanostructures as cancer photothermal
therapy. Int J Nanomed. 2018;13:2897–906.

140. Wang F, Yang C, Duan M, Tang Y, Zhu J. TiO2 nanoparticle
modified organ-like Ti3C2 MXene nanocomposite encapsulat-
ing hemoglobin for a mediator-free biosensor with excellent
performances. Biosens Bioelectron. 2015;74:1022–8.

141. Aidun A, Safaei Firoozabady A, Moharrami M, Ahmadi A,
Haghighipour N, Bonakdar S, et al. Graphene oxide incorpo-
rated polycaprolactone/chitosan/collagen electrospun scaffold:
enhanced osteogenic properties for bone tissue engineering.
Artif Organs. 2019;43(10):E264–81.

142. Liang C, Luo Y, Yang G, Xia D, Liu L, Zhang X, et al. Graphene
oxide hybridized nHAC/PLGA scaffolds facilitate the prolifera-
tion of MC3T3-E1 cells. Nanoscale Res Lett. 2018;13(1):15.

143. Newby SD, Masi T, Griffin CD, King WJ, Chipman A,
Stephenson S, et al. Functionalized graphene nanoparticles
induce human mesenchymal stem cells to express distinct
extracellular matrix proteins mediating osteogenesis. Int J
Nanomed. 2020;15:2501–13.

144. Krukiewicz K, Putzer D, Stuendl N, Lohberger B, Awaja
F. Enhanced osteogenic differentiation of human primary
mesenchymal stem and progenitor cultures on graphene
oxide/poly(methyl methacrylate) composite scaffolds. Materi-
als. 2020;13(13):2991.

145. Lyu H, He Z, Chan YK, He X, Yu Y, Deng Y. Hierarchical
ZnO nanotube/graphene oxide nanostructures endow pure Zn
implant with synergistic bactericidal activity and osteogenicity.
Ind Eng Chem Res. 2019;58(42):19377–85.

146. Oğuz ÖD, Ege D. Preparation of graphene oxide-reinforced
calcium phosphate/calcium sulfate/methylcellulose-based
injectable bone substitutes. MRS Commun. 2019;9(4):1174–80.

147. DuZ,WangC, ZhangR,WangX, Li X.Applications of graphene
and its derivatives in bone repair: advantages for promoting
bone formation and providing real-time detection, challenges
and future prospects. Int J Nanomed. 2020;15:7523–51.

148. Unagolla JM, Jayasuriya AC. Enhanced cell functions on
graphene oxide incorporated 3D printed polycaprolactone scaf-
folds. Mater Sci Eng: C. 2019;102:1–11.

149. Zhou C, Liu S, Li J, Guo K, Yuan Q, Zong A et al. Collagen
functionalizedwith graphene oxide enhanced biomimeticmin-
eralization and in situ bone defect repair. ACS Appl Mater
Interfaces. 2018;10(50):44080–91.

150. Kawamoto K, Miyaji H, Nishida E, Miyata S, Kato A, Tateyama
A, et al. Characterization and evaluation of graphene oxide scaf-

fold for periodontal wound healing of class II furcation defects
in dog. Int J Nanomed. 2018;13:2365–76.

151. Wu X, Zheng S, Ye Y, Wu Y, Lin K, Su J. Enhanced osteogenic
differentiation and bone regeneration of poly(lactic-co-glycolic
acid) by graphene via activation of PI3K/Akt/GSK-3β/β-catenin
signal circuit. Biomater Sci. 2018;6(5):1147–58.

152. Samadian S, Karbalaei A, Pourmadadi M, Yazdian F, Rashedi
H, Omidi M, et al. A novel alginate-gelatin microcapsule to
enhance bone differentiation of mesenchymal stem cells. Int J
Polym Mater Polym Biomater. 2022;71(6):395–402.

153. Zhao C, Zeng Z, Qazvini NT, Yu X, Zhang R, Yan S,
et al. Thermoresponsive citrate-based graphene oxide scaffold
enhances bone regeneration from BMP9-stimulated adipose-
derived mesenchymal stem cells. ACS Biomater Sci Eng.
2018;4(8):2943–55.

154. Ma L, Feng X, Liang H, Wang K, Song Yu, Tan L, et al. A novel
photothermally controlled multifunctional scaffold for clini-
cal treatment of osteosarcoma and tissue regeneration. Mater
Today. 2020;36:48–62.

155. Liu L, Zhou M, Li X, Jin L, Su G, Mo Y, et al. Research progress
in application of 2D materials in liquid-phase lubrication
system. Materials (Basel, Switzerland). 2018;11(8):1314.

156. Meng Y, Su F, Li Z. Boundary and elastohydrodynamic
lubrication behaviors of nano-CuO/reduced graphene oxide
nanocomposite as an efficient oil-based additive. Langmuir.
2019;35(32):10322–33.

157. Wychowaniec JK, Litowczenko J, Tadyszak K. Fabricating ver-
satile cell supports from nano- and micro-sized graphene oxide
flakes. J Mech Behav Biomed Mater. 2020;103:103594.

158. Gurunathan S, Kang M-H, Jeyaraj M, Kim J-H. Differential
cytotoxicity of different sizes of graphene oxide nanoparti-
cles in leydig (TM3) and sertoli (TM4) cells. Nanomaterials.
2019;9(2):139.

159. Wu Y, Wang F, Wang S, Ma J, Xu M, Gao M, et al. Reduction
of graphene oxide alters its cyto-compatibility towards primary
and immortalized macrophages. Nanoscale. 2018;10(30):14637–
50.

160. Dervin S, Murphy J, Aviles R, Pillai SC, Garvey M. An in vitro
cytotoxicity assessment of graphene nanosheets on alveolar
cells. Appl Surf Sci. 2018;434:1274–84.

161. Gusmão R, Sofer Z, Pumera M. Black phosphorus rediscov-
ered: from bulk material to monolayers. Angew Chem Int Ed.
2017;56(28):8052–72.

162. Penido MGMG, Alon US. Phosphate homeostasis and its role
in bone health. Pediatr Nephrol. 2012;27(11):2039–48.

163. Huang K, Wu J, Gu Z. Black phosphorus hydrogel scaffolds
enhance bone regeneration via a sustained supply of calcium-
free phosphorus. ACS Appl Mater Interfaces. 2019;11(3):2908–
16.

164. Raucci MG, Fasolino I, Caporali M, Serrano-Ruiz M, Soriente
A, Peruzzini M, et al. Exfoliated black phosphorus promotes
in vitro bone regeneration and suppresses osteosarcoma pro-
gression through cancer-related inflammation inhibition. ACS
Appl Mater Interfaces. 2019;11(9):9333–42.

165. Xiong Z, Zhang X, Zhang S, Lei L, Ma W, Li D, et al. Bacterial
toxicity of exfoliated black phosphorus nanosheets. Ecotoxicol
Environ Saf. 2018;161:507–14.

166. Li B, Lai C, Zeng G, Huang D, Qin L, Zhang M, et al. Black
phosphorus, a rising star 2D nanomaterial in the post-graphene

 15512916, 2023, 9, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19185 by C
ochraneItalia, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



5132 KHODABANDEHLOO et al.

era: synthesis, properties, modifications, and photocatalysis
applications. Small. 2019;15(8):1804565.

167. Ouyang J, Liu R-Y, Chen W, Liu Z, Xu Q, Zeng K, et al.
A black phosphorus based synergistic antibacterial platform
against drug resistant bacteria. J Mater Chem B. 2018;6(39):
6302–10.

168. Aksoy İ, et al. Photothermal antibacterial and antibiofilm
activity of black phosphorus/gold nanocomposites
against pathogenic bacteria. ACS Appl Mater Interfaces.
2020;12(24):26822–31.

169. Zare Marzouni H, Tarkhan F, Aidun A, Shahzamani K, Jahan
Tigh HR, Malekshahian S, et al. Cytotoxic effects of coated
gold nanoparticles on PC12 cancer cell. Galen Med J. 2018;7:
e1110.

170. Cheng L, Chen Z, Cai Z, Zhao J, Lu M, Liang J, et al.
Bioinspired functional black phosphorus electrospun fibers
achieving recruitment and biomineralization for staged bone
regeneration. Small. 2020;16(50):2005433.

171. Fu Yu, Zhang J, Lin H, Mo A. 2D titanium carbide(MXene)
nanosheets and 1D hydroxyapatite nanowires into free stand-
ing nanocomposite membrane: in vitro and in vivo eval-
uations for bone regeneration. Mater Sci Eng: C. 2021;118:
111367.

172. Lin H, Gao S, Dai C, Chen Yu, Shi J. A two-dimensional
biodegradable niobium carbide (MXene) for photothermal
tumor eradication in NIR-I and NIR-II biowindows. J Am
Chem Soc. 2017;139(45):16235–47.

173. Yin J, Pan S, Guo X, Gao Y, Zhu D, Yang Q, et al. Nb2CMXene-
functionalized scaffolds enables osteosarcoma phototherapy
and angiogenesis/osteogenesis of bone defects. Nano-Micro
Lett. 2021;13(1):30.

174. Zhang X, Zhang C, Lin Y, Hu P, Shen Y, Wang K,
et al. Nanocomposite membranes enhance bone regeneration
through restoring physiological electric microenvironment.
ACS Nano. 2016;10(8):7279–86.

175. Zhang J, Fu Y, Mo A. Multilayered titanium carbide
MXene film for guided bone regeneration. Int J Nanomed.
2019;14:10091–103.

176. Chen K, Chen Y, Deng Q, Jeong S-H, Jang T-S, Du S,
et al. Strong and biocompatible poly(lactic acid) membrane
enhanced by Ti3C2Tz (MXene) nanosheets for Guided bone
regeneration. Mater Lett. 2018;229:114–7.

177. Hu Z-C, Lu J-Q, Zhang T-W, Liang H-F, Yuan H, Su D-H, et al.
Piezoresistive MXene/Silk fibroin nanocomposite hydrogel for
accelerating bone regeneration by re-establishing electrical
microenvironment. Bioact Mater. 2023;22:1–17.

178. Nie R, Sun Y, Lv H, Lu M, Huangfu H, Li Y, et al. 3D print-
ing of MXene composite hydrogel scaffolds for photothermal

antibacterial activity and bone regeneration in infected bone
defect models. Nanoscale. 2022;14(22):8112–29.

179. Mi X, Su Z, Fu Y, Li S, Mo A. 3D printing of Ti(3)C(2)-
MXene-incorporated composite scaffolds for accelerated bone
regeneration. Biomed Mater. 2022;17(3):035002.

180. Xu Z, Zhang Y, Dai H, Wang Yu, Ma Y, Tan S, et al. 3D
printed MXene (Ti2AlN)/polycaprolactone composite scaffolds
for in situ maxillofacial bone defect repair. J Ind Eng Chem.
2022;114:536–48.

181. Lee SH, Jeon S, Qu X, Kang MS, Lee JHo, Han D-W, et al.
Ternary MXene-loaded PLCL/collagen nanofibrous scaffolds
that promote spontaneous osteogenic differentiation. Nano
Converg. 2022;9(1):38.

182. Fu Yu, Zhang J, Lin H, Mo A. 2D titanium carbide(MXene)
nanosheets and 1D hydroxyapatite nanowires into free stand-
ing nanocomposite membrane: in vitro and in vivo evaluations
for bone regeneration. Mater Sci Eng C Mater Biol Appl.
2021;118:111367.

183. Rafieerad A, Yan W, Sequiera GL, Sareen N, Abu-El-Rub E,
MoudgilM, et al. Application of Ti3C2MXene quantumdots for
immunomodulation and regenerative medicine. Adv Healthc
Mater. 2019;8(16):1900569.

184. Yu Y, Lu Q, Sun J, Zhang P, Zeng L, Vasilev K, et al. Spon-
taneous formation of MXene-oxidized sono/chemo-dynamic
sonosensitizer/nanocatalyst for antibacteria and bone-tissue
regeneration. Durham: Research Square; 2023.

185. Awasthi GP, Maharjan B, Shrestha S, Bhattarai DP, Yoon D,
Park CH, et al. Synthesis, characterizations, and biocompatibil-
ity evaluation of polycaprolactone–MXene electrospun fibers.
Colloids Surf A. 2020;586:124282.

186. Winkler T, Sass FA, Duda GN, Schmidt-Bleek K. A review
of biomaterials in bone defect healing, remaining shortcom-
ings and future opportunities for bone tissue engineering: the
unsolved challenge. Bone Joint Res. 2018;7(3):232–43.

187. Shao X, Ding Z, Zhou W, Li Y, Li Z, Cui H, et al. Intrinsic
bioactivity of black phosphorus nanomaterials on mitotic cen-
trosome destabilization through suppression of PLK1 kinase.
Nat Nanotechnol. 2021;16(10):1150–60.

How to cite this article: Khodabandehloo AH,
Pourmadadi M, Shamsabadipour A, Langari H,
Manicum A-L, Rahdar A, et al. Two-dimensional
materials for bone-tissue engineering. J Am Ceram
Soc. 2023;106:5111–5132.
https://doi.org/10.1111/jace.19185

 15512916, 2023, 9, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19185 by C
ochraneItalia, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/jace.19185

	Two-dimensional materials for bone-tissue engineering
	Abstract
	1 | INTRODUCTION
	2 | BONE REGENERATION STRATEGIES
	3 | BONE STRUCTURES, BIOMECHANICS, BIOLOGY, AND GROWTH FACTORS
	4 | POPULAR 2D MATERIALS FOR BONE-TISSUE ENGINEERING
	4.1 | Graphene and its derivatives
	4.2 | Black phosphorus (BP)
	4.3 | MXenes

	5 | THE APPLICATIONS OF 2D MATERIALS FOR BONE REGENERATION
	5.1 | The applications of graphene and its derivatives for bone regeneration
	5.2 | The applications of BP for bone regeneration
	5.3 | The applications of MXenes for bone regeneration

	6 | CONCLUSIONS AND FUTURE PERSPECTIVES
	ACKNOWLEDGMENTS
	ORCID
	REFERENCES


