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Graphene family materials (GFMs) integrated with hydroxyapatite (HA) stand as compelling biomaterials for bone
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and a nuanced exposition of the biomimetic mineralization mechanism governing HA crystal formation in the
presence of GFMs is provided. Furthermore, the review expounds upon the salient impact of GFMs-HA composites
on cellular behavior, encapsulating pivotal facets such as cell proliferation, adhesion, and their proclivity for
stimulating osteogenic differentiation. In addition, an insightful exploration into the augmentation of fracture
toughness in HA, consequent to the incorporation of GFMs, is deliberated upon, thereby underscoring the
potential translational significance of these composites in the domain of bone tissue engineering. This review
serves as a compendium of recent advancements, providing a scholarly perspective on the evolving landscape of
GFMs-HA composite research, thereby contributing to the broader discourse on biomaterials for bone tissue
regeneration.
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Introduction biomaterials present a viable solution, such as metals polymers
o (e.g., polymethylmethacrylate,polyethylene) [1], bioglasses (e.g.,
The skeletal framework of the human body, constituting the bone 4555 bioglass comprising SiO_, Na O, CaO, P,0.), and ceramics

skeleton, is susceptible to fractures and injuries resulting from
accidents or conditions such as osteoporosis, osteoarthritis, and
myelitis, thereby leading to bone loss. In instances where the

intrinsic bone remodeling process proves insufficient for the  1,5ne  biocompatibility, bioactivity, and osteoconductivity [3)].

r;moval gnd replacement of bone, the 1ntgoduct19n of_ extemal However, despite these favorable attributes, the inherent limitations

biomaterials becomes imperative. Natural biomaterials, including of HA. such as its diminished ability to stimulate the differentiation
ol J

allogr'flfts, autografts, and xenograf?s, exemphfy such external and proliferation of osteoblastic cells, as well as its brittleness,
materials. However, these natural biomaterials bear the risk of impose constraints on its biomedical applications.

transmitting infections and pathogens between bone donors and

recipients. An intriguing prospect for overcoming these limitations lies in
the potential integration of Graphene Family Materials (GFMs)
with HA. This prompts critical questions regarding the
consequences of adding GFMs to HA: How does the inclusion
* Coresponding author of GFMs impact the characteristics of the composite material?

Ermail address: khaliti.taghzouti.othmane@gmail.com (Dr. Othmane Khaliti Taghzouti What transpires when GFMs-HA comes into contact with cells?
Faculty of Science, Ibn Tofail University, Kenitra, Morocco) p '

(e.g., tricalcium phosphate, hydroxyapatite) [2]. Hydroxyapatite
(HA), in particular, emerges as an attractive biomaterial for bone
regeneration owing to its chemical composition resembling natural

To circumvent the potential transmission of diseases, synthetic
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Can GFMs enhance the fracture toughness of HA? These inquiries
form the focal points of investigation in this context, offering
avenues for further exploration and understanding in the realm of
biomaterials for bone tissue regeneration.

This review endeavors to underscore recent advancements in the
research on graphene family materials-hydroxyapatite as a promising
candidate for bone regeneration and implantation. The exposition
begins with an overview of graphene family materials, followed by
a detailed exploration of the composition, functions of bone,
bone remodeling processes, and the characteristics of hydroxyapatite.
The subsequent sections delve into chemical strategies and process-
mixing methodologies aimed at enhancing the dispersion of GFMs
in aqueous and organic solutions, as well as within the HA matrix.
The review also introduces the novel concept of biomimetic
mineralization of HA crystals in the presence of GFMs as an
innovative strategy for fabricating GFMs-HA composites.

Furthermore, the narrative encompasses recent studies elucidating
the impact of GFMs on enhancing both the biological and
mechanical properties of HA. Finally, a succinct conclusion, along
with prospective insights, is presented, encapsulating the current
state of knowledge and potential directions for future research in
this burgeoning field.

Graphene Family Materials

Graphene, a single atomic layer with a two-dimensional (2D) sp?
hybridized carbon structure, is arranged in a hexagonal lattice [4,5].
Its remarkable properties, including a Young’s modulus of
approximately 1 TPa, intrinsic strength of 130 GPa, large specific
surface atea (2630 m? g), and excellent osteoinductivity, make it an
exceptionally robust and promising reinforcement material in
hydroxyapatite matrices [6-8]. The extraordinary characteristics of
graphene extend its applications to various biomedical fields, such
as antibacterial paper, cancer targeting, photothermal therapy, drug
delivery, biological imaging, and tissue engineering [9-16].

Research interest has been directed towards graphene family
materials (GFMs), encompassing graphene oxide (GO), reduced
graphene oxide (rGO), graphene nanosheets (GNS), ultrathin
graphite, and few-layer graphene. This focus arises from the diverse
characteristics exhibited by each graphene material, including surface
chemistry, lateral dimension, quality of graphene sheets,
composition, and purity [17]. To alleviate nomenclature confusion,
a new classification system has been introduced for GFMs,
emphasizing three key characteristics: average lateral dimension,
atomic carbon/oxygen ratio, and the number of graphene layers

[18].

Recently, graphene oxide, reduced graphene oxide, graphene
nanosheets, and few-layer graphene have become prevalent choices
as reinforcing agents in hydroxyapatite, as evidenced in the literature.
A variety of methods have been developed to generate GEMs,
encompassing chemical, mechanical, and electrochemical exfoliation
of graphite, epitaxial growth on silicon carbide, thermal reduction,
and chemical vapor deposition (CVD) [5,19-26].

Among these methods, the chemical oxidation of graphite followed
by exfoliation is the most widely employed technique to produce
GO. Hummer’s method, involving the oxidation of graphite by
reacting it with a mixture of oxidant reagents - sulfuric acid (H,SO,)
and potassium permanganate (KMnO)) - is commonly used for
graphite oxidation [27]. Additionally, to produce GO, exfoliation
of graphite oxide can be petformed in an organic or hydrate solution
to isolate single layers. Furthermore, rGO can be synthesized

through reduction reagents such as hydrazine (NH,NH),
hydroquinone, or sodium borohydride (NaBH ). Alternatively, eco-
friendly approaches utilizing solvothermal, hydrothermal,
electrochemical, microwave, flash, ultraviolet, and gamma-
irradiation methods have been developed to replace hazardous
reducing agents [24,28-31].

Several models have been proposed to elucidate the structure of
GO, with Lerf Klinowski’s model being widely accepted. This model
confirms the presence of aromatic entities, epoxide, and hydroxyl
groups on the basal plane, and the experimental verification of
carboxylic acid on the edge of graphene has been established through
infrared spectroscopy [32—34].

Bone
Composition architecture, function of bone

Bone constitutes living tissue characterized by two matrices: the
Cellular Matrix (CM) and the Extracellular Matrix (ECM). The CM
is comprised of osteoblast cells, responsible for bone formation,
and osteoclast cells, responsible for bone resorption [35].
Additionally, other cells, including osteocytes, border cells, and
differentiated osteoblasts, play crucial roles in the bone remodeling
process. The ECM, constituting 69% mineral phase, 22% organic
phase, and 9% water, primarily features phosphate and calcium as
the most abundant minerals, while other cationic and anionic
minerals such as Na, Mg, and HPO, are present in smaller amounts
[36].

Remodeling of bone

Bone remodeling is an inherent and continuous physiological
process wherein osteoblast cells are responsible for the removal of
aged bone, while osteoclast cells facilitate the replacement with new
bone. This remodeling mechanism is crucial for maintaining the
mechanical integrity of bone and promoting the regeneration of
new bone tissue, particularly in response to fractures [37]. The
sequential stages of the bone remodeling cycle unfold as follows:
initiation begins with the activation phase occurring on previously
inactive surfaces, which become activated in the presence of border
cells. Subsequently, the border cells retract, allowing osteoclast cells
to fuse and undergo differentiation into active osteoclasts. These
osteoclasts then adhere to the bone matrix, initiating the resorption
of bone tissue. The enzymatic action degrades the organic
component, and the mineral component dissolves via the action
of hydrogen ions (H"). Following the completion of resorption,
osteoclast cells undergo apoptosis, leaving behind resorption gaps.
In the subsequent phases, osteoblast cells assume the role of gap
fillers by generating a new organic matrix comprised of collagen
fibers, referred to as a “steroid.” This issucceeded by the
biomineralization of the mineral matrix. As the process concludes,
osteoblasts gradually become less active and undergo differentiation
into border cells and osteocytes, contributing to the cyclical nature
of bone remodeling,

Hydroxyapatite

Hydroxyapatite (HA), with the chemical formula Ca, (PO ) (OH),,
is a naturally occurring mineral that constitutes the inorganic
component of bone tissue in vertebrates. Its resemblance to the
mineral phase of bone, combined with its biocompatibility and
bioactivity, has led to extensive research into its use in biomedical
applications. The unique chemical composition and crystalline
structure of HA contribute to its exceptional mechanical strength,
thermal stability, and biological performance, making it a promising
material for use in orthopedic, dental, and tissue engineering
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applications. Additionally, the surface properties of HA can be
tailored through various fabrication techniques to enhance its
bioactivity and promote osseointegration in medical implants.

Hydroxyapatite (HA) stands as a compelling biomaterial in the
domain of hard tissue engineering, utilized for the restoration of
damaged bone and the regeneration of bone tissue due to its
inherent biological properties and chemical composition, closely
resembling that of natural bone [38]. HA is a member of the
crystallographic apatite family, and its crystalline structure conforms
to the hexagonal system with space group P63/m. The
crystallographic parameters defining its structure are as follows: a =
9.424 A, c=6.879 A, 4=120°C and V = 529.09 A3 [39—41].

The crystallographic arrangement of HA comprises two horizontal
layers of PO, tetrahedra, situated at the z = 1/4 and z = 3/4

planes. The Ca?* atoms within the structure can be categorized into
two types: Ca (I) and Ca (II). Specifically, four calcium atoms
designated as Ca (I) ate positioned at the z = 0, 1/2 plane, while the
six Ca (II) atoms are located at the 1/4, 3/4 planes, with three
atoms on each plane. Additionally, two OH ions are situated at the

1/4,3/4 planes [42].

Chemical strategy and process mixing method
to enhance GFMs dispersion in aqueous, organic
solution and in HA

The primary challenge lies in achieving the homogeneous dispersion
of Graphene Family Materials (GEMs) in both aqueous and organic
solutions to prevent the aggregation of GFMs when they are
introduced into hydroxyapatite solutions. The 0-0 stacking between
layers of graphene induces insolubility in both organic and aqueous

Table 1: Covalent and non-covalent functionalization of graphene

Functionalization MT(I?::Ie Organic molecule Reaction Kind Stable Dispersant Solvent Reference
Thiocarbonate xanthate Free Radical grafted DMF [50]
6-armed poly (ethylene glycol) Amidation Water, PBS [53]
Free radical grafting or
Polymer Poly (oxyalkylene) mines _ epc_JXIde . THF [47]
ring-opening reaction
Poly (tert-butyl acrylate) radical polymerization Toluene [49]
Poly (e-caprolactone) - CH,Cl, [49]
Hexadecyltrimethoxysilane, CCly [52]
N-(trimethoxysilylpropyl) I
Organosilane ethylenediamine triacetic acid silanization water [46]
. . . ter, ethanol
Covalent 3-amino-propyltriethoxysilane e ‘ [55]
functionalization DMF,DMSO,APTES
Organotin dibutyldimethoxytin - CCly [52]
Ethylenediamine, 1,6-hexanediamine DMF [52]
amines 1-aminopyrene, 2-
. aminofluorene, aliphatic amine, 1- e isopropanol [44]
Amine octadecylamine Amidation
Octadecylamine, dodecylamine, Toluene, chloroform (48]
hexadecylamine chlorobenzene
4-isocyanatobenzenesulfonyl azide
Phenylisocyanate ,4- PN o
Isocyanate acytylphenylisocyanate, tert-butyl Carbamation(a verifier) DMF,NMP,DMSO [48]
isocyanate
Nitrile malononitrile anion epoxide ring-opening either organic solvent , water [45]
reaction
Pyrene laterally-grafted oligoether water 161]
dendron
Pyrene Pyrene-adamantane (1), pyrene-
adamantane -methylated B- DMF,DMSO,NMP, THF(1), [65]
: Water (2)
cyclodextrin (2).
9-anthracene carboxylic acid Water, water-ethanol [57]
Carboxylic . . Ethanol, Acetone, DMF, THF,
acid Pyrene butynic acid - interactions Ethanol, Pyridine, [170]
Methanol, Water
g poly(3,4-ethylene
Co-polymere dioxythiophene):poly(styrene sulfonate) [60]
DNA Flavin Mononucleotide [56]
Cationic poly(1-glycidyl-3-methylimidazolium I .
ful\rl]cég-o%c;\{;l;?;n molecule chloride) Cation- 17 interaction water [171]
sodium dodecyl sulfate [59]
Surfactant sodium dodecyl sulfate
nonylphenylether
Pluronic block copolymers F127,and [64]
P123
. Methanol, ethanol,
N-methyl-2pyrrolidone isopropanol, DMF NMP. [22]
Polymer . ) THF, cyclohexane, toluene,
poly(sodium 4-styrene sulfonate) DME, ethanol [63]
Polythiophene-graft-poly(methyl DMF 162]
methacrylate)
polyindole water [58]
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solvents. Moreover, the inadequate presence of functional organic
groups on the graphene surface leads to suboptimal dispersion
within the hydroxyapatite (HA) matrix, consequently affecting the
properties of the final composite. To address this limitation and
ensure homogeneous dispersion while averting agglomeration of
GFMs, chemical surface functionalization through dispersant agents
has emerged as an effective strategy. This approach proves
instrumental in enhancing the dispersion of graphene in organic
solvents, ultimately achieving a homogeneous dispersion within
the hydroxyapatite matrix.

The chemical functionalization strategy can be categorized into two
main types: covalent and non-covalent functionalization (table 1).

Covalent functionalization

Covalent functionalization of graphene involves the attachment
of chemical groups or molecules to the graphene surface through
covalent bonds. This process is essential for tailoring the properties
of graphene and expanding its applicability in various fields,
including electronics, energy storage, sensors, and biomedicine. The
pristine surface of graphene is chemically inert, limiting its
interaction with other materials and applications. Covalent
functionalization enables the introduction of specific functionalities
onto the graphene surface, thereby enhancing its chemical reactivity,
stability, and compatibility with other materials.

A diverse array of organic molecules can be employed as dispersant
agents for the covalent functionalization of Graphene Family
Materials (GFMs) through strategies such as free radical grafting,
amidation, silanization, epoxide ring-opening, radical
polymerization, and carbamation reactions, thereby establishing
covalent bonds between the functional groups on the surface of
GFMs and organic molecules, including thiocarbonate, polymers,
organosilanes, phenyl compounds, organotin, amines, isocyanates,
and nitriles [42-55].

Non-covalent functionalization of graphene involves the adsorption
or interaction of molecules, ions, or nanoparticles onto the graphene
surface through non-covalent bonds, such as 0-0 stacking, van der
Waals forces, hydrogen bonding, or electrostatic interactions. Unlike
covalent functionalization, non-covalent functionalization does not
involve the formation of chemical bonds between the
functionalizing agents and the graphene surface. Instead, it relies
on weak interactions between the molecules and the graphene lattice.

A variety of organic molecules, such as pyrene, carboxylic acid,
polymers, co-polymers, DNA, and surfactants, have been utilized
as dispersant agents in this context. These solvents include
phosphate-buffered saline (PBS), Tetrahydrofuran (THF), toluene,
dichloromethane (CH,Cl,), carbon tetrachloride (CCl,), ethanol
(EtOH), methanol (MeOH), isopropanol, N, N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
chloroform (CHCIL), chlorobenzene, (3-Aminopropyl)
triethoxysilane (APTES), N-Methyl-2-pyrrolidone (NMP),
isopropanol, cyclohexane, acetone, and pyridine [22,56-65]. As a
result of both covalent and non-covalent functionalization of
GFMs, successful dispersion has been achieved in water, as well as
in a wide range of organic solvents.

Similarly, hydroxyapatite is typically prepared in both aqueous
solutions and organic solvents [66,67]. However, the stability of
hydroxyapatite (HA) in these solvents is crucial due to its propensity
for immediate precipitation in both aqueous solutions and organic
solvents. Moreover, modifying the surface of hydroxyapatite
through the use of dispersant agents has been shown to enhance
the dispersion of HA in aqueous solutions and organic solvents

[67]. Diverse organic molecules have been investigated as grafted
dispersant agents for Hydroxyapatite (HA), leading to effective
dispersion of HA in various solvents, including aqueous solutions,
chloroform, methylene chloride, and basic solutions [44,67-71].

The fabrication of Graphene Family Materials-Hydroxyapatite
(GFMs-HA) composites requires the application of dispersant
agents to facilitate the dispersion of each component prior to
mixing, For instance, cetyl trimethyl ammonium bromide (CTAB)
has been utilized as a dispersant agent to separately disperse
graphene and nickel-doped HA in deionized water. Subsequent
ball milling served as the mixing method, resulting in the favorable
dispersion of graphene within the nanocomposite [72].

On the other hand, the surfaces of Graphene Oxide (GO) and
Reduced Graphene Oxide (rGO) are negatively charged due to the
presence of organic functional group [73,74]. Simultaneously, the
surface of hydroxyapatite (HA) comprises various charged
crystallographic surfaces, specifically prismatic ac and bc planes
known as the Csite (entiched in Ca®"), which are positively charged,
and the prismatic ab plane known as the P site (abundant in
phosphate groups), which is negatively charged [75,76].
Consequently, the electrostatic interaction between the negatively
charged epoxide, hydroxyl, and carboxylic acid functional groups
on the surfaces of graphene oxide and reduced graphene oxide
allows for easy binding to HA. This interaction occurs with the
positively charged calcium sites (C) on the crystallographic surfaces
of HA, contributing to a robust adhesion between Graphene Family
Materials (GFMs) and HA.

Moreover, to date, diverse mixing methods have been devised and
implemented to enhance the homogeneous dispersion of
Graphene Family Materials (GFMs) within the hydroxyapatite
matrix by promoting potential electrostatic interactions between
the surfaces of GFMs and hydroxyapatite (HA) (table 2). Several
mechanical mixing techniques have been employed, including
ultrasonication [77,78], ball milling [72,79], and mechanical stirring
[80]. In addition to these mechanical methods, various chemical
approaches have been explored, encompassing in situ precipitation
[81], electrochemical deposition [82], andnotably, biomineralization
[83,84]. Biomineralization stands out as a potent method to achieve
a uniform dispersion of GFMs in the HA matrix, offering a
straightforward approach to fabricate Graphene Family Materials-
Hydroxyapatite (GFMs-HA) composites under mild conditions.

Biomimetic Mineralization of HA on GFMs

In general, biomineralization is a biological process by which living
organisms produce minerals, typically in the form of crystals, within
their tissues. This intricate process occurs in various organisms,
including bacteria, plants, and animals, and plays a fundamental
role in the formation and maintenance of skeletal structures, shells,
teeth, and other mineralized tissues.for example biomineralization
of hydroxyapatite (HA) is a fascinating biological process by which
living organisms produce and regulate the formation of this calcium
phosphate mineral within their tissues. The aim is to emulate
these strategies and properties in the synthesis of synthetic inorganic
materials [85-87].

Various theories have been formulated to elucidate the processes
involved in crystal formation through nucleation and growth [88].
For instance, the classical theory posits that crystallization initiates
through the association of initial clusters of ions or molecules,
facilitated by collisions under supersaturation conditions [89]. The
growth of crystals is further determined by either thermodynamic
control or kinetic control [90,91] contingent upon the activation
energy of nucleation, growth, and phase transformation. In
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Table 2: Mixing methods used to enhance the homogeneous dispersion of Graphene within the hydroxyapatite

matrix
Nanocomposite Mixing /dispersion method dispersion State of HA in GFM, or GFM in HA Reference
Solution Mechanical Appreciable aggregation of HA nanoparticles on the surface of [103]
stirring/sonication chitosan-GO nanosheets

in situ chemical precipitation some aggregated HA at the edges of the sheets [144]
GO-chitosan-HA- Solution Mechanical Agitation Uniform disperslon of HA on the suiface and the adges of GO- (80]
Solution mixing/ultrasonication Uniform dispersion of HA 02 ';tirggssat::face and the edges of GO- [78]

GO- sodium alginate — Uniform dispersion of HA on the surface for GO- sodium alginate
HA (10%, 20%, Solution mixing/sonication —HA (10%, 20%), observable aggregation for GO- sodium [172]

alginate —HA (30%)
Three dimensional(3D ) Lo . . .
rGO-polypyrrole ( PPY) Biomimetic mineralisation Uniform deposition of HA on the 3D rGO/PPY. [84]
Bio mimetic mineralisation The surfaces of GO sheets were covered with HAP [83]
Ultrasonication -Uniform dispersion of HA on GO surface [79]
,and small number of them aggregated on the sheet edges
electrochemical deposition on . .
fitanium(Ti) substrate HA uniformly dispersed and attached onto GO sheets [82]
Ultrasonication Homogeneous dispersion of.Graphene [136]
in the porous composites.
In situ precipitation Homogeneous dispersion of Graphene in HA matrix [81]
Ball milling No good dispersion of Graphene nanoplatelets [79]
Graphene-Ni-doped HA Mechanical mixing via planetary ball Good dispersion of graphene nanoplatelets in the composite 72]
milling structure
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thermodynamic control, the more stable phase is favored, while in
kinetic control, crystallization proceeds through a series of phase
transformations from less stable to more stable phases, in
accordance with Ostwald’s rule of stages [92].

An illustrative example of kinetic control in biomineralization is
evident in the formation of dental calculus, where the crystallization
of hydroxyapatite is regulated. Specifically, the process begins with
the formation of the frequently less stable amorphous calcium
phosphate (ACP) phase, followed by a sequential transformation
to the more stable HA phase [93]. Moreover, organic molecules
play a beneficial role in the formation of hydroxyapatite crystals
during biomineralization processes by reducing the activation energy
of nucleation and influencing the oriented morphology of the
inorganic crystals formed [94,95].

In general, the biomineralization of HA can occur in the presence
of two types of organic molecules: (i) soluble matrices, such as
proteins and polysaccharides, and (ii) insoluble matrices, including
graphene family materials (GFMs) and chitin.Particularly, graphene-
family materials, as a form of insoluble matrix, exhibit attractiveness
for the biomineralization of hydroxyapatite in simulated body
fluid. This appeal is attributed to the functional groups present on
the surface of GFMs, facilitating robust bonding to the nucleus.
Furthermore, functionalizing GFMs becomes crucial to enhance
the interaction between GFMs and ions in SBE Consequently,
amorphous calcium phosphate (ACP) and CaHPO,.2H O, along
with Ca H(PO), and Ca, (PO),(OH),, favor the nucleation and
growth of HA on the support of GFMs. In contrast, inert materials
lack the organic functional groups necessaty for mineralization in
SBE

In recent years, numerous investigations have documented the
biomineralization of hydroxyapatite on graphene family materials
(GEFMs), specifically graphene oxide, through the functionalization
of GO with organic molecules such as polysaccharides, polymers,
amino acids, and carboxylic acids. Leveraging potential electrostatic
interactions between hydroxyapatite and GO or reduced graphene
oxide, Liu et al. employed a straightforward method to create an
rGO-HA composite. They functionalized GO through in situ
polymerization of dopamine, leading to a polydopamine-coated
rGO surface exhibiting nanoparticles of HA grains with a size of
approximately 20 nm after 14 days of immersion in simulated
body fluid (SBF) [96]. Li and colleagues adopted a biomimetic
mineralization approach to prepare a GO-HA composite without
functionalizing GO. In this method, HA exhibited accelerated
growth within just 1 hour of incubation in SBF. After 8 hours, the
HA crystals covered the entire surface of GO [83]. Nufiez et al. also
utilized the biomimetic mineralization method to synthesize a
GO-HA composite. Bioactivity testing confirmed HA
mineralization on the GO-HA surface after 7 days, as indicated by
an increased Ca/P ratio from 1.41 to 1.48 [97]. Zhao et al. developed
an rGO-silver nanoparticles (AgNPs) composite for mineralizing
HA onits surface. Thioglycolic acid (TGA) was introduced to favor
the nucleation of HA. After 5 days of incubation in SBF, HA
growth was observed on the surface of rGO-AgNPs [98].
Additionally, a three-dimensional tGO/polypyrrole composite was
mineralized using the electrodeposition method, resulting in
uniform deposition of porous HA nanospheres with sizes ranging
from 50 to 100 nm on the three-dimensional rGO/polypyrrole
surface [84].

Furthermore, a three-dimensional GO-hydroxyapatite (GO-HAP)
composite was synthesized in a modified SBF. Scanning electron
microscopy (SEM) observations of GO incubated in SBF revealed
crystal nucleation starting after 12 hours of incubation. After 3 days

of incubation, a three-dimensional flower-like HA nanostructure
was formed [99]. Similarly, graphene oxide (GO) has been subject
to functionalization using gelatin [100], carrageenan [101] and
chitosan [102,103], facilitating the mineralization of hydroxyapatite
(HA). For instance, the surface of the GO-gelatin film exhibited
spherical and porous aggregates of HA after a 14-day incubation in
1.5 simulated body fluid (SBF). This result can be attributed to the
negatively charged carboxylic groups of gelatin, which attract ions,
thereby promoting nucleation and growth of HA [100].
Additionally, the surface of the GO-carrageenan composite was
initially covered with small irregular aggregates after 7 days of
mineralization. However, after 14 days, the GO-carrageenan surface
exhibited a uniform macroporous, spherical structure of HA [101].

Furthermore, a novel composite, GO-chitosan (Cs), designed for
biomineralization, demonstrated a finely dispersed distribution
of HA particles on its surface. This dispersion is attributed to the
robust electrostatic interaction between ions in SBF and the
carboxylic acid and amine groups on the surface of GO-Cs [102].
On the other hand, another category of biomolecules has been
combined with graphene oxide (GO), such as amino acids and
peptides, aiming to replicate the composition and structure of
natural bone. For instance, GO was functionalized with arginine
(Arg) or glutamic acid (Glu) via amidation reaction, after
transforming all functional groups of GO into carboxylic acid.
Arginine formed a stable complex exposing guanidyl and 0i-amino
groups, facilitating bonding with Ca** and PO,* in the simulated
body fluid (SBF) solution. In comparison, Glutamic acid, which
only exposed carboxylic groups, resulted in a slower precipitation
of hydroxyapatite (HA) [104]. Additionally, the introduction of
casein phosphopeptides (CsP) to GO expedited the formation of
HA and reduced the time required for biomimetic mineralization.
This acceleration was attributed to the negative charge of
phosphorus groups, which strongly interacted with Ca** and PO, >
in the SBF solution [105]. Furthermore, for a comparative study
on the short and long mineralization times of HA on GO
composites, GO was combined with Peptide nanofibers (PNF).
The GO-PNF composite, immersed in 1.5*SFB for 1 hour, 3 hours,
and 1 day, demonstrated significantly faster biomimetic
mineralization. Apatite crystals formed after just 1 hour, and after
3 hours, the spherical apatite structures were comparable in size
and structure to those formed after 1 day (figure 1) [106].To further
confirm the rapid mineralization of HA on GO, a three-dimensional
nanocomposite, GO-fibrinogen nanofibers (FNf), was prepared
using a layer-by-layer assembly method on a silicon support. Upon
immersion in 1.5*SFB, AFM analysis confirmed that HA
mineralization occurred after 1 hour, and SEM imaging revealed
uniform decoration of the GO-FNf surface with branch-like apatite
structures after 7 days of mineralization [107].

Recently, numerous researchers have proposed potential
mechanisms for the biomimetic mineralization of hydroxyapatite
(HA) in the presence of graphene family materials (GFMs)
[83,99,108]. However, these proposed mechanisms have primarily
focused on the role of organic functional groups in promoting
biomimetic mineralization, often overlooking the influence of
kinetic and thermodynamic controls. In our review, we present a
straightforward mechanism to elucidate the biomimetic
mineralization of HA on GFMs, considering the potential
involvement of thermodynamic and kinetic controls in governing
the formation of HA crystals.

The polar functional groups present on the surface of GFMs serve
as nucleation and growth sites for HA. Initially, positively charged
calcium ions (Ca?*) exhibit a strong electrostatic interaction with
the negatively charged functional groups on the GFM surface,
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leading to the adsorption of calcium ions onto the GFMs.
Subsequently, phosphate ions (PO,*) adsorb onto the GFM-Ca**
surface, forming GFM-Ca**-PO,*. Following this interaction, the
spontaneous nucleation and growth of HA commence, resulting
in the eventual formation of HA crystals after an extended
incubation period in simulated body fluid (SBF). Depending on
the prevailing conditions, HA crystals may form directly under
thermodynamic control or indirectly through a sequential
transformation from a less stable phase to HA under kinetic control.

Toxicity, proliferation, differentiation, adhesion of
cell on GFMs-HA

The toxicity, proliferation, differentiation, and adhesion of cells on
graphene-hydroxyapatite (GHA) composite materials are critical
considerations in assessing their biocompatibility and suitability
for biomedical applications. Understanding how cells interact with
GHA composites is essential for evaluating their potential for use
in tissue engineering, regenerative medicine, and biomedical
implants.

The demand for novel composite materials to enhance fracture
repair, treat fractures, and stimulate bone formation has intensified.
However, it is imperative to gain insights into the interactions
between biomaterials and cells to develop materials that can expedite
the adhesion, growth, and osteogenic differentiation of bone cells.
Cellular behavior is significantly influenced by the physicochemical
properties of the biomaterial surface. Additionally, surface
roughness, reactivity, and chemical composition play crucial roles in
mediating the interaction between cells and biomaterials [109—111].
For instance, the capacity of graphene family materials (GFMs) to
accelerate cell growth and differentiation stems from molecular
interactions between the functional groups on their surfaces and
cellular proteins through covalent, electrostatic, and hydrogen
bonding; Furthermore, favorable surface properties such as thickness
and roughness create an environment conducive to cell
differentiation and proliferation [87,112,113].

Recently, graphene family materials (GFMs) have garnered
significant attention in the context of stem cell culture due to their
potential to enhance the proliferation and differentiation of various

cell types, including mesenchymal stem cells, [114-116] and neural
stem cells [117-120]. However, ensuring the non-toxicity of GFMs
is crucial for their potential applications in bone regeneration. Several
studies have reported that GFMs exhibit no apparent cytotoxicity
at lower concentrations [121,122]. Nevertheless, the toxicity is
contingent on factors such as shape, size, purity, post-production
processing steps, oxidative state, functional groups, dispersion state,
synthesis method route, dose of administration, and exposure
time of graphene and its derivatives [123]. On the other hand,
hydroxyapatite is a bioactive biomaterial known for its ability to
stimulate the differentiation of osteoblastic cells. However, its
capacity to stimulate the proliferation and differentiation of
osteoblastic cells is comparatively lower than that of other bone
substitutes [124,125]. Adding another layer of complexity,
understanding the impact of introducing GFMs to hydroxyapatite
raises questions about whether they can further enhance cell
differentiation and proliferation or not.

Recently, a growing body of research has demonstrated that the
incorporation of graphene family materials (GFMs) into
hydroxyapatite (HA) can positively influence cellular behavior,
leading to increased proliferation and differentiation. Cells exhibit
enhanced adhesion to GFMs-HA compared to HA alone, and the
addition of GFMs mitigates cytotoxicity, as summarized in Table
3. For instance, cellular growth was unaffected at concentrations as
high as 10 pg/ml of tGO-HA nanocomposite, whereas HA alone
exhibited a decrease in cellular viability at 31.3 ug/ml. Moreover,
cellular proliferation was not adversely affected by the composite,
and the incorporation of rGO into HA stimulated higher alkaline
phosphatase (ALP) activity. Additionally, tGO-HA nanocomposite
demonstrated a higher deposition of calcium on MC3T3-E1 cells
compared to both HA and rGO [126].

Furthermore, cellular growth on GFMs-HA composite remained
uninhibited even at concentrations below 31.3 pg/ml, and cellular
proliferation was not adversely affected when cells were cultured
with a 10 pg/ml composite. The synergistic effect of HA and tGO
led to enhanced calcium deposition in MC3T3-E1 cells. Notably,
the rGO-HA composite exhibited a significant increase in the
expression levels of osteopontin (OPN) and osteocalcin (OCN)
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Figure 2 : (a) Load vs displacement curves of HA and nanocomposites, FESEM analysis showing crack
inhibition by b) ridge growth, c) crack-bridging by grphene sheets [132]
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Table 3: Toxicity, proliferation, differentiation, adhesion of cell on GFMs-HA

Concentration

Cell proliferation and

. o -
Composite or % o:lgFM on Cytotoxicity assay adhesion assay Cells type
'GO/HA } Insignificant cytotoxicity at not promote the adhesion
10pg/mL. and proliferation of the cells
Qr\:\ye?gg:::ceanqtratlgéflttzaar: The cellular proliferation not
rGO/HA - 31.3ug/ml. 1C50=1091 adversely affected by A murine preosteoblastic
~oHg/m, e rGO/HA cell line (MC3T3-E1
= Promote High adhesion and preosteoblasts from
Graphene nanosheet- 40,60 and 80 Higher cells viability at 60 liferati 9 fth lls at C57BL/6 mouse calvaria)
HA Wi% Wi% of GO proliferation of the cells a
60 wt% of GO
. - Promote adhesion and
Gelatine-GO-HA - Enhance the cells viability proliferation of the cells
Any significant toxicity at
lower concentration than Promote proliferation of the
rGO-HA - 62.5 ug/ml, IC50 = 737 cells hMSCs
pg/ml
Gold/Hydroxy- 1.60, 3.15, 5.10, Highest number of cells at
apatite/graphene and 7.34 wt% 30 pg/ml of AuHA/Gr ) )
) (13.15 wt %)
Sl - - Good proliferation after day Human osteoblast-like cell
Silk fibroin-GO-HA - Any significant toxicity 4 (MG63)
0.5,1.0and 1.5
o . .
rGO/HA wit% Excellent blcicompatlblllty at
1.5 wt% of rGO . .
Promote High adhesion and Human osteoblast cell lines
Graphene 0.5,1.0, 1.5, and pmhf?rgtm/? L}hreeg)e”s ! (HFOB 1.19 5v40
nanoplatelets/HA " .2\;Vt°./o, - ’ transfected osteoblasts)

doped Ni (6 %)

Graphene nanosheet-
HA

0.1 and 1 wt%

High cell viability at 1wt% of
GNS

High cell proliferation at 1
wt% of graphene

Mouse multipotent
mesenchymal stromal cells

9 i iabili -
rGO/HA 40 wt% high cell viability (MSCs: also known as
mesenchymal stem cells)
3D (GO-fibrinogen - . . . - ) .
nanofibers)10HA - Excellent cytocompatibility High proliferation ability fibroblast cell line L-929
rGO/HA - - promote the adhesion and Bone marrow- derived stem
Chitosan-GO-HA - high cell viability proliferation of the cells cells (rBMSCs)
GO-coated porcine 50. 100 ua/ml Not exert cytotoxic effect on ) Human gingival fibroblasts
bone 100 Mg HGF (HGF)
Fibrin -GO-HA - high cell viability rate - MG-63 cells
Chitosan-GO-HA 1,1.7 wi% Acceptable cytotoxicity at - MG63 cells

1.7wt% of GO

Chitosan-GO-HA GO-
HA

Excellent in vitro
cytocompatibility within a
concentration of 100 pg/ml .

the murine fibroblast L-929
cell line and human

proteins in MC3T3-E1 cells [127]. In a separate study, tGO-HA
composite concentrations up to 62.5 pg/ml did not induce cytotoxic
effects, and cellular proliferation remained unaffected. After 14 days,
the cells exhibited significantly higher ALP activity, and the
expression levels of OPN and OCN proteins were markedly
increased after 21 days [128]. Additionally, GO-coated porcine bone
at concentrations of 50 and 100 pg/ml of GO did not demonstrate
a significant cytotoxic effect on Human Gingival Fibroblasts (HGF)
cells [129]. Also, In vitro cytocompatibility assessments demonstrate
that nanorod hydroxyapatite/graphene oxide composites NRHA /
GO composites support cell adhesion and growth, suggesting
their potential as non-toxic, bioactive materials for bone tissue
repair and regeneration [130]. In addition to this, in vitro cell-
graphene nanosheets on the plasma sprayed hydroxyapatite coating
interaction studies with MG-63 cells reveal enhanced
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biocompatibility of the GNS/HA composite coating. This is
evidenced by improved cell attachment, adhesion strength,
proliferation, and differentiation. These findings suggest the
potential of GNS/HA composite coatings for biomedical
applications, particularly in enhancing osteoblast performance and
promoting bone regeneration [131]. Furthermore, in vitro studies
of green synthesized graphene-hydroxyapatite nanocomposites
demonstrate promising results, with the nanocomposites
exhibiting 140% cell viability for human embryonickidney cells at a
concentration of 200 Hg/mL. Additionally, they demonstrate
osteoconductivity in simulated body fluid solution [132]. Moreover,
the graphene-hydroxyapatite nanocomposites exhibited 100%
viability of HEK 293 cells at a concentration of 12.5 [lg/mL and
demonstrated in vitro apatite mineralization when immersed in
simulated body fluid (SBF) solution for 7 days. These findings




O.K. Taghzouti / Trends Biomater. Artif. Organs, 39(1), 91-107 (2025)

Table 3 (cont.): Toxicity, proliferation, differentiation, adhesion of cell on GFMs-HA

Osteogenesis

Osteogenesis

Alizarin red S (ARS)

examination by ALP examination by Von Western blotting Staining Reference
activity assay Kossa staining
Increasing of ALP activity Osteogenic differentiation of  Increasing of OCN level in Formation of calcium from
after 14 days MC3T3-E1 MC3T3-E1 14 to 21 days. [126]
preosteoblasts on day 28 preosteoblasts on day 21
Significant osteodifferent Significant increase on Sjgniﬁcant ipprease of
Significant increase of ALP ation of MC3T3-E1 OCN, and OPN level in calcium deposition between
activity from 14 to 21 day preosteoblasts on day 28 at MC3TS3-E1 14 [127]
10 ug /mL. preosteoblasts on day 21 and 21 day
- - - - [134]
- - - - [145]
significantly induced After 21 _days of incubatio,
Sianifi . osteoblast differentiation expression levels of both a notable formation of
ignificantly higher ALP : f proteins in hMSCs were . .
L with the formation of s calcium deposits from 14 to [128]
activity after 14 days mineralized . significantly (p < 0.05) 21 days
nodules by hMSCs increased by rGQ—coated
HAp composites.
- - - - [137]
No significant differences in
ALP activities - - - [1471
) ) ) ) [135]
- - - - [72]
Increase ALP activitie of
composite at 1 wt% two - - - [81]
times more than HA
- - - - [136]
- - - - [107]
- - - - [170]
) ) ) ) [80]
) ) ) ) [129]
High ALP activity at 50
ug/ml, 100ug/ml of [146]
composite and decrease of - - -
ALP activity after 12 day at
100pug/ml
- - - - [78]
higher ALP activities have
been obtained for the MG- - - - [144]
63

underscore the potential of RGO-HA nanocomposites as
promising materials for bone implant applications [133].

On the other hand, the variation in GFMs concentration has a
positive impact on cellular behavior within the GFM-HA
composite. For instance, Graphene Nano Sheet (GNS)-HA at a
concentration of 60 wt% GNS exhibited the highest cell viability
and robust proliferation compared to composites with 40% and
80% GNS. Notably, cells adhered to the surface of HA-GNS (60
wt%0) with a fusiform structure and microscopic filopodia [134]. In
the case of sintered HA-rGO nanocomposite, a concentration of
1.5 wt% rGO demonstrated superior proliferation and excellent
biocompatibility with human fetal osteoblastic cells (hnFOB 1.19)
compared to other concentrations (0%, 0.5%, and 1 wt%) [135].
Additionally, the addition of 1.5% GNS to HA doped with Nickel

positively influenced cell viability and proliferation of hFOB [72].
Furthermore, a gel nanocomposite of rGO-HA at 40 wt% rGO
exhibited high cell viability with mesenchymal stem cells. The cells
adhered to the nanocomposite surface with elongated fine
filamentous structures, attributed to the porous structure of the
nanocomposite [119,1306]. In the case of HA-GNS at 1% GNS,
the highest cell viability, proliferation, and ALP activity were
observed compared to HA alone and HA-GNS (0.1 wt%). The
biological activity demonstrated a correlation with GNS
concentration, indicating an increase in the number of cells with
higher GNS concentration [81]. Moreover, Gold/Hydroxyapatite/
graphene at a concentration of 3.15 wt % graphene exhibited the
highest number of osteoblast cells at 30 ig/ml of the
nanocomposite compared to other concentrations (1.6%, 5.10%,
7.34 wt%). The most favorable proliferation and adhesion of cells
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Crack deflection

= Crack pinning
S

Figure 3: SEM images of crack propagation in the PLLA/GO-HAP scaffolds including pull out (a), crack
bridging (b), crack deflection (c), crack pinning (d), and the corresponding crack extension model (e) [154]

were observed for the nanocomposite at 1.6% and 3.15% graphene
[137]. Cytotoxicity assays of Nanocomposite powders of
hydroxyapatite-graphene oxide for biological applications reveal that
despite a decrease in the viability and proliferation of human dental
pulp stem cells (hDPSCs) with increasing GO concentration up to
1.5 wt%, HA-GO nanocomposites still exhibit high levels of cell
viability [138].

Moreover, the functionalization of graphene oxide with organic
molecules such as chitosan, gelatin, fibrin, fibrinogen, and silk
fibroin has been demonstrated to positively influence the cellular
behavior of GFMs-HA nanocomposites. The presence of these
molecules creates a favorable microenvironment for cell
differentiation, proliferation, and the formation of mineralized
tissue [139-143]. For instance, MG-063 cells exhibited significantly
higher alkaline phosphatase (ALP) activity on Chitosan-GO-HA
composite compared to GO-HA composite. The viability of cells
increased from 80% to 100% and 110% for GO—HA and CS-GO-
HA, respectively, over time [144]. Similarly, tBMSCs cells
demonstrated high cell viability and robust proliferation on
Chitosan-GO-HA surfaces [80]. Gelatin-GO-HA enhanced the
proliferation and adhesion of preosteoblastic cells (MC3T3-E1),
with the cells exhibiting a fusiform structure strongly binding with
filopodia to the composite surface [145]. Furthermore, Fibrin-GO-
HA exhibited a high cell viability rate and elevated ALP activity
compared to GO and GO-HA. Notably, Fibrin-GO-HA
demonstrated significant calcium deposition on MG-63 cells at
concentrations of 50 and 100 ug/ml, outperforming GO and GO-
HA [146]. The fibroblast cell line 1.-929 exhibited excellent
cytocompatibility and proliferation on three-dimensional GO—
fibrinogen nanofibers—HA, with no dead cells observed [107].
Additionally, silk fibroin (SF)-GO-HA showed a good proliferation
rate, around or above 75%, on Human osteoblast-like cells (MG63),
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with no significant differences in ALP activities. This observation
is attributed to the low content of HA and GO in this composite
[147]. Moreover, in vivo experiments utilizing a distal femoral
condyle critical size defect model in rabbits confirm the positive
effect of N doped Graphene “Hydroxyapatite/Agarose AG/NG”
HA hybrid scaffolds on bone regeneration. Cell experiments further
demonstrate that AG/NG HA nanocomposites support cell
adhesion, proliferation, and osteogenic gene expression, leading to
osteogenic differentiation. significantly promoting osteogenesis
and the repair of bone defects in vivo [148]. Furthermore,the three-
dimensional scaffold composed of reduced graphene oxide/
polyurethane 3DtGO/PU scaffold demonstrated excellent support
for the growth and proliferation of mouse osteoblast cells (MG-
63), exhibiting strong mineralization and cell attachment. This is
attributed to the scaffold’s electrically conductive macro-porous
structure, which likely promotes the nucleation and growth of
hydroxyapatite (HA) in simulated body fluid [149], in addition.

Mechanical Properties of GFMs-HA

The mechanical properties of hydroxyapatite-graphene composite
materials are of significant interest due to their potential applications
in various fields, including biomedical engineering, materials science,
and structural engineering. These properties are influenced by the
composition, microstructure, and processing techniques employed
in fabricating the composite materials. Hydroxyapatite (HA) is
known for its excellent biocompatibility and similarity to the mineral
phase of natural bone, making it a promising material for
orthopedic implants, bone substitutes, and tissue engineering
scaffolds. However, pure HA lacks sufficient mechanical strength
and toughness for load-bearing applications, which has led to
research efforts to enhance its mechanical properties through
composite formation.
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Enhancing the mechanical properties of hydroxyapatite (HA) is
currently in high demand to address the inherent brittleness
associated with HA. Dense HA exhibits superior mechanical
characteristics, including elastic modulus, compressive strength, and
tensile strength, compared to natural bone and porous HA. This
can be attributed to its higher density, absence of microporosity,
and interconnected macroporosity. However, both dense and
porous HA exhibit limitations in terms of fracture toughness,
restricting their biomedical applications. To overcome this challenge,
it is prudent to reinforce HA with a secondary matrix that can
effectively impede the propagation of cracks. Graphene, a two-
dimensional carbon allotrope with exceptional mechanical
properties, such as high tensile strength, stiffness, and toughness,
has emerged as a promising reinforcement material for enhancing
the mechanical properties of HA composites. Incorporating
graphene into HA matrices can improve the composite’s mechanical
strength, fracture resistance, and fatigue performance, while
maintaining its biocompatibility and bioactivity.

Recently, graphene-family materials (GFMs) have emerged as
compelling candidates for reinforcing hydroxyapatite (HA) to
enhance its fracture toughness. For instance, incorporating 1%
graphene nanosheet (GNS) through the vacuum cold spray (VCS)
process resulted in a remarkable 280% increase in fracture toughness
compared to pure HA [150]. Similarly, HA-GNS composites
prepared via VCS demonstrated an escalating trend in fracture
toughness (KIC) with increasing GNS content, reaching 0.421 £
0.011 MPa at 1% GNS [81]. Furthermore, the fracture toughness
of HA-reduced graphite oxide (rGO), consisting of 2—6 layers of
graphene and prepared by precipitation followed by spark plasma
sintering (SPS) consolidation, exhibited a notable 203%
improvement compared to pure HA. Additionally, the elastic
modulus and hardness increased by 47.6% and 25.8%, respectively
[151]. In another study, HA-GNS with 1% GNS, synthesized using
SPS, demonstrated an 80% enhancement in fracture toughness
compared to pure HA. This improvement is attributed to the
presence of graphene, which deflects crack propagation or hinders
crack growth [152]. Moreover, biphasic calcium phosphate (BCP), a

—
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composite of HA and beta-tricalcium phosphate, was reinforced
with graphene. BCP-graphene with 1.5% graphene content exhibited
the highest fracture toughness and bending strength, surpassing
those of BCP alone by approximately 76% and 55%, respectively.

On the other hand the incorporation of graphene oxide (GO) into
polylactic acid/hydroxyapatite (PLLA/HA) composites led to notable
enhancements in tensile strength and hardness. As the content of
GO increased, both tensile strength and hardness of the PLA/
HA/GO composites showed a corresponding increase. This
enhancement in mechanical properties can be attributed to the
increased hardness of the PLA/HA/GO composites resulting
from the higher content of GO, thereby endowing the composite
with extraordinary mechanical characteristics [153]. Furthermore,
mechanical properties of green-synthesized graphene-hydroxyapatite
(HA) nanocomposites assessed through nanoindentation and
vicker indentation techniques reveal significant enhancements in
elastic modulus, microhardness, and fracture toughness values by
114%, 36%, and 141%, respectively. Moreover, roughness and
coefficient of friction values experience enhancements of 110%
and 40%, respectively, in these nanocomposites (figure 2) [132].
Likewise, the study focuses on the in situ synthesis of hydroxyapatite
nanorods on graphene oxide nanosheets and their reinforcement
in a biopolymer scaffold. Results show that the compressive
strength and modulus of the PLLA/12%GO-HAP composite
were significantly increased by 53.71% and 98.80%, respectively,
compared to the pure Poly-L-Lactic Acid (PLLA) scaffold. This
enhancement is attributed to mechanisms such as pull out (figure
3) [154]. The study focuses on the fabrication of a zirconia/reduced
graphene oxide/hydroxyapatite (ZrO,/RGO/HA) scaffold using
a rapid prototyping method and investigates its mechanical and
biocompatibility properties. Results from compression testing
revealed that the addition of 2%wt. of RGO as reinforcement in
the ZrO,/HA matrix exhibited desirable behavior, enhancing the
mechanical properties of the scaffold [155].

In addition, the hydroxyapatite/chromium oxide/graphene oxide
(HAP/Cr,0,/GO) nanocomposite exhibits the highest
microhardness, measuring at 3.7 £ 0.3 GPa. This enhancement is
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Figure 4: FE-SEM images showing a) radially propagating cracks and ridge growth (pointed by long arrows),
inhibition of crack propagation with graphene sheets b) through crack-bridging c) crack deflection, graphical
illustrations of d) ridges e) ridge pull-out, and f) bridging by RGO in HA matrix [133]
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attributed to the efficient load transfer mechanism facilitated by the
good interfacial bonding formed between GO and other
components [156]. Another study focuses on optimizing the
fabrication process and characterizing the mechanical properties of
3D-printed hydroxyapatite/gelatin bone scaffolds reinforced with
graphene oxide (GO) demonstrate that the addition of GO
effectively enhances the mechanical properties of the HA /gelatin
composite scaffolds. Specifically, the incorporation of 0.5% GO
leads to a 15% increase in compressive strength and a 22% increase
in flexural strength compared to scaffolds without GO
reinforcement [157].

Also thegraphene-hydroxyapatite (RGO-HA) nanocomposites
demonstrated notable enhancements in the mechanical properties
of RGO-HA nanocomposites. Specifically, the elastic modulus,
microhardness, and fracture toughness values increased by 100%,
33.3%, and 64.5%, respectively, with the addition of 1.5 wt%
graphene in the HA matrix [133]. Also reduced graphene oxide
(HA-rGO) through chemical synthesis, compared to calcined
hydroxyapatite (cHAp), showed that the strength of variants
significantly increased with higher concentrations of rGO. The
compressive strength of HA-rGO with a weight ratio of 60:40%
reached a maximum of approximately 10.39 + 0.43 MPa [158].
Furthermore the nanocomposite scaffolds based on polyvinyl
alcohol-chitosan containing hydroxyapatite and clay modified with
graphene oxide exhibited a compressive strength of 9.31 MPa [159].

Moreovert, results indicate that the GNS/HA composite coating
exhibits improved strength and toughness compared to plasma-
sprayed HA coating. There is a significant increase in fracture
toughness (~32.3%) and indentation yield strength (~54.7%) in
the composite coating; This enhancement is attributed to synergistic
toughening and strengthening mechanisms, including load transfer,
GNS pull-out, inter-layer sliding of GNS, crack branching, and
GNS bridging. Moreover, frequent crack deflection upon contact
with GNS contributes to tailoring the trade-off between strength
and toughness by resisting or extending crack propagation [131].

Various toughening mechanisms contribute to the increased fracture
toughness of hydroxyapatite (HA) in composite materials. These
mechanisms, observed during composite fracturing, include crack
deflection, crack branching, crack bridging, and pull-out mechanisms.
load transfer, and inter-layer sliding These toughening mechanisms
arise from the interplay between crack propagation and the presence
of graphene-family materials (GFMs), and similar observations
have been made in ceramic materials [131,160—1064].

Crack bridging

Crack bridging in graphene refers to a phenomenon where cracks or
defects within the graphene lattice are spanned or filled in by other
materials, such as polymers or nanoparticles. This process serves to
enhance the mechanical strength and resilience of graphene-based
materials by preventing crack propagation and failure. Essentially,
when cracks form in the graphene structure, adjacent materials bridge
across the gaps, providing support and preventing the crack from
spreading further (figure 4).

Crack deflection

Crack deflection in graphene occurs when a crack encounters the
graphene lattice and changes its propagation direction. This
phenomenon is a result of the exceptional mechanical properties
of graphene, including its high strength and stiffness. When a
crack approaches a graphene sheet, the strong covalent bonds
between carbon atoms in the graphene lattice can act as barriers,
causing the crack to deviate from its original path. As a result, the

crack may change direction, deflecting along the graphene surface
instead of propagating directly through it [162,163].

Pull-out mechanism

In the pull-out mechanism, some or all of the graphene sheets are
pulled out of the matrix material, leaving voids or gaps behind.
This process helps to dissipate energy and prevent catastrophic
failure by redistributing stress within the composite material.
Additionally, the pull-out of graphene sheets can enhance the
toughness and fracture resistance of the composite by promoting
crack deflection and bridging (figure 4) [152].

Crack branching

Crack branching in graphene occurs when cracks propagate in
multiple directions within the graphene lattice structure This
phenomenon often arises due to the unique mechanical properties
of graphene, such as its exceptional strength and flexibility. When
subjected to mechanical stress or deformation, cracks may initiate
and propagate along certain planes or directions within the graphene
sheet [165].

Load transfer

Load transfer in graphene refers to the process by which mechanical
loads, such as stress or strain, are efficiently transferred between
graphene and its surrounding materials or structures. When
subjected to mechanical loading, the graphene sheets within the
composite experience stress of strain. Efficient load transfer ensures
that these mechanical forces are effectively transmitted from the
matrix material to the graphene reinforcement, and vice versa. This
allows graphene to contribute to the overall mechanical performance
of the composite by bearing a significant portion of the applied
load.

Interlayer sliding

Interlayer sliding in graphene refers to the ability of individual
graphene layers to slide or shear relative to each other within a
stacked configuration. Graphene, being a two-dimensional material,
can be layered to form multilayer graphene structures. In these
structures, adjacent graphene layers are held together by weak van
der Waals forces. Interlayer sliding occurs when the interlayer van
der Waals interactions are overcome by an external force or stress,
allowing the graphene layers to slide past each other. This sliding
motion can result in changes in the overall shape or configuration
of the multilayer graphene structure.

The mechanical properties of hydroxyapatite-graphene-family
materials (HA-GFMs) are influenced by the synthesis process
parameters. For instance, the HA-GNS (2%) produced through
Spark Plasma Sintering (SPS) at a sintering temperatutre of 700°C
for 5 minutes exhibited the highest bending strength and
hardness.[164] In the case of HA-rGO, prepared using a
hydrothermal method followed by consolidation at 1150°C and
160 MPa, the elastic modulus and fracture toughness increased by
86% and 40%, respectively, with an increase in rGO concentration.
This enhancement is attributed to the homogeneous dispersion
of rGO within the HA matrix and the strong interaction between
the two matrices [135]. Furthermore, the relative density serves as
avaluable parameter for understanding the variations in mechanical
properties in HA-GFMs. For instance, Bajpai et al. measured the
relative density of HA-GNSs at 3% and 5% GNS concentrations,
sintered at temperatures of 900°C, 1000°C, and 1100°C. All HA-
GNS composites exhibited lower hardness than pure HA, indicating
the impact of lower relative density in the HA-GNS composites
[166].
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On the contrary, orthopedic biomaterials play a crucial role in
implants and accessories, encompassing metals, polymers, ceramics,
or their composites. Metallic orthopedic biomaterials, particularly
titanium and its alloys (T1), are extensively employed for bone
repair and regeneration. Titanium is often coated with
hydroxyapatite (HA) to amalgamate the advantageous mechanical
properties and high corrosion resistance of titanium with the
biological properties of HA.

Complications such as cracks have been observed in HA-Ti coatings.
To address these issues, it is imperative to control the porosity of
biomaterials, thereby reducing the elastic modulus of HA-Ti [167].
Utilizing graphene-family materials (GFMs) at lower concentrations
emerges as a viable solution to enhance adhesion strength and
mitigate crack propagation in HA coatings on metallic substrates.
For instance, Li et al. employed a cathodic electrophoretic deposition
process (EPD) to fabricate a homogeneous GO-HAP
nanocomposite on a titanium substrate (TiS). Compared to pure
HA on TiS, GO-HA exhibited a notable absence of cracks or peeling.
This was attributed to the presence of GO, which elevated the
adhesion strength of HA from 1.5520.39 MPa to 2.7520.38 MPa
and 3.320.25 MPa for HA-GO(2%) and HA-GO(5%), respectively
[75]. Additionally, HA-Gr, prepared by EPD on TiS, demonstrated
a twofold improvement in hardness compared to pure HA at an
exceptionally low concentration of Gr (0.01%). [136, 168]. In another
study by Zeng et al., investigating the adhesion strength between
HA-GO and TiS via an electrochemical deposition technique, the
adhesion strength increased with the concentration of GO [169].

Conclusions and Perspectives

In summary, this paper provides an overview of recent
advancements in graphene family materials-hydroxyapatite
composites. The review highlights the effectiveness of both chemical
covalent and non-covalent functionalization methods, along with
mechanical and chemical mixing techniques, in improving the
dispersion of graphene family materials (GFMs) in both aqueous
and organic solutions. These strategies result in excellent dispersion
of GFMs within the hydroxyapatite (HA) matrix.

Furthermore, biomimetic mineralization emerges as a promising
approach for constructing GFMs-HA composites due to its cost-
effectiveness, low-temperature requirements, and short processing
time. Additionally, functionalizing GFMs with organic or
biomolecular agents enhances the mineralization of HA crystals
on the surface of GFMs, theteby reducing mineralization time.

Studies have indicated that graphene family materials-
hydroxyapatite (GFMs-HA) composites exhibit enhanced
proliferation and differentiation of osteoblast cells compared to
pure HA. Additionally, GFMs incorporated into HA promote
stronger adhesion of osteoblasts to the composite surface than
HA alone, with the biocompatibility of the composite being
dependent on the GFMs content. Moreover, GFMs have been
shown to reduce cracks in GFMs-HA composites by improving
the fracture toughness of HA and increasing its elastic modulus
and hardness. The mechanisms responsible for toughening include
crack bridging, crack deflection, pull-out, a crack branching, load
transfer, and inter-layer sliding.

However, it is important to note that research in this field is still in
its early stages, and further investigation is required to fully explore
the potential of GFMs-HA composites in bone regeneration. More
relevant studies and efforts are needed to advance our understanding
and utilization of GFMs-HA composites in this context.

The future research should encompass several key areas. Firstly,

there is a pressing need to establish a standardized nomenclature
for graphene family materials (GFMs) in research articles to ensure
consistency and facilitate communication among researchers globally.
Secondly, the potential of functionalizing GFMs with
biocompatible molecules should be explored further, especially in
biomimetic mineralization processes. The inclusion of polar
functional groups on GFMs holds promise for enhancing
mineralization and controlling the morphology of hydroxyapatite
(HA) crystals. Moreover, efforts should be directed towards
clucidating the interaction mechanisms between GFMs-HA
composite surfaces and osteoblastic cells. This knowledge is crucial
for developing GFMs-HA composites that can promote cell
differentiation and proliferation without adverse effects.
Additionally, thorough investigation into the long-term
biocompatibility of GFMs-HA composites is essential before
considering clinical applications. Lastly, there is a need for in-depth
exploration of the toughening mechanisms of GFMs in both
tridimensional and two-dimensional GFMs-HA composites.
Understanding how GFMs contribute to increasing the fracture
toughness of these composites will pave the way for enhancing
their mechanical properties and expanding their potential
applications.
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