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A B S T R A C T

While conventionally manufactured metallic biomaterials can hardly meet all the requirements 
for bone implants including complex geometry, exact dimensions, adequate biodegradability, 
bone-matching mechanical properties, and biological function, two additional tools have recently 
appeared in the arsenal of biomaterials scientists which promise to deliver the desired combi
nation of properties. First, the unique mechanical, electrical, and biological properties of gra
phene (Gr) and its derivatives (GDs), e.g., a Young’s modulus up to 1 TPa, can be utilized to create 
metal matrix composites in which GDs of varied contents (typically not more than 2 wt%), sizes 
(lateral sizes from a few nanometers to several micrometers), surface areas (up to the theoretical 
value of 2630 m2/g), and layer numbers (typically up to 10) are embedded in the biodegradable 
metal matrix, thereby endowing the composite implants with extraordinary properties. Second, 
the distinct advantages of additive manufacturing (AM) make it possible for GD-containing 
composite materials to precisely mimic the complex shapes and structures of bones at multiple 
length scales. Here, a comprehensive review of the recent advances in the development of GD- 
containing biodegradable metal matrix composites (GBMMCs), ranging from composite fabrica
tion, including composite powder preparation, and AM processes, to the evaluation of AM 
composites in terms of their mechanical and biological properties, is presented. Furthermore, the 
constraints in processing composite powders, the advantages and disadvantages of applicable AM 
techniques, and the mechanisms of mechanical reinforcement, biodegradation modulation, 
osteogenesis improvement, and cytotoxicity/antibacterial balance are critically analyzed. 
Thereafter, the foreseeable challenges faced in the development of the next-generation of bone 
implants based on GBMMCs are presented and some future directions of research are identified.

1. Introduction

The deciding factor in the clinical adoption of the next-generation of orthopedic implants [1] made from metallic biomaterials is 
safety, which means that biodegradable metals need to demonstrate safety once implanted in the human body. The clinical use of 
biodegradable metals in the treatment of bony defects has a set of requirements regarding their biocompatibility including optimum 
mechanical properties and biodegradation rate, osteogenic and antibacterial properties, and non-toxic degradation products [2,3].
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Inert metals and alloys, both in the bulk form and in the porous form, such as titanium, stainless steel, and cobalt-chromium alloys, 
have been extensively studied as orthopedic biomaterials over the last few decades [4]. The inert nature of these biomaterials does not 
allow for complete bone regeneration and their residence permanently at the implantation site often causes stress shielding, chronic 
inflammation, or secondary removal surgeries. Biodegradable metals (BMs) are defined as a class of metallic biomaterials that become 
gradually corroded in vivo and dissolve completely with no implant residue, when they have completed their task [5]. The corrosion 
products released from such biomaterials should ideally elicit an appropriate host response and assist in tissue healing. Hailed as a 
revolutionary class of metallic biomaterials for bone repair and temporary bone substitution, BMs have, in recent years, emerged as a 
popular research topic in the field of biomaterials due to their biodegradability, good biomechanical properties, and low costs [6]. 
Representative BMs that have been developed include magnesium-based materials (e.g., Mg, Mg-Ca, and Mg-Zn) [7–9], iron-based 
materials (e.g., Fe, and Fe-Mn) [10,11], and zinc-based materials (e.g., Zn, and Zn-Li) [12,13]. However, their clinical translation 
faces critical challenges, mainly due to the high and unpredictable degradation rates of Mg-based alloys leading to premature me
chanical failure and hydrogen gas accumulation, the excessively slow degradation of Fe-based alloys hindering complete bone 
remodeling, and the insufficient mechanical strength and cytocompatibility of Zn-based alloys. To enhance the properties or to 
overcome the inherent drawbacks of these BMs, another component, mostly a ceramic biomaterial (e.g., hydroxyapatite (HAP/HA) or 
β-tricalcium phosphate (TCP)) or a polymeric biomaterial (e.g., polylactic acid (PLA) or polycaprolactone (PCL)), has been added to 
BMs to form metal matrix composites (MMCs) [14]. Due to the vast ranges of physical, biochemical, and mechanical properties of 
metal matrices and ceramic/polymer reinforcements, MMCs can offer a unique balance in physical, biochemical, and mechanical 
properties. By appropriate choice of composition, morphology, and distribution of ceramic/polymer reinforcements, biodegradable 
MMCs (BMMCs) can be equipped with customizable functionality to meet the increasing demands for adjustability and adaptation in 
terms of mechanical properties and degradation rate [15–18]. BMMCs require all the components to be non-toxic to humans [19] and 
biodegradable, with the main component being a biodegradable metal.

Graphene (Gr) is an allotrope of carbon. Intrinsically, it is a single layer of carbon atoms that are held together by a backbone of 
overlapping sp2 hybrid bonds [20,21]. In addition to Gr itself, several important graphene derivatives, including graphene oxide (GO), 
reduced graphene oxide (RGO), and carboxyl graphene oxide (CGO), have emerged due to the ease with which Gr can be modified, 
although other derivatives with different property profiles are also of importance for particular applications, including biomedical 
applications, for example, graphyne and graphdiyne for nanoelectronics, desalinator, inorganic and organic sensors and other bio- 
related processes [22]. These four forms of Gr-based materials exhibit distinct properties due to their different molecular structural 
arrangements [23–25]. In addition to their renowned mechanical properties (e.g., a Young’s modulus value of ~1 TPa) and large 
surface area, graphene and its derivatives (GDs) possess many unique properties such as high electrical conductivity, tunable surface 
chemistry, and bioactivity that are of direct relevance to BMMCs. Among these compounds, Gr, GO, and RGO have been widely used 
for enhancing the physical and chemical properties of metals due to their superior thermal and chemical stability [26–28] and other 
physical properties such as high thermal conductivity and optical transparency [29]. Since the invention of Gr in 2004, there have been 

Fig. 1. Research articles on GBMMCs and other GD-containing MMCs for bone implants: the number of publications versus the publication year 
(Note: the reference database is based on bone implants or bone scaffold applications selected from online databases of the ‘PubMed’, ‘Scopus’, and 
‘Web of Science’, and contains ‘GDs’ acting as the second reinforcement phase instead of coatings, etc., since 2004, and ‘BMs and other biometals 
including Ti, Co-Cr, etc.’ acting as the metal matrix instead of functional doping phase, etc., since 2012).
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a plethora of studies on GD-containing metal matrix composites (GMMCs). It has been widely acknowledged that adopting GDs as a 
reinforcing phase for the development of orthopedic implants is, indeed, a promising way to augment the loading-bearing capacity of 
metallic implants [30–34]. The evidence of increasing attention to GDs as a reinforcing component added to BM bone implant bio
materials is presented in Fig. 1, showing the number of publications on bone implant biomaterials reinforced by GDs, categorized, 
based on the type of the metallic biomaterial (i.e., BMs including Mg, Fe, and Zn, together with other metals and their alloys, such as Ti, 
Co-Cr, etc.) for bone implants over a period of 2008 to 2024. The inset of Fig. 1 indicates that 85.5 % of published articles out of the 
total were original research articles. As is clear from this figure, the attempts to introduce GDs into bone implant biomaterials began 
around 2008. However, the number of publications did not sharply rise until 2012 when the concept of BMs was introduced. The 
research on GD-containing BMMC (GBMMC) bone implant biomaterials has, since then, been intensified and its pace has steadily 
increased.

Apart from the load-bearing capability, four fundamental aspects of GDs for their use as a reinforcement phase in BMMC bone 
implant biomaterials need to be considered, including toxicity (both cytotoxicity and systemic toxicity), biodegradability, antibacterial 
properties and osteogenesis [35–39]. Yang et al. [40] reviewed the toxicity of GDs by describing the behaviors of GDs in microor
ganisms, cells, and animals. The vast existing literature on this topic indicates that the physicochemical properties of GDs, such as 
surface functional groups, charges, coatings on Gr, sizes, and structural defects, may all affect its in vitro and in vivo behavior as well as 
its toxicity in biological systems [41,42]. Biodegradability of Gr is one of the fundamental parameters determining the fate of this 

Fig. 2. A schematic diagram illustrating the intrinsic physicochemical characteristics of GDs in terms of toxicity, biodegradability, antibacterial 
properties and osteogenic properties.
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material for application in biodegradable implants in vivo. For the first time, by means of confocal Raman imaging, Girish et al. [43] 
provided clear evidence of in vivo biodegradation of Gr and confirmed the macrophage-mediated degradation of Gr through changes in 
the D and G bands. Later on, it became clear that the biodegradation of GDs is strongly dependent on the oxygen content, type of 
functional groups, defects, lateral size, and the number of layers [44]. In addition, GDs were found to be capable of supporting cell 
attachment, cell growth and proliferation, cytoskeleton development, and the activation of osteogenesis and bone development 
pathways, thereby inducing and supporting bone tissue formation [45]. Fig. 2 illustrates the eight pathways through which Gr, GO, 
and RGO influence biodegradation, toxicity, antibacterial properties, and osteogenesis. These include electrostatic interactions, 
oxidative stress induced by oxygen reactive species (ROS), oxygenated functional group, intrinsic defects, electrical conductivity, 
hydrophilicity, molecular modification, and membrane potential change. The histograms quantify the degree of the influences of these 
three Gr types in the eight pathways by low (’L’), medium (’M’), and high (’H’).

Additive manufacturing (AM), commonly referred to as 3D printing, is a disruptive technology revolutionizing the way that 
products are made. It offers great flexibility for the design and fabrication of complex and/or customized parts through a layer-by-layer 
manufacturing strategy. Over the last several years, AM has rapidly advanced in terms of material diversity, printing strategy, ac
curacy, and resolution, thereby expanding its application areas in optoelectronics, sensors, bioengineering, and soft robotics [46–49]. 
Recently, AM has been demonstrated to be capable of precisely controlling the microarchitecture of bone implant biomaterials, 
thereby presenting an unparalleled opportunity to tailor the mechanical properties of porous structures mimicking those of the human 
bone [50–52] while also adjusting the biodegradation profile of biodegradable metals [53]. There are numerous reviews on the holistic 
material-structure–function integrated (MSFI) analysis of GMMCs [26,28,54]. The reviews on GDs to reinforce bone implant bio
materials have also appeared in the last decade, mainly focusing on non-biodegradable inert metallic biomaterials, such as titanium 
alloys [55] and stainless steel alloys [56], and on non-metallic biomaterials, such as ceramics [54,57] and hydrogels [58]. To the best 
of the authors’ knowledge, no reviews have ever been published on AM GBMMC bone implant biomaterials composed of BMs as the 
most promising biomaterials for bone implants, and GDs as ideal exotic reinforcement materials, enabled by AM. A state-of-the-art 
review on this topic is essential to foster the developments of next-generation load-bearing and function-tailored novel bone 
implant biomaterials.

This review article is focused on AM GBMMC bone implant biomaterials and covers composite powder preparation, AM processes, 
mechanical properties, biodegradation behavior, cytotoxicity, osteogenic, and antibacterial properties. Fig. 3 illustrates the funda
mental framework underlying the development of AM GBMMCs for next-generation bone implants. After a brief introduction, Section 
2 summarizes the limitations of traditional powder fabrication methods for GBMMCs and the recent advances in developing novel 
composite powder feedstock materials for preparing GBMMCs. Section 3 describes the AM technologies that can be used to fabricate 
porous bone implants and analyzes their advantages and disadvantages. Section 4 details the strengthening mechanisms of GBMMCs 
and achievable mechanical properties as well as the effects of GDs on biodegradable and biological performances of BMMCs. Section 5 
lists the limitations of the current GBMMCs and the remaining practical challenges faced when developing GBMMC bone implant 
biomaterials. Finally, Section 6 discusses the future prospects concerning the development of the next generation of bone implants 
through the MSFI approach in combination with AM. All abbreviations, and their corresponding meanings that appear in this review 
are summarized in Table 1.

Fig. 3. An illustration of the basic framework for developing AM GD-reinforced biodegradable metals for the next generation of bone im
plants [59–63].
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Table 1 
Abbreviations used in the articles presented in the alphabetical order.

Abbreviations Meaning

AM Additive manufacturing
ALD Average lateral dimension
ALP Alkaline phosphatase
AG Alginate/gelatin
BMs Biodegradable metals
BMMCs Biodegradable metal matrix composites
BJ Binder jetting
BMP-2 Bone morphogenetic protein-2
CGO Carboxyl graphene oxide
CMCs Ceramic matrix composites
Cu Copper
CTE Coefficient of thermal expansion
CPA Corrosion-promotion activity
CVD Chemical vapor deposition
CMCNF Carboxymethyl chitosan
CS Cellular structure
DED Directed energy deposition
DMLS Direct metal laser sintering
DMD Disintegrated melt deposition
DIC Digital image correlation
EI Elongation
EBM Electron beam melting
EBSD Electron Backscattered Diffraction
EIS Electrochemical impedance spectroscopy
ECM Extracellular matrix
E. coli Escherichia coli
FFT Fast Fourier Transform
FAK Focal adhesion kinase
FACS Fluorescence-Activated Cell Sorting
Gr Graphene
GDs Graphene and its derivatives
GBMMCs GD-containing biodegradable metal matrix composites
GO Graphene oxide
GMMCs GD-containing metal matrix composites
GNPs Graphene nanoplatelets
GNS Graphene nanosheet
HSBM High-speed ball milling
HAP/HA Hydroxyapatite
HIP Hot isostatic pressing
HRTEM High resolution transmission electron microscope
HBSS Hank’s Balanced Salt Solution
hMSCs Human mesenchymal stem cells
HUVECs Human umbilical vein endothelial cells
HADMSCs Human adipose-derived mesenchymal stem cells
ITOP Integrated tissue-organ printer
ICP Inductively coupled plasma
LSBM Low-speed ball milling
LENS Laser engineered net shaping
MMCs Metal matrix composites
MSFI Material-structure–function integrated
ME Material extrusion
MD Molecular dynamics
NCTE Negative coefficient of thermal expansion
N-Gr Nitrogen-doped graphene
NF-κB Nuclear factor kappa-B
PCL Polycaprolactone
PLA Polylactic acid
P/M Powder metallurgy
PMMA Polymethyl methacrylate
PBF Powder bed fusion
PMs Pentamode metamaterial
PLLA Poly-l-lactic acid
PDP Potentiodynamic polarization
PDMS Polydimethylsiloxane
PGO-AG Polydopamine-mediated graphene oxide
PHA polydopamine-hydroxyapatite
RGO Reduced graphene oxide
RBCs Red blood cells

(continued on next page)
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2. Composite powder preparation for GBMMC development

Composite powder characteristics largely determine the quality of 3D printed GBMMCs. The main aim in the preparation of high- 
performance GBMMC feedstock is to achieve homogeneous dispersion of GDs in the BM matrix and to minimize agglomeration. 
Mechanical milling or solution-assisted mixing, typically used in conventional powder metallurgy (P/M), is performed at the 
macroscopic scale and is prone to Gr agglomeration and structural damage. New methods based on molecular level mixing have 
recently been developed, including in-situ coating, in-situ synthesis, vacuum filtration, and matrix alloying. In this section, the char
acteristics of various powder mixing processes, their limitations, and their effects on composite powders are presented.

2.1. Conventional methods

To date, the conventional P/M processes have played an important role in the fabrication of GMMCs. In various P/M processes, a 
critical step to create uniformly dispersed GDs in the metal matrix is the initial powder mixing step, while the subsequent steps of 
compaction, sintering, and other processes can only influence the dispersion of GDs to a limited extent [64,65]. In other words, the 
initial powder mixing step has a great impact on the final performance of GMMCs. Many methods have been employed to achieve 
homogeneous dispersion (e.g., mechanical milling and solution-assisted mixing) [66,67].

2.1.1. Mechanical milling
Mechanical milling, also called ball milling, typically used for mechanical alloying in P/M, is a top-down synthesis technique that 

can produce materials with nanostructures. In mechanical milling, as illustrated in Fig. 4a, selected powders are sealed in a steel vial 
together with a number of steel balls of certain sizes under an inert atmosphere, typically argon. The high-energy rotation of the balls 
inside the vial causes constant collisions of the balls, leading to the crushing of powder particles entrapped between balls under a high 
impact force. Mechanical milling is the most widely used technique in the synthesis of GMMCs due to its simplicity, low cost, and 
effectiveness in dispersing GDs into metal matrices [68]. It has become a preferred technique for the fabrication of GD-reinforced bone 
scaffold materials due to its simplicity and scalability in preparing GD-containing Mg- [69,70], Zn- [71], and Ti [72]-matrix com
posites. The duration and speed of ball milling are the two most important process parameters. As the milling time increases, the metal 
powder particle sizes of the matrix increase due to cold welding, while Gr sizes decrease as a result of repeated collision and shearing 
[73]. The amount of disorder and the number of defects in Gr are increased after ball milling [74]. On the other hand, a longer ball 
milling time results in more uniform dispersion of Gr in the matrix, which will provide the corresponding composite with better 
mechanical performance [75]. Some studies have shown that Gr is not damaged by short-time high-speed ball milling (HSBM) at 360 
RPM for 1.5 h [76] or by long-time low-speed ball milling (LSBM) at 75 RPM for 12 h [77]. The lateral size and specific surface area 
(SSA) of GDs critically determine the processability of GBMMC powders for AM. Smaller flakes with higher SSA improve dispersion 
homogeneity in metal matrices via enhanced van der Waals interactions, but may compromise powder flowability due to agglomer
ation. Conversely, larger flakes with lower SSA facilitate uniform laser energy absorption during powder bed fusion (PBF) processes, 
but bring the risk of interfacial void formation from incomplete wrapping [78–80]. Current research on GBMMCs predominantly 
focuses on multilayer Gr (3–10 layers) due to superior practicality compared to its single-layer counterpart. While single-layer Gr 
possesses ideal characteristics (e.g., ultrahigh specific surface area of 2630 m2/g and intrinsic strength of 130 GPa [81]), its scalable 

Table 1 (continued )

Abbreviations Meaning

ROS Reactive oxygen species
ROCK1 Rho-kinase 1
SSA Specific surface area
SDBS Sodium dodecyl benzene sulfonate
SPS Spark plasma sintering
SLM Selective laser melting
SLS Selective laser sintering
SBF Simulated body fluid
S. aureus Staphylococcus aureus
SMAs Shape memory alloys
SME Shape memory effect
TiC Titanium carbide
TPMS Triply periodic minimal surface
TLR Toll-like receptor
TCP Tricalcium phosphate
TO Topology optimization
UTS Ultimate tensile strength
UCMSCs umbilical cord mesenchymal stem cells
VP Vat polymerization
VEGF Vascular endothelial growth factor
WCA Water contact angle
YS Yield strength
ZMCs Zinc matrix composites
ZOI Zones of Inhibition
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fabrication faces critical challenges including prohibitive costs, unstable wrinkled morphology in metal matrices, and limited pro
duction yields. In contrast, multilayer Gr demonstrates enhanced process compatibility and cost effectiveness, with its wavy structure 
adapting to metal melt flow and reducing interfacial porosity. Mechanistically, multilayer Gr leverages interlayer slipping and edge 
defects to strengthen interfaces. Zhao et al. [82] demonstrated that the presence of wrinkles and chemical modification of Gr using 
functional groups could significantly increase its surface roughness, enhance the van der Waals interaction and consequently lead to 
higher interfacial shear strength between Gr and the Cu matrix. Edge defects (dangling bonds and oxygen groups) serve as reactive sites 
for chemical bonding, effectively suppressing delamination. Nevertheless, the non-ideal structure of multilayer Gr fundamentally 
limits interfacial performance compared to theoretical single-layer models.

2.1.2. Solution-assisted mixing
Solution-assisted mixing involves mixing GDs and metal matrix in an appropriate solvent, followed by stirring and ultrasonication 

[85]. Once uniform dispersion of GDs in the solution is attained, the matrix material in the form of powder is added to obtain the 
desired composite composition. The composite mixture solution is then ultrasonicated/stirred for a short period to achieve uniformity 
of the components in the solution. Fig. 4b illustrates the whole process of solution-assisted milling that ends with ball milling and 
solvent evaporation [84]. The solvent is selected, based on certain criteria, such as non-reactivity with GDs or the metal, volatility, and 
ease of evaporation. The solution-assisted method is not suitable for large-scale composite fabrication, because it requires a large 
amount of liquid medium to ensure adequate mixing of a few grams of composite powders. More importantly, it is difficult to find an 
organic reagent or a salt solution that does not react with Mg or Zn because of the high chemical activity of these metals. There has, 
therefore, been little research on the fabrication of GD-containing Mg- or Zn-based composites using solution-assisted milling.

2.2. Novel methods

Conventional P/M methods have been found to be unable to effectively incorporate GDs into the metal matrix due to the large 
specific surface area of GDs and the van der Waals interactions between GDs nanosheets that promote agglomeration [86]. In addition, 
the relatively high temperatures involved in P/M processing is not desirable because GDs tend to decompose or become damaged, or 
because unintended interfacial reaction products may form during subsequent sintering [87]. Various other techniques, based on the 
molecular-level mixing [88,89], have been explored to address the GD agglomeration problem and achieve exceptional properties.

Fig. 4. (a) A schematic drawing of mechanical ball milling and the process of dispersing Gr into BM powder particles through low-speed, high-speed 
and shift-speed (i.e., high-speed and low-speed combined) ball milling, respectively [83]. (b) A schematic drawing of the solution-assisted milling 
process for fabricating GBMMCs [84].
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2.2.1. In situ coating of graphene
In situ coating of GDs, via direct electrostatic adsorption or electrostatic self-assembly, is a bottom-up way to realize uniform 

dispersion of GDs in metal matrices [90]. In situ coating of GDs can achieve uniform distribution of GDs in various metal powders 
through a slurry-based method that relies on electrostatic interactions between the negatively charged GDs and positively charged 
metal powder (e.g., Zn, Ti and Fe) in aqueous suspension when mixed in the slurry. Li et al. [91] in situ coated RGO onto the surface of 
TiAl (Ti-43.5Al-6.5Nb-2Cr-0.5B) powder particles (a schematic diagram is presented in Fig. 5a). After being homogeneously dispersed 
in deionized water through ultrasonic stirring, surfactant sodium dodecyl benzene sulfonate (SDBS) with the SO4- functional group 
firmly attaches to the surfaces of RGO. Chemical bonds then form between the SO4- functional group and RGO. Under such conditions, 
the polar end of SDBS (θ) in situ reacts with the Ti alloy matrix that is absorbed on the surface of RGO, leading to the formation of a RGO 
coating on the surface of Ti alloy matrix powder particles. Once RGO is attached, no further agglomeration of individual RGO would be 
possible. Wen et al. [92] also reported the electrostatic assembly method to allow for the absorption of anionic surfactant SDBS- 
modified RGO with negative charge onto the surface of stainless steel powder particles. This process is very effective and environ
mentally friendly and has the ability to fabricate bulk samples with large-scale production potential. Nevertheless, the method is 
usually limited to certain BMMCs (e.g., pure Mg and its alloys that easily react with aqueous solutions), is time-consuming, and can be 
only applied to small-sized samples [93].

2.2.2. In situ synthesis
The in situ synthesis method to manufacture GBMMCs is based on controlled “in situ” chemical reactions, involving the direct 

formation of reinforcing GD fillers during the process of chemical interactions between the matrix components and reactive additives 
[97]. Li et al. [94] proposed an in-situ vapor–liquid reaction method (Fig. 5b) to fabricate Gr-containing Mg-matrix composites through 
chemical reactions between CO2 and Mg melt. This process directly realizes the in situ growth and surface modification of Gr. The 
resulting Gr was found to be homogeneously dispersed and exhibited strong interfacial bonding with the Mg matrix. Zhang et al. [98] 
fabricated few-layer Gr-containing Ni-matrix composites by implementing a facile in situ processing strategy involving the trans
formation from solid carbon precursors of polymethyl methacrylate (PMMA) molecules to Gr reinforcement during vacuum hot-press 
sintering. It enabled the homogeneous distribution of reinforcing Gr, effective interfacial bonding between Gr nanosheets and the Ni 
matrix, and resisted grain growth during the high-temperature consolidation process. The Gr/Ni composites resulting from this process 
had exceptionally high strength and ductility at the same time. The in situ synthesis of Gr reinforcement directly on metal powder 
particles is a subtle and successful strategy that takes advantage of the catalytic property of metal powder particles and solves the 
problem of structural damage to Gr that typically occurs with conventional mechanical or chemical dispersion methods [99]. A 
shortcoming of this method is the relatively low production efficiency, which would limit its application, where mass production is 
required [100].

2.2.3. Vacuum filtration
Vacuum filtration is also suitable for the fabrication of GBMMCs with the alignment of Gr being its most notable characteristic 

[101]. Chu et al. [95] developed an efficient and straightforward route for the fabrication of Gr/Cu composites with highly aligned Gr 
nanoplatelets (GNPs) by employing a vacuum filtration approach, followed by spark plasma sintering (SPS), as illustrated in Fig. 5c. It 
was demonstrated that a long range and highly aligned GNP network was constructed in the obtained composites, resulting in a record- 
high in-plane thermal conductivity of 458 W/mK, which was 35 % higher than that of the Cu matrix. Furthermore, they demonstrated 
that the fairly good GNP alignment achieved in the Gr/Cu composites led to remarkable anisotropic mechanical properties with an in- 
plane tensile strength and elongation (EI) significantly outperforming the through-the-plane ones [102]. Vacuum filtration is also a 
cost-effective and eco-friendly method that does involve high-temperature treatments and harmful solvents or additives. The 
advantage of this method lies in highly aligned GNPs that are dispersed in the composite regardless of the Gr content. Therefore, 
vacuum filtration paves the way for the fabrication of Gr-containing MMCs with higher Gr contents and with a low risk of agglom
eration [103].

2.2.4. Matrix alloying
Matrix alloying introduces strong carbide-forming elements, such as Ti, Cr, B, and Zr that can favorably react with GDs to form an 

interfacial carbide layer [104,105]. The introduction of carbide nanostructure as an interface bridge is a practical strategy to obtain 
strong interface bonding in Gr/metal systems. Yang et al. [96] used titanium carbide (TiC) as interface bridging between the zinc 
matrix and RGO to improve the interface adhesion and dispersion uniformity of RGO. TiC was in situ generated on the RGO plane 
through chemical vapor deposition and was tightly bound by chemical bonds (Fig. 5d). The TiC nanoparticles grown in situ on RGO 
formed a semi-coherent interface with Zn, which led to strong semi-coherent interfacial bonding between the Zn matrix and the TiC 
grown on RGO. Ti carbide (Ti8C5) [106] and Cr carbide (Cr7C3) [107] were also reported to be introduced in situ into the transition 
layer between RGO and pure copper, which resulted in a strong metallurgical bonding interface and decreased the agglomeration of 
RGO. The matrix alloying method for in situ carbide formation is considered superior to the in situ carbide coating method, because the 
former is a simple and cost-effective approach that can be readily scaled up for mass production. Although matrix alloying is less 
complex and does not require harmful additives or solvents, the formation of undesirable hard and brittle phases at the interface is 
expected to affect the susceptibility of the composite to crack initiation at the interface, thereby reducing its toughness.
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Fig. 5. (a) A schematic drawing of the fabrication process used for in situ coating of RGO on TiAl powder particles to fabricate RGO/TiAl composites 
based on the principle of electrostatic self-assembly [91]. (b) A schematic drawing illustrating the in situ synthesis of Gr on Mg melt surface to 
fabricate Gr/Mg composites [94]. (c) A schematic drawing of vacuum filtration for preparing Gr/Cu composites with good alignment of Gr [95]. (d) 
Schematic diagrams illustrating the in-situ growth of TiC on the RGO plane and preparation of TiC@RGO/Zn composites using the matrix-alloying 
method [96].
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3. Additive manufacturing technologies

According to the ISO/ASTM standard 52900:2022, the current AM methods are classified into seven categories, including directed 
energy deposition, powder bed fusion, vat polymerization, material jetting, material extrusion, sheet lamination, and binder jetting. 
Powder bed fusion, vat polymerization (VP), material extrusion (ME), binder jetting (BJ), and directed energy deposition (DED) are the 
five categories of AM methods that are typically used for Gr-containing composites, with PBF, ME, BJ and DED being currently the most 
commonly used metal AM techniques. Printing speed, printing resolution, build sizes, shape complexity, printing quality, system 
simplicity, powder compatibility, and cost efficiency of four representative techniques, namely, selective laser melting (SLM), ME, BJ, 
and DED, are compared in Fig. 6. In comparison, SLM achieves superior printing resolution, shape complexity, and high print quality, 
though its cost efficiency and system simplicity require improvements. ME offers commendable powder compatibility, system 
simplicity, and moderate shape complexity, but suffers from lower printing speed, printing resolution, and printable sizes. BJ dem
onstrates exceptional performance in printing speed, printable sizes, shape complexity, and cost efficiency, but is comparatively 
limited in printing resolution and print quality. DED excels in printing speed, printable sizes, and powder compatibility, but requires 
enhancements in printing resolution, shape complexity, and overall print quality. The technological aspects of each of the techniques 
are briefly introduced and discussed in the following subsections of this section.

3.1. Powder bed fusion

Powder bed fusion, including direct metal laser sintering (DMLS), electron beam melting (EBM), selective laser sintering (SLS), and 
SLM, is a category of AM techniques that utilizes thermal energy to selectively melt or sinter certain pool or area of a powder bed [108]. 
Among the above-mentioned techniques, SLM makes use of laser that selectively scans over a powder bed, forming 2D patterns of fused 
material with the help of the heat generated by the laser [109]. Objects are built layer-by-layer by repeatedly laying down a new layer 
of powder upon a solidified layer. SLM is particularly suited for the fabrication of complex and/or precise three-dimensional (3D) 
metal objects with great advantages, including design complexity, production efficiency, and the flexibility to perform in situ alloying 
[110]. To date, numerous research efforts have been made to fabricate porous structures of Ti alloys [111], stainless steels [112], Ni-Ti 
alloys [113], Mg alloys [114], and Zn alloys [115] for bone implants. Due to the ultra-high energy input of laser, the instantaneous 
temperature of the melt pool during SLM can reach thousands of degrees and can melt most of metals and their alloys without losing 
the structural and functional integrity of Gr with a theoretical melting point between 3652–––3697 ◦C. Theoretically, SLM allows for 
the fabrication of GBMMCs with a high degree of freedom in material processing. Fig. 7 illustrates the full SLM process to fabricate 
GMMCs, including composite powder spreading on the build plate as well as composite scaffold printing with a magnified illustration 

Fig. 6. A radar chart comparing the selected representative AM techniques (i.e., SLM, ME, BJ and DED) in terms of printing speed, printing res
olution, printable size, shape complexity, powder compatibility, system simplicity and cost efficiency. Note that a higher score suggests a more 
favorable condition in the corresponding technological aspect.
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of the melt pool.
Bone tissue engineering [118,119] places high demands on the multi-physical properties of bone scaffolds, requiring variable 

porosity, bone-mimicking mechanical properties, and the ability to moderate mass-transport properties to feed metabolic pathways 
[120]. Micro-architected bone scaffolds reported in the literature include the structures based on (slender) struts [121], triply periodic 
minimal surfaces (TPMS) [122], Voronoi tessellations [123], and pentamode metamaterials (PMs) [124] with decoupled mechanical 
and mass-transport properties and multi-physical performance. Indeed, SLM can be used to fabricate porous metallic components and 
multifunctional metamaterials for novel implants [125]. As shown in Fig. 8a, Zhang et al. [126], inspired by the architectures of sea 
urchin spines in natural organisms, designed graded pentamode metamaterials (Fig. 8b). For example, sea urchin spine-like bio
mimetic scaffolds have been successfully fabricated using SLM (Fig. 8c) with high accuracy and sustainable control of topological 
features, resulting in bone-mimicking architectures, excellent mechanical properties, favorable mass-transport performance, and 
markedly improved osteogenic behavior. Inspired by the Hall–Petch relationship (Fig. 8d) that describes the relationship between the 
grain size and the yield strength of the bulk material and by modifying the unit cell length to adjust the mass, Zhang et al. leveraged 
diamond micro-lattice (Fig. 8e) metamaterials to construct bone scaffolds (Fig. 8f) with decoupled mechanical and mass-transport 
properties [127]. The results obtained from compression tests and transportation calculations demonstrated that the parametric 
design approach based on the Hall–Petch relation and collaborative optimization of the mechanical and mass-transport properties 
enables the realization of multi-physical properties. Such approaches for tailoring multiple physical properties of architected SLM 
materials (e.g., pentamode metamaterials) provide a structural template for the design of bone scaffolds. To address key challenges in 
SLM, including residual stresses, distortion, limited material systems, low build rates, and scalability issues, researchers should 
implement hybrid manufacturing techniques, develop advanced post-processing methods, and incorporate in-situ stress relief strate
gies. Additionally, one can expand the material options by designing multi-material SLM processes for functionally graded structures 
and explore multi-laser systems to enhance build speed and efficiency [128,129]. Future research efforts should prioritize intelligent 
process control and monitoring systems, multi-scale modeling for microstructure prediction, energy-efficient processes, and novel 
applications in biomedical implants [130,131].

3.2. Material extrusion

The ME AM techniques work by continuously pushing metal, polymer, or ceramic powder-based feedstock through a nozzle or 
nozzles to build a 3D structure layer by layer [132]. ME has been considered a promising technique to fabricate (multi-material) 
scaffolds for tissue engineering, due to its affordability, versatility, and ability to print porous structures [133]. The general route for 
the design and printing route of ME AM GBMMCs (Fig. 9) includes: (i) preparation and evaluation of the rheological behavior of the 
prepared ink; (ii) optimization of the printing process window for inks with different percentages of metal matrix powder loading, 
binder content, and doping phases (including Gr), defined by various combinations of printing speeds and pressures; and (iii) 
investigation of the effects of sintering temperature and holding time on the density of struts, while maintaining the shape fidelity of 
the scaffolds.

The advent of the ME AM technique has greatly expanded the possibilities for printing not only alloyed metals but also metal/ 
polymer or metal/ceramic composite scaffolds, also paving the way for introducing Gr into biodegradable metal scaffolds. Dong et al. 
[134] successfully fabricated biodegradable porous Mg scaffolds with an interconnected pore structure using the ME AM approach. 
Their results showed that all the prepared inks with 54, 58, and 62 vol% Mg powder exhibited viscoelastic behavior with adequate 
elastic moduli for the fabrication of self-supporting structures. Moreover, the ink loaded with 58 vol% Mg powder possessed a wide 

Fig. 7. A schematic illustration of the fabrication process of GBMMCs via SLM [116,117].
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Fig. 9. A schematic drawing of GBMMC fabrication via material extrusion.

Fig. 8. (a) The microarchitecture of sea urchin spine and biomimetic scaffolds: sea urchin spines’ needle-like appearance and an internal archi
tecture with graded porosity. (b) A schematic drawing of biomimetic graded pentamode-based scaffolds, implant location, and geometrical features 
of the graded density. (c) Ti–6Al–4 V specimen’s morphological characteristics for different topological structures fabricated by SLM: optical 
photographs, SEM images, and CT-reconstructed model [126]. (d) A schematic drawing of artificial biomedical scaffolds designed for repairing bone 
defects in which mechanical and transport properties need to be simultaneously optimized. (e) Diamond micro-lattices with geometrical desig
nability inspired by diamond atoms. (f) The printing outcome and an analysis of the manufacturing fidelity of SLM for micro-lattices [127].
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printability window for the fabrication of a 3D periodic lattice structure (Fig. 10a-c). Near-net struts were created with necks formed 
between Mg powder particles. The relative density of the struts increased with the holding time and sintering temperature (Fig. 10d). 
Sintering at the melting point of pure Mg within a short time was found to be suitable for neck formation and for the final Mg scaffolds 
with good fidelity and considerable densification (Fig. 10e). Dong et al. and Putra et al. have developed a series of alloys and composite 
materials (including Mg-Zn [135], Fe-Mn [136] and Mg-Zn/bioceramic [137]) based on biodegradable metals, including Fe and Mg, 
and have obtained composite scaffolds with adjustable rates of biodegradation (Fig. 10f).

The reason that ME with multi-material powder-based feedstock has been pursued is that this technique does not have the 
drawbacks that are inherent to the laser-based AM technologies, such as residual stresses, cracks, distortions, and even metallurgical 
defects. For multi-material AM purposes, more than one nozzle can be integrated into the printer to deliver different feedstock ma
terials and achieve complex multi-material interfaces within the structure. Kang et al. [139] developed an integrated tissue–organ 
printer (ITOP) that could be used to fabricate stable, human-scale multi-material tissue scaffolds of any shape (Fig. 10g). Liu et al. [140] 
manufactured functionally graded multi-material osteochondral scaffolds using GelMA/nHA hydrogels through extrusion-based 3D 
printing (Fig. 10h). In the subcategory of metal-based ME AM, Fe-based composite materials (e.g., Fe-CaSiO3) have been realized for 
bone cancer treatments as well as for regenerating cortical bone defects [142]. The extruded and then dried Fe-CaSiO3 composite was 
composed of an adhesive-bound multi-material powder mixture, which required post-AM debinding and sintering. While low speeds, 
resolution constraints, anisotropic properties, and material restrictions remain to be the common limitations in advancing the ME 
technology, metal ME faces additional challenges, including low as-printed density (50–60 % theoretical density), significant sintering 
shrinkage (≤20 %), and binder compatibility issues [143]. To address these challenges, researchers should focus on feedstock opti
mization, hybrid pressure-assisted microwave sintering, and process innovations such as catalytic in-situ debinding and distortion 
compensation [144]. Future research directions include expanding printable alloys through thermally stable binder systems, devel
oping intelligent shrinkage prediction algorithms for dimensional accuracy control, and enabling multi-metal co-extrusion for func
tionally graded components [145]. Scalable ME systems with integrated real-time monitoring could revolutionize near-net-shape 

Fig. 10. The characteristic printing behavior of Mg powder-loaded inks: (a) the flow rate as a function of the applied pressure, (b) the printability 
windows (II: 3D printable zone; I: 2D printable zone; III and IV: unprintable zones), and (c) the results obtained from the printing trials of Mg 
scaffolds. (d) The sintering behavior and fidelity of scaffolds initially with 58 vol% Mg powder loading as a function of sintering temperature and 
holding time. (e) Schematic of liquid-phase sintering of the Mg 3D scaffolds [134]. (f) Optical images of the biodegradation behaviors of pure iron, 
pure magnesium, their alloys or composite scaffolds [62,135–138]. (g) An illustration of the basic patterning of 3D architecture including multiple 
cell-laden hydrogels and supporting PCL polymers realized by the integrated tissue-organ printer (ITOP) [139]. (h) Multi-material bioprinting of 3D 
GelMA/nHA hydrogel constructs containing 7 layers of different bioinks [140,141].
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manufacturing of complex parts, reducing material waste [146].

3.3. Binder jetting

BJ is a powder bed-based 3D AM technique that uses an adhesive (binder), generally in the liquid form, that is ejected onto a 
powder bed, thereby fabricating a part layer by layer (Fig. 11a). BJ is somewhat similar to PBF, but instead of applying thermal energy 
to fuse metal powder feedstock, an adhesive liquid is dispensed on the surface of the powder bed, bonding powder particles to form a 
desired structure. This method allows for binding dissimilar powders and achieving multi-material and functionally graded parts by 
alleviating interfacial instability and stress concentrations. However, the resolution of the structures fabricated using this technique is 
relatively low (i.e., a minimum feature size of several hundreds of micrometers) due to the spreading of the liquid binder within the 
powder bed. As reported by Farahani et al. [147], powder bed-based BJ is a technique suitable for manufacturing 3D parts of nano
composites containing Gr. For example, Azhari et al. [148] used a blend of HAP and GO at loadings of 0.2 wt% and 0.4 wt% to develop 
porous structures using the BJ method. The hydrophilicity of both HAP and GO enabled the fabrication of the composites, which 
started from the preparation of highly dispersed solutions in a water medium to prevent agglomeration. This mixture solution was 
allowed to dry on a hotplate and was then placed on the feed bed on which an aqueous binder was injected to print 3D cylindrical 
structures.

Post-treatment, such as pre-sintering for debinding or impregnation with a high-strength substance (e.g., epoxy) is typically 
necessary to produce the part (Fig. 11b). For instance, elemental powders are used to produce porous BJ Fe-Mn [154] and Fe-Mn-Ca 
biomaterials [155]. To remove the binder and then fuse multi-material powder particles together, post-AM debinding and sintering 
were performed. Since the adhesive-bound porous structure was created within a powder bed using the BJ process, it was necessary to 
clean the pores with loose powder particles entrapped before applying post-AM heat treatment without compromising the bio
material’s structural integrity. Although there are no residual stresses created during the BJ process due to the absence of direct laser 
heating and rapid cooling during fabrication, structural shrinkage occurs during post-AM sintering due to binder removal and powder 
particle rearrangement and integration. For example, Fe-Mn-Ca biomaterials [154] shrank by around 11.7 % in all directions. The 
application of BJ for the fabrication of multi-functional porous AM metals or GBMMCs not only requires intricate multi-material 
powder handling systems before and after AM, but also necessitates post-AM steps to remove loose powder particles from the 
adhesive-bound porous structure and to sinter the particles in the printed structure through heat treatment [156]. The critical limi
tations of the BJ technology include low green part strength, material constraints (primarily metals and ceramics), surface roughness, 
and post-processing challenges such as sintering-induced deformation [157]. To enhance mechanical performance, material in
novations such as nanocomposite binders and hybrid metal-ceramic powders, coupled with process optimization such as precise binder 
droplet size control and multi-stage curing to minimize porosity should be conducted. Post-processing improvements involve in-situ 
polymer/metal infiltration and microwave-assisted sintering to mitigate dimensional instability. Future research priorities include 
multi-material BJ for functionally graded structures, machine learning-driven algorithms for shrinkage prediction and compensation, 
and sustainable bio-based binders to reduce environmental impact [158].

Fig. 11. A schematic drawing illustrating the fabrication of GBMMCs via binder jetting [149–153].
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3.4. Directed energy deposition

In DED, a metallic material is delivered in the form of powder or wire through a nozzle, which is then melted through locally 
applied thermal energy. Laser engineered net shaping (LENS) is the most common commercial process in the category of DED [159]. A 
schematic of the DED process is presented in Fig. 12a [160]. Fig. 12b illustrates two often used traditional and continuous DED 
methods to fabricate products with the scan direction vertical and coaxial to the direction of the nozzle axis, respectively [161]. This 
technology offers a straightforward multi-material delivery system through multiple nozzles and the capability of in situ deposition and 
synthesis of different materials to obtain compositionally graded multi-material structures, such as Ti6Al4V/SS304L [162], Ti6Al4V/ 
SS316 [163] and Ti6Al4V/Inconel625 [164] multi-materials.

As an AM process involving fusion, DED can fully melt the feedstock powder, which is then followed by fast solidification. This can 
refine the microstructure and increase the density and mechanical properties of the resulting parts. DED has been successfully used to 
fabricate structures made of biocompatible metallic materials, such as Ti-based alloys [166], CoCr alloys [167], Nitinol [168], and 
316L stainless steel [169]. DED has also been used to fabricate GO-MMCs and GO-CMCs (ceramic matrix composites) due to the unique 
capabilities of DED, such as coating, remanufacturing, and producing functionally graded materials. However, the survival, degra
dation, and reactions of GO in DED-fabricated GO-MMCs are still unknown [170]. Similar to SLM, DED, as a single-step process, has 
important advantages over other 3D printing processes, such as ME, as it does not involve post-AM thermal treatment, such as 
debinding and sintering. Poor resolution, low power efficiency, and inferior surface quality are the main disadvantages of this process 
[171]. Although DED can deposit multiple materials in situ, this AM technique is less suitable for fabricating structures with fine 
geometries or those containing hollow passages, which are often required for complex porous biomaterial designs [172]. In addressing 
the key challenges of DED, three critical areas, i.e., printing resolution, energy efficiency, and surface quality, need particular attention. 
For resolution enhancement, factors such as laser/electron beam focusing and powder delivery accuracy should be considered, with 
proposed solutions including adaptive optical systems and intelligent path planning. Energy efficiency optimization focuses on 
reducing energy consumption through innovations such as pulsed lasers, optimized scanning strategies, and real-time thermal field 
monitoring [131,173]. Surface quality improvement involves hybrid manufacturing (e.g., in-situ milling) and adaptive surface treat
ment techniques. Future research directions emphasize the development of intelligent closed-loop control systems, exploration of 
novel materials, multi-scale modeling for process prediction, and quality monitoring systems, collectively advancing the precision, 
efficiency, and applicability of the DED technology [174].

4. Recent advances in loading-bearing and functionalities of GBMMCs

This section reviews the progress recently made in developing GBMMCs with a focus on the mechanical properties of load-bearing 
implants and implant-relevant properties, including biodegradability, cytotoxicity, antimicrobial properties, and osteogenesis ability. 
It should be noted that, given the limited number of studies on AM GBMMCs and the commonalities with and implications for other 
fabrication processes, the evaluation of mechanical properties as well as biological properties is not limited to those of AM GBMMCs.

4.1. Mechanical properties

It is important to first understand the strengthening mechanisms of GMMCs. Subsection 4.1.1 summarizes the four commonly 
recognized Gr-strengthening mechanisms applicable to BMMCs, including load transfer, Orowan looping, Coefficient of thermal 
expansion (CTE)-mismatch, and the Hall-Petch effect. Sections 4.1.2 and 4.1.3 summarize the current research on Gr strengthening of 

Fig. 12. (a) A schematic drawing of directed energy deposition’s experimental setup [160]. (b) Traditional and continuous DED scanning 
methods [161,165].
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Mg/Zn- and Fe-based BMMCs, respectively, primarily focusing on static and dynamic mechanical properties, such as stress–strain 
relationships in tension and compression, and fatigue performance, as well as the causes of failure. Subsection 4.1.4 concludes the main 
influences on the mechanical properties of GBMMCs, and emphasizes the role of GDs in enhancing BMMCs compared to ceramics and 
polymers. Finally, subsection 4.1.5 links the strengthening mechanism of GDs to clinical implant requirements.

4.1.1. Strengthening mechanisms
Load transfer is the dominant strengthening mechanism of GBMMCs [175,176]. The outstanding mechanical properties of GDs, as 

shown in Table 2, allow for the strengthening of metal matrices, thus improving their load-carrying capacity.
A shear-lag model [182,183] has been developed and modified to estimate the load-transfer strengthening effect. In this model, it is 

assumed that the applied load is transferred from the matrix to Gr through the interface shear stress developed along the Gr surface, 
and the actual yield strength (σc) specified by the shear-lag model is expressed by the following two equations: 

σc = σrVr

(

1 −
lc
2l

)

+ σm(1 − Vr)(l ≥ lc) (1) 

σc = σrVr

(
l

2lc

)

+ σm(1 − Vr)(l < lc) (2) 

where σm is the yield strength of the composite matrix, Vr is the volume fraction of Gr, σr is the fracture strength of Gr, and l and lc are 
the actual length and critical length of Gr, respectively. lc can be expressed as: 

lc =
σf df

2τm
(3) 

where σf is the strength of Gr, df is the average particle size of Gr, and τm is the ultimate shear strength of the metal matrix. When l < lc, 
Gr plays a major role in load transfer until Gr is entirely pulled out from the matrix (Fig. 13a). When l > lc, on the other hand, Gr bridges 
the cracks and also plays a role in load transfer until the final fracture [184]. Guan et al. [185] reported the simultaneous ‘pull-out’ and 
‘bridging cracks’ roles of Cu-coated GNPs at the fracture interface of tensile specimens of GNP-containing AA6111 aluminum alloy 
matrix composites generated by doping large-scale GNPs (i.e., l > lc) (Fig. 13b and c). Due to the stir-casting process employed and the 
complex microscopic interactions between GNPs and the aluminum alloy matrix, parts of GNPs lost their original sizes. As a result, 
more than one load transfer mechanisms could operate in the MMCs. While the shear-lag model provides a theoretical framework for 
load-transfer strengthening, its applicability is contingent on strong interfacial bonding. Poor interfacial adhesion (e.g., in the Mg-Gr 
and Zn-Gr systems) due to poor interface wettability, limited interface reaction, and large CTE difference can lead to premature 
debonding, reducing the effective load-carrying capacity of Gr. For instance, molecular dynamics (MD) simulation studies showed that 
weakly bonded interfaces in the Fe-GNS (graphene nanosheet) system decreased σc by approximately 20 %, compared to strong- 
bonded interfaces [186]. Strategies such as surface functionalization (e.g., Cu-coated Gr [187]), interface reaction layer design (TiC 
[96]) and processing technology optimization [188] are critical to optimize τm and mitigate this limitation. Moreover, the sizes of GDs 
should be appropriately matched to the specific matrix material system. In GMMCs with strong interfacial bonding, larger Gr sheets 
can facilitate more effective load transfer due to their high stiffness, leading to increased strengthening without the risk of debonding 
or crack propagation. For instance, Yang et al. [189] found that the Cu-coated Gr/6061Al composites containing Gr sheets of a larger 
diameter (25.85 µm) exhibited a good balance of high tensile strength (218 MPa) and fracture strain (17.2 %), suggesting that larger Gr 
could significantly enhance the overall performance of 6061Al. However, larger Gr sheets also raise concerns about agglomeration and 
local stress concentration, which necessitates advanced dispersion and processing techniques to ensure uniform distribution and 
minimize these issues.

Doping Gr derivatives (e.g., nitrogen doping) can further enhance their interactions with metal matrices in BMMCs. For instance, 
nitrogen-doped Gr (N-Gr) introduces pyrrolic/pyridinic-N sites that act as electron donors, strengthening covalent bonding with metal 
atoms (e.g., Cu–N coordination in Cu/N-Gr composites [193]). This covalent interaction reduces interfacial slippage, thereby 
improving load transfer efficiency (Eqs. (1) and (2). Additionally, N-Gr’s increased electrical conductivity (versus pristine Gr) may alter 
galvanic corrosion behavior, thus requiring careful re-evaluation of biodegradable composites (see Subsection 4.2.1).

High density of dislocations generated by the blocking effect of Gr at the interface is proven to be a dislocation-strengthening 
mechanism of GMMCs [194]. Dispersed Gr inhibits the propagation of dislocations, which can be explained using the Orowan 
looping system. Strength improvement from the Orowan looping system can be calculated using the Orowan-Ashby equation [195]: 

Table 2 
A summary of the specific surface area and mechanical properties of GDs, including fracture (tensile) strengths and Young’s moduli.

Graphene types Fracture (Tensile) strength (GPa) Young’s modulus (GPa) Specific surface area (m2g− 1) Ref.

Gr 125 1100 2630 [177]
GO 24.7 207.6 ± 23.4 368～925 [178,179,180]
RGO 30 250 ± 150 320～705 [178,179,181]
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ΔσOrowan =
0.13Gb
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dp
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where G is the shear modulus of the matrix, b is the Burgers vector of the matrix, λ is the effective planar inter-particle spacing, and dp is 
the effective reinforcement particle diameter.

With Gr as the reinforced phase, the interaction between Gr and dislocations and the effect of Gr on the dislocations movement are 
of uttermost importance for understanding the strength enhancement mechanism of Gr. Zhu et al. [190] used MD simulations to 
investigate the strengthening effect of Gr caused by blocking dislocation propagation in Gr-containing copper matrix composites. The 
effects of the rotation angle of Gr, the arrangement of Gr, and the influence of the distance between two abreast Gr nanosheets on 
dislocation motion were considered (Fig. 13d). They found that the strengthening effect could be improved by adjusting the angle and 
arrangement of Gr to decrease the dislocation velocity and increase the dislocation density. Fig. 13e illustrates the formation of 
Orowan loop and indicates that dislocations prefer escaping rather than being pinned there when they encounter Gr nanosheets [186]. 
The Orowan mechanism is greatly influenced by the sizes and dispersion of GDs. A uniformly dispersed Gr system significantly en
hances the Orowan strengthening effect by reducing the interparticle spacing (λ), improving the efficiency of dislocation loop for
mation, and ensuring uniform stress distribution. In contrast, Gr agglomeration increases λ, reducing dislocation pinning efficiency and 
weakening the overall strengthening effect [196]. As mentioned earlier, Zhu et al. [190] also emphasized the importance of reduced 
interparticle distance of Gr because dislocations encountered greater resistance when passing through the narrow space between two 
closely spaced Gr plates. Furthermore, Cao et al. [197] demonstrated via MD simulations that, for the same Gr content, the well- 
dispersed model required additional 1658 kcal/mol of energy for Gr separation compared to the poorly dispersed model, further 
underscoring the critical role of uniform dispersion. Strategies such as surface functionalization, processing technology optimization 
(e.g., ball milling, ultrasonic dispersion, etc.), and interface modification are essential to achieve optimal dispersion and maximize the 
Orowan strengthening effect [198]. On the other hand, the sizes of GDs also play a crucial role in determining their reinforcing effect 
via the Orowan mechanism in GMMCs. Zhao et al. [199] found that the strength of RGO/Al composite pillars increased as the RGO size 
decreased (from 603 nm to 186 nm), highlighting the superior ability of smaller RGO nanosheets to constrain dislocation transmission 
and crack propagation within the material. Dutkiewicz et al. [200] observed that in Cu/GNPs composites, fine Gr (2–4 nm) resulted in a 
50 % increase in hardness compared to the composites with coarse Gr platelets (14 µm), further emphasizing the beneficial effect of 
smaller Gr on mechanical properties. Additionally, the sizes of GDs significantly impact their dispersion in GMMCs. Yang et al. [201] 
found that in Cu/RGO composites, smaller RGO sheets (~0.92 µm) tended to distribute randomly, while middle-sized (~5.49 µm) and 
larger RGO sheets (~13.73 µm) formed carbon-rich aggregates with micro-layered structures. Therefore, smaller Gr sizes (or even 

Fig. 13. (a) A schematic drawing of the fracture model corresponding to the relationship between actual and critical Gr length [184]. (b) and (c) 
Schematic diagrams of a debonded interface and a well-bonded interface and SEM tensile fractography of a GNP/AA6111 aluminum alloy matrix 
composite [185]. (d) Schematic diagrams of a Gr sheet parallel to the plane (1 10), rotated by an angle θ around its symmetry axis, and two Gr sheets 
separated by a distance d [190]. (e) A schematic diagram of the formation of Orowan loop when dislocations pass graphene sheets [186]. (f) A 
schematic drawing illustrating the Hall-Petch (H-P) relation between strength and grain size [191]. (g) Grain refinement mechanism in GNP/pure 
Al-matrix composites through severe plastic deformation [192]. (h) EBSD mapping of pure Ni bulk and GNP/Ni composite with 0.6 wt% Gr [98].
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nanometer sizes) appear to be more conducive to the Orowan strengthening mechanism.
The difference in CTE between the metal matrix and Gr is usually large and the mismatch rate is high [31,202]. If the yield stress of 

the matrix is less than the stress caused by thermal mismatch, the composite material will form many dislocations at the matrix/ 
reinforcement interface during cooling, enhancing the strengthening effect. The following equation may be used to calculate the 
change in the yield strength caused by the CTE mismatch [203]: 

ΔσCTE = 4.33Gm • b

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ΔT • ΔCTE • VG

b • dG

√

(5) 

where Gm is the shear modulus of the matrix metal or alloy, b is the Bernoulli vector of the matrix, ΔT is the difference between the 
actual processing temperature and testing temperature, ΔCTE is the CTE difference between the matrix metal and Gr, VG is the volume 
fraction of Gr, and dG is the average particle size of Gr.

In specific temperature regimes, Gr exhibits a negative coefficient of thermal expansion (NCTE), which means that it contracts as 
temperature rises or expands when temperature falls [204]. The thermal expansion of Gr is theoretically expected to be − 3.6 × 10− 6 

K− 1 or − 6 × 10− 6 K− 1 and is experimentally measured to be − 7 × 10− 6 K− 1 or − 8 × 10− 6 K− 1 in the armchair and zigzag directions 
[205,206]. The CTE of Gr is dependent on the temperature but remains negative in a specific temperature range of 200～400 K [207]. 
In particular, the NCTE of Gr makes it easier to create composite materials that have a smaller CTE value than their pristine equiv
alents. AbuShanab et al. [208] have found that the content of doping Gr negatively affects the thermal expansion coefficient of the 
Al2024 aluminum alloy with the CTE being lower for higher weight percentages of Gr but increasing with the sintering temperature 
due to better densification and increased relative density.

Grain refinement is an effective way to improve the strength of MMCs. Refined grains generate more grain boundaries, and if the 
grain boundary structure does not change, more external force is required to break the dislocation stacked at grain boundaries, thereby 
strengthening the material. The Hall-Petch relationship describes the dependency of the yield strength of a metal or an alloy on its 
microstructure [191] (Fig. 13f) as [209]: 

σy = σo +Kd− 1/2
g (6) 

where σ0 is the friction stress, K and dg are the Hall-Petch coefficient and the average grain size of the matrix, respectively. The Hall- 
Petch effect is contingent on uniform grain refinement. While GDs typically act as grain refiners, excessive GDs’ content can induce 
clustering, which destabilizes recrystallization and promotes coarse grains [210]. For instance, Li et al. [211] reported that increasing 
Gr content in Inconel 625 composites from 0.4 vol% to 1.0 vol% resulted in reduced strength and ductility. Optimal Gr content and 
dispersion are therefore critical to sustain Hall-Petch strengthening. The Hall-Petch relationship is also highly sensitive to Gr size. Sub- 
micrometer Gr fragments promote grain refinement [212,213], through Zener pinning effects, increasing the yield strength more, 
when compared to the composites reinforced with coarse-grained Gr. However, nanoscale Gr with elevated SSA accelerates galvanic 
corrosion, necessitating size-property optimization.

GDs have been widely utilized for grain refinement because their presence can act as nucleation sites during liquid-state processing 
or Zener pinning positions during solid-state processing [214]. Inducing ultra-refined grains allowed Xie et al. [192] to achieve 
remarkable strengthening-toughening efficiency by adding 1.5 wt% few-layer GNPs to pure aluminum. A schematic diagram of 
Fig. 13g illustrates that GNPs are consistently dispersed inter-granularly and intra-granularly due to fragmentation, thinning, and re- 
dispersion during severe plastic deformation. These GNPs promote localized dislocation aggregation, inhibit dislocation movement, 
and stimulate dynamic recrystallization during the nucleation stage. By in situ growing Gr from solid carbon precursors, Zhang et al. 
[98] generated a new Ni-based composite with noticeably increased strength and ductility. When Gr content was increased to 0.6 wt%, 
the average grain size decreased to 5.66 μm, according to the results of Electron Backscattered Diffraction (EBSD) analysis, while the 
pure Ni bulk exhibited a uniform coarse-grained structure with an average grain size of 8.78 μm (Fig. 13h). In comparison to the pure 
Ni bulk, the yield strength, tensile strength, and fracture elongation of the composite all increased by 1.16, 1.34, and 1.37 times, 
respectively.

The relative contributions of these mechanisms vary with processing routes and material systems. For example, in powder 
metallurgy-processed Mg-GNP composites [33], the significant CTE mismatch generated high dislocation densities, making ΔσCTE the 
dominant strengthening contributor. In contrast, in Fe-GO composites fabricated by solution-assisted milling and SLM [215], the 
homogeneous dispersion of GO enhanced load transfer and Orowan strengthening effects. Therefore, the prioritization of strength
ening mechanisms must align with processing capabilities and matrix-reinforcement compatibility to optimize material performance.

4.1.2. GD-reinforced Mg- and Zn-based BMMCs
GD-reinforced pure Mg, Mg-Zn alloys, and Mg-Zr alloys have been extensively studied, whereas only a few studies have been 

conducted to date on GD-containing Zn-based BMMCs, mostly concerning pure Zn-matrix BMMCs and their mechanical properties. 
Here, we discuss the previous research on GD-containing Mg- and Zn-based BMMCs. The processing methods adopted in the current 
research for preparing GBMMCs can be divided into two categories: (i) conventional processing methods, including casting [216], 
cold/hot pressing [217], hot extrusion [218], SPS [72], and hot isostatic pressing (HIP) [219], and (ii) AM (such as SLM [220] and DED 
[160]).

Table 3 lists the GDs type, content, dispersion methods, processing method and parameters hardness, tensile properties, and pri
mary and secondary phases present in GD-containing Mg- and Zn-based BMMCs. GD-reinforced pure Mg, pure Zn, and their alloys 
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Table 3 
Summary of GDs type, content, dispersion methods, processing method and parameters, hardness and tensile properties, and primary and secondary phases in GD-containing Mg- and Zn-based BMMCs.

Matrices 
metal

GD 
type

GD 
content

GD dispersion 
method

Processing method Processing parameters Hardness 
[HV]

Tensile properties Primary and second 
phases

Ref.
YS 
[MPa]

UTS 
[MPa]

EI 
[%]

Pure Mg Gr 0.25 and 
0.75 vol%

Solution- 
assisted 
dispersion

Sintering and hot 
rolling

Stacking Mg/Gr layer by layer, sintering at 620 ℃ 
for 6  h with the pressure of 50  MPa, followed by 
hot rolling

— 153 179 5.5 MgO phase [222]

​ ​ 0.10 and 
0.25 wt%

In situ coating Disintegrated melt 
deposition(DMD) 
and hot extrusion

Heating to 750 ℃ to fabricate the composites 
through the DMD, and homogenized at 400 ℃ for 
4 h and hot extruded at 350 ◦C using an extrusion 
ratio of 20.25:1

— 122 202 14.5 — [175]

​ ​ 0.09, 0.18 
and 0.30 
wt%

Solution- 
assisted mixing

P/M and hot 
extrusion

Sintering for 2 h at 630 ◦C under highly purified 
argon followed by hot extruded using an extrusion 
ratio of 5:1

55 178 246 16.9 — [223]

​ ​ 0.5, 1.0, 
1.5, and 
2.0 wt%

In situ synthesis Cold-press and hot 
extruded

Compacting under a pressure of 500 MPa at 298 K, 
and the sintering at 773 K for 1 h in a hydrogen 
atmosphere, followed by hot-extruded at 653 K 
under a pressure of 700 MPa at an extrusion ratio of 
16:1

72.8 173 256 7.1 — [224]

​ ​ 0.5 wt% Solution- 
assisted mixing

P/M and hot 
extrusion

Compacting under 600 MPa pressure using 
hydraulic press, and sintering at 630 ◦C for 2 h in 
argon atmosphere, followed by extruded at 1 m/ 
min extrusion speed

63 204 265 4 — [225]

​ GO 0.1, 0.3 v, 
0.5 and 
1.0 vol%

In situ coating SPS Consolidating at 803 K for 10 min under 30 MPa 
pressure

57.3 — — — α-Mg phasepolycrystalline 
MgO and amorphous MgO

[226]

Pure Zn Gr 0.3 and 
0.7 wt%

In situ coating SPS Sintering temperature of 340 ◦C, heating rate of 
100 ◦C/min, sintering pressure of 45 MPa, holding 
time of 10 min

65 227 254 13.8 — [31]

​ ​ — Electro-co- 
deposition

Sintering Sintering at 330 ◦C for 1  h with a temperature 
ramping rate of 
10 ◦C/ min

62 74 81 6 — [227]

​ RGO 0.2 wt% Matrix alloying 
and ball milling

SLM A laser power of 80 W, scanning rate of 550 mm/s, 
hatch spacing of 40 mm, and layer thickness of 50 
mm

— 42 46 10.7 — [96]

​ ​ 0.1, 0.2, 
and 0.3 wt 
%

Ball milling SLM Laser power 80 W, scanning speed 550 mm/s, 
scanning distance 40 µm

— 143 182 14.1 — [59]

Mg-0.5Zr Gr 0.1 wt% Ball milling Cold pressing and 
sintering

Cold-pressing at 760 MPa for 30 min, sintering at 
400 ◦C for 1 h to and then at 610 ◦C for 2 h

58 — — — — [228]

Mg-0.5Zr- 
1Zn

Gr 0.2, 0.3, 
0.4, and 
0.5 wt%

Ball milling Cold pressing and 
sintering

Cold-pressing at 760 MPa maintained for 30 min, 
sintering at a temperatures of 400 ◦C for 1 h and 
then 610 ◦C for 2 h

66 — — — α-Mg and γ-MgZn phases [32]

Mg–3Al Gr 0.1, 0.3 
and 0.5 wt 
%

Mechanical 
alloying

Cold pressing and 
sintering

Cold compacting at a pressure 
of 510 MPa, sintering at a temperature of ~640 ◦C 
for 13 min

60.4 140 345 21.6 α-Mg and β-Mg17Al12 

phases
[229]

Mg-0.3Sr- 
0.3Ca

Gr 0.1, 0.2, 
and 0.4 wt 
%

— Stir casting Pure Mg was melted, and GNPs were incorporated 
into the molten Mg, followed by mechanical 
stirring at 450 rpm for 15 min. The molten slurry 
was then cast into a preheated steel mold at 400 ◦C 

— 223 245 8.8 α-Mg, Mg17Sr2 and Mg2Ca 
phases

[230]

(continued on next page)
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Table 3 (continued )

Matrices 
metal 

GD 
type 

GD 
content 

GD dispersion 
method 

Processing method Processing parameters Hardness 
[HV] 

Tensile properties Primary and second 
phases 

Ref.
YS 
[MPa] 

UTS 
[MPa] 

EI 
[%]

and subsequently hot-extruded at 370 ◦C with an 
extrusion ratio of 12:1.

Mg6Zn GO 0.1 and 
0.3 vol%

Matrix alloying Ultrasonic assisted 
stir casting

The Mg ingot was melted at 720 ◦C under CO2 +
SF6 gas protection, and Zn ingot was added to the 
molten Mg. After cooling to 600 ◦C, GO@ZnO was 
added under mechanical stirring (800–1200 rpm), 
followed by sonication at 690 ◦C for 20 min, and 
then solidified.

86 221 316 14.8 MgO phases [99]

​ Gr 0.7 and 
1.0 vol%

Bubbles 
assisted 
assembly 
method

Liquid metallurgy 
method and hot 
extrusion

— — 220 330 8.3 — [231]

​ ​ 0.32 and 
0.61 vol%

In situ synthesis Pressure casting and 
hot extrusion

Solidified under 100 MPa, homogenized at 340 ◦C 
for 24 h and quenched in cold water, and then 
extruded at 300 ◦C with an extrusion ratio of 20:1 
and extrusion speed of 0.1 mm/s

— 292 341 8.0 Primary α-Mg and the 
eutectic β-Mg4Zn7 

phasesMgO phase

[94]

​ ​ 0.7, 1.0, 
and 1.6 vol 
%

In situ coating Semi-solid stirring 
and hot extrusion

— — 271 352 6.3 Polycrystalline Mg phases [232]

​ ​ 0.7 vol% In situ coating Semi-solid stirring 
and hot extrusion

— — 161 276 11 [0001]Mg rod precipitates [233]

​ ​ 0.5 and 
1.5 wt%

In situ coating Disintegrated melt 
deposition and hot 
extrusion

Mg ingot was melted at 720 ◦C to fabricate the 
composites through the DMD, homogenized at 
350 ◦C for 12 h, and hot extruded at 300 ◦C with a 
5.2:1 extrusion ratio.

75.8 214 313 21 — [234]

​ ​ — In situ synthesis Stirring and casting Mg ingot was melted at 720 ◦C, and 6 wt% Zn ingot 
was then added and cooled at 680 ◦C. CO2 flow at 
0.5 L/min was introduced into the molten Mg and 
magnesiothermic reactions was carried out for 30 
min.

59 — — — MgO phase [235]

Mg9Al1Zn Gr 0.25 and 
0.5 wt%

— Liquid-state 
ultrasonic 
dispersion and stir 
casting

The AZ91 alloy was melted and stirred at 675 ◦C 
and 1000 rpm. The pellets containing the GNPs 
were introduced into the melt and mechanical 
stirring for 15 min. The melt was reheated to 
700 ◦C and was ultrasonically processed for 15 min 
at 675 ◦C.

69 128 190 2.8 Primary α-Mg and 
secondary β phases

[236]

​ ​ 0.5, 1.0 
and 1.5 wt 
%

— Stirring casting — 282 86 114 2.8 — [237]

​ ​ 0.1, 0.3, 
0.5, 0.8 
and 1.2 wt 
%

Solution- 
assisted mixing

Sintering and hot 
extrusion

Compacted under a hydraulic pressure of 120 MPa, 
and then sintered at 873 K for 2 h under Ar 
atmosphere, and hot extruded at 673 K with an 
extrusion ratio of 11:1.

88.5 296 335 8.7 — [238]

​ ​ 0.6 wt% — Thixomolding — 87.6 — 247 4.3 MgO and Mg17Al12 
phases

[239]

​ RGO 0.1, 0.3, 
0.5, 0.8 

In situ coating Hot extrusion Compacting under 120 MPa, sintering at 873 K for 
2 h in an Ar atmosphere, and then hot extruded at 
673 K with a ram speed of 0.3 mm/min to obtain 

96.1 312 355 11.3 α-Mg phaseMgO phase [240]

(continued on next page)
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Table 3 (continued )

Matrices 
metal 

GD 
type 

GD 
content 

GD dispersion 
method 

Processing method Processing parameters Hardness 
[HV] 

Tensile properties Primary and second 
phases 

Ref.
YS 
[MPa] 

UTS 
[MPa] 

EI 
[%]

and 1.2 wt 
%

12 mm diameter rods, followed by T4 treatment at 
686 K for 18 h and air quenching.

Mg6Zn0.5Zr Gr — Solution- 
assisted mixing

Stir casting and hot- 
extruded

The GNP/Mg powder was hot-extruded at 493 K 
with a ratio of 12 to form precursor rods, which 
were then added to the molten matrix alloy (~993 
K), stirred for homogeneity, and cast. The cast 
ingot was subsequently hot-extruded at 523 K with 
an extrusion ratio of 12.

75 283 343 17 Primary α-Mg and MgZn2 

phases
[217]

​ ​ 0.05 wt% Solution- 
assisted mixing

Stirring casting and 
hot extrusion

The mixed powder was hot extruded (493 K, ratio 
of 12) to GNP/Mg precursor for adding into the Mg 
melt (~993 K), and then stirring casted under the 
protection of N2-SF6 atmosphere. At last, the cast 
ingot was hot extruded (523 K, ratio of 12).

— 265 336 22.5 α-Mg and MgZn2 phases [241]

​ ​ 0.04 and 
0.08 wt%

Solution- 
assisted mixing

Stirring casting and 
hot extrusion

The mixed powder was hot extruded (493 K, ratio 
of 12) to GNP/Mg precursor for adding into the Mg 
melt (~993 K), and then stirring casted. At last, the 
cast ingot was hot extruded (523 K, ratio of 12).

79.8 256 326 14 ZnZr, Zn2Zr and Zn2Zr3 

phases
[218]

​ ​ 0.05 wt% Solution- 
assisted mixing

Hot compaction and 
extrusion

The composite powder underwent compression 
following a preheating step at 553 K for 30 min. 
Then, the obtained compact was preheated at 598  
K for 20 min and then hot extruded.

76.2 257 342 24.7 — [242]

​ GO 0.05, 0.1, 
0.2, and 
0.3 wt%

Ball milling Hot pressing and 
thixomolding

The powder mixture was compacted under 270 
MPa at 573 K for 35 min, heated to 863 K for 60 
min to form a semisolid ingot, and then 
thixoformed at 190 MPa for 20 s.

75.9 160 288 19.5 α-Mg and MgZn2 phases [243]

​ ​ ​ In situ coating 
+ball milling

Hot pressing and 
thixomolding

The composite powder was compacted into billets 
at 270 MPa and 573 K for 35 min. The billets were 
then partially remelted at 863 K for 60 min to 
achieve semisolid ingots, which were thixoforged 
at 190 MPa for 20 s.

— 146 273 23.2 Near-spheroidal primary 
α-Mg phasesMgO phase

[244]

​ ​ 0.05, 0.1, 
0.2, and 
0.3 wt%

Ball milling Hot pressing and 
thixomolding

K and 270 MPa for 35 min, then heated to 863 K for 
60 min to achieve semisolid ingots, which were 
subsequently thixoforged at 190 MPa.

73 177 303 23.1 MgO phase [245]

​ Gr — Solution- 
assisted mixing

Hot extrusion and 
Stir casting

The composite powder was compacted and hot- 
extruded with a 10:1 extrusion ratio to form 
precursor rods. A pure Mg ingot was heated to ~ 
993 K, followed by the sequential addition of the 
Mg–30Zr master alloy, pure Zn plate, and GNPs/ 
Mg precursor into the melt, stirred for 3 min, held 
for 10 min, and then cooled.

80 146 261 12.1 α-Mg andMgO phase [246]

Mg6Zn1Zr RGO 0.5 and 
1.0 wt%

Solution- 
assisted mixing

SPS Sintering at 793 K with a 6-min holding time under 
an axial pressure of 60 MPa

70.2 — — — — [247]

​ ​ 0.1, 0.25, 
0.4 and 
0.6 wt%

Solution- 
assisted mixing

Hot-press sintering 
and hot extruded

The mixed powders were sintered at 473 K under 
200 MPa to form green billets, which were then 
hot-extruded at 623 K with an extrusion speed of 1 
mm/s and an extrusion ratio of 25:1.

79.9 203 — 17.5 Nano-MgO phase [248]

(continued on next page)
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Table 3 (continued )

Matrices 
metal 

GD 
type 

GD 
content 

GD dispersion 
method 

Processing method Processing parameters Hardness 
[HV] 

Tensile properties Primary and second 
phases 

Ref.
YS 
[MPa] 

UTS 
[MPa] 

EI 
[%]

Mg3Al1Zn Gr — — Disintegrated melt 
deposition and hot 
extrusion

The Mg ingot was melted at 740 ◦C to fabricate the 
composites through the DMD, homogenized at 
430 ◦C for 24 h and hot-extruded at 350 ◦C.

102 136 230 10.3 Primary α-Mg and 
β-Mg17Al12 phases

[249]

​ ​ 0.18 wt% Solution- 
assisted mixing

Sintering and 
extrusion

Sintered at 630 ◦C for 2 h under a high-purity argon 
atmosphere, then extruded at 400 ◦C using a 500 T 
hydraulic press with a 9:1 extrusion ratio to 
produce 9 mm diameter bars

71 173 275 21.7 β-Mg17Al12 phase [250]

​ ​ 0.5, 1.0, 
2.0 wt%

Ball milling Sintering and hot- 
pressing

Sintered at 500 ◦C for 3 h under an Ar gas 
atmosphere without demolding, followed by hot 
pressing at 400 ◦C under 300 MPa.

87.5 215 278 8.9 α-Mg phase [251]

​ ​ 1.5 and 
3.0 wt%

— Stirring casting 
andhot extruded

The Mg ingot was melted at 740 ◦C. Gr powder was 
introduced into the AZ31 molten slurry, stirred for 
1.0 min, reheated to 740 ◦C, and held for 10 min 
before solidification. The billets were then hot- 
extruded at 350 ◦C with a 5.2:1 extrusion ratio.

68.9 199 295 12.5 α-Mg and β-Mg17Al12 

phases
[252]

​ RGO 0.2, 0.3, 
0.4, and 
0.5 wt%

Solution- 
assisted mixing

Cold pressing and 
sintering

The composite powder was compacted at 580 MPa 
at room temperature, then sintered at 560 ◦C in an 
argon environment.

62 — — — — [253]

Mg6Al1Zn RGO 1.0, 2.0, 
3.0, and 
4.0 wt%

In situ coating SLM Laser power 80 W, scanning speed 15 mm/s and 
laser spot size 50 µm

108 — — — α-Mg phaseMgO 
nanoparticles

[254]
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exhibit microhardness values ranging between 55 and 108 HV (Fig. 14a). As compared with the microhardness values of GD- 
containing pure Mg- and pure Zn-based BMMCs, the hardness values of GD-containing Mg-Zn alloy matrix BMMCs, such as those 
based on Mg6Zn, Mg9Al1Zn, Mg6Zn0.5Zr and Mg3Al1Zn, are much higher. This is attributed to the introduction of heteroatoms into 
the α-Mg lattice caused by alloying elements, which results in local solute lattice distortions and lattice dislocation accumulation 

Table 4 
The standard electrode potential values of the elements relevant to metallic biomaterials 
(298 K)[255,256,257,258].

Electrode reaction Standard electrode potential, E0 (V)

Mg ↔ Mg2+ + 2e− − 2.36
Al ↔ Al3+ + 3e− − 1.66

Ti ↔ Ti2+ + 2e− − 1.63
H2 + 2OH− ↔ 2H2O + 2e− − 0.8281
Zn ↔ Zn2+ + 2e− − 0.763
Cr ↔ Cr3+ + 3e− − 0.744
Fe ↔ Fe2+ + 2e− − 0.440
GO − 0.400
Co ↔ Co2+ + 2e− − 0.277
Ni ↔ Ni2+ + 2e− − 0.250
H2 ↔ 2H+ + 2e− ±0.000
RGO 0.160
Gr 0.200
Ag ↔ Ag+ + e− 0.799
Pd ↔ Pd2+

+ 2e− 0.987
Pt ↔ Pt2+ + 2e− 1.188
2H2O ↔ O2 + 4H+ + 4e− 1.229
Au ↔ Au3+ + 3e− 1.498

Fig. 14. The mechanical properties of GD-containing Mg- and Zn-based BMMCs: (a) A summary of microhardness and (b) yield strength of various 
materials versus elongation.
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[221]. In addition, for various Mg-Zn alloys, higher hardness values have been achieved with GO or RGO additions, regardless of alloy 
composition and content, indicating that the Gr derivatives significantly influence the hardness of these materials in which an in
dependent hardening mechanism operates [79]. From Table 2 and Table 9, it is evident that GO and RGO have a larger strengthening 
effect than pure Gr due to their adsorption of oxygen-containing functional groups on the surface and, thus, their good hydrophilicity 
and flexibility, resulting in better dispersion in the initial powder mixtures and in the metal matrices [88].

The strength-ductility relationships of GD-containing Mg- and Zn-based BMMCs are illustrated in Fig. 14b. The wide ranges of 
strength and elongation values are more dependent on the compositions of the matrix alloys and processing methods together with 
their processing parameters than on the types of Gr. Biodegradable magnesium alloy matrix composites exhibit a wide range of 
ductility values from 2.8 % to 24.7 % and the yield strengths are all lower than 350 MPa. The hot-extruded RGO-reinforced Mg9Al1Zn1 
(AZ91) composite exhibits the highest ultimate tensile strength of 355 MPa, which can be attributed to the synergistic effects of 
optimized RGO content, enhanced dispersion, and refined processing techniques that maximize the strengthening efficiency of RGO. 
Currently, the data of newly developed GD-containing Mg- and Zn-based BMMCs fabricated by SPS and SLM are rather limited. 
Although SPS leads to higher tensile strength and comparable ductility, as compared with SLMed counterparts, the ultimate tensile 

Fig. 15. (a) The in-plane atomic structure of GNPs with defects (The defects include non-hexagonal rings, pores of carbon vacancies, dangling 
carbon bonds at edges, and wrinkles. The symbols ‘H’, ‘O’, and ‘C’ represent hydrogen, oxygen, and carbon atoms, respectively.) (b) GNPs combined 
with Mg atoms. (c) The interaction between defective GNPs and the Mg matrix on the cross-section [241]. (d) HRTEM images of an AZ61-RGO/MgO 
composite. (e) Fast Fourier transform (FFT) patterns of the specified areas in the AZ61-RGO/MgO composite. (f) A schematic drawing of the 
interfacial characteristics of the AZ61-RGO/MgO composite [254]. (g) HRTEM, FFT, and inverse FFT images of the Zn-TiC interface. (h) A sketch 
map showing the interface structure of Zn-TiC [96].
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strength and elongation obtained are below 250 MPa and 15 %, respectively. For load-bearing bone implant applications, the me
chanical properties of BMs should at least be comparable with pure Ti (Grade 4A) whose ultimate tensile strength should be higher 
than 550 MPa and elongation higher than 15 %, according to ISO 5832–2 [259,260]. High strength Zn alloys, such as micro-alloyed Zn- 
Mg [261] and Zn-Li [262], may be considered good substitutes of pure Zn to achieve more adjustable mechanical properties.

From a microstructure perspective, the presence of Gr itself and its inherent defects can profoundly influence the strengthening 
effect through: (i) the interfacial bonding behavior with the magnesium alloy matrix and precipitated nanoscale phases and (ii) lattice 
orientation relationships [263]. Du et al. [241] introduced multilayer Gr with a large number of in-plane defects into the ZK60 
magnesium alloy (Fig. 15a). After being dispersed in the Mg matrix, the defective Gr closely combined with Mg atoms (Fig. 15b). On 
the one hand, Mg atoms filled the pores in Gr and donated electrons for restoring the sp2 hybridized structure of Gr. On the other hand, 
Mg reacted with oxygen in chemical groups, resulting in the formation of MgO nanoparticles at the interface between Gr and Mg [233]. 
Fig. 15c shows that the restoring effect of Mg leads to “penetration” into Gr and MgO nanoparticles perform the function as “stitches”, 
leading to strong interfacial bonding in the composite. Meanwhile, Gr defects scattering at the nanoscale trigger the nucleation of Mg 
nano-grains, which connect the “hard” Gr and “soft” Mg matrix for the effective transfer of stress and strain [238]. Shuai et al. [254] 
further characterized the lattice orientation relationship and interfacial bonding type between the nano-sized MgO/Mg matrix and 
RGO dispersed in the ZK61 alloy matrix. High resolution transmission electron microscope (HRTEM) and Fourier-filtered images of 
MgO/α-Mg interface revealed that MgO and α-Mg formed a semi-coherent interfacial structure in which an orientation relationship of 
MgO (—200)//α-Mg (—110–2) and a small planar disregistry of 7.5 % were detected (Fig. 15d and 15e). MgO was found to act as an 
interfacial bridge between the Mg matrix and RGO and construct nanoscale-contact and distortion areas with RGO (Fig. 15f). These 
interfacial characteristics indicate strong bonding at both the RGO/MgO and MgO/α-Mg interfaces, thereby ensuring the strengthening 
effect of RGO.

It is, however, difficult to achieve strong interfacial bonding between Gr and the Zn matrix, because there is a large mismatch in 
surface tension between Zn (815 mN/m) and Gr (46.7 mN/m) [264,265]. As a result, Gr is non-wetting with Zn, and rather poor 
contacting interfaces within Zn/Gr MMCs tend to form, which is insufficient for the efficient load transfer and strength enhancement. 
Yang et al. [96] introduced a carbide nanostructure as an interface bridge to obtain strong interface bonding in the Gr/Zn composites 
by in situ growing TiC on RGO to prepare TiC@RGO nanohybrids and then incorporated them into Zn scaffolds as reinforcement. 
Fig. 15g illustrates a twin-like relationship between the (200) Zn plane and (002) TiC plane, accompanied by an intersection angle of 
154◦ between their lattice fringes. According to the Bramfitt lattice matching theory [266], a lattice misfit less than 15 % will 
contribute to strong interface bonding by means of semi-coherent or coherent patterns [267]. The lattice misfit between (200) Zn plane 
and (002) TiC plane was only 10.6 %. Therefore, semi-coherent bonding was formed (Fig. 15h) between TiC and the Zn matrix because 
of the small lattice misfit and similar atomic arrangement between the (200) Zn plane and (002) TiC plane. The formed semi-coherent 
Zn/TiC interface with reduced interface energy was, thus, expected to generate more powerful interfacial bonding.

4.1.3. GD-reinforced Fe-based BMMCs
Fe-based BMMCs have higher mechanical strengths than Mg-, Zn-, polymer-, and ceramic-based biodegradable materials [268]. In 

addition to sufficient strength, bone-substituting biomaterials are expected to undergo millions of cycles of mechanical loading in vivo 
[269], and in the case of BMs, fatigue failure is more likely to occur due to biodegradation and fatigue interactions [270]. Geomet
rically ordered porous Fe scaffolds have been reported to retain quasi-static mechanical properties within the range of the trabecular 
bone even after 4 weeks of in vitro biodegradation [53]. However, the current quasi-static mechanical properties of Fe and Fe-alloy 
scaffolds remain insufficient for biomaterial applications under physiological loading, particularly for load-bearing bones subjected 
to complex fatigue stresses. The development of Gr-containing Fe-based BMMCs with higher strength and fatigue resistance remains 
important for the widespread clinical use of iron-based scaffolds.

For the first time, Lin et al. [271] integrated single-layer GO powder into a pure Fe matrix and investigated its effect on mechanical 
strength and fatigue life. As shown in Fig. 16a, a laser-based AM process was used to sinter GO and iron powder and form GO/Fe 
nanocomposites with GO aligned vertically on the cross section. The Young’s moduli of the GO/Fe nanocomposites exhibited a linear 
relationship with the volume fraction of GO (Fig. 16b). Surface microhardness increased by 93.5 % after laser sintering due to the 
presence of 2 wt% GO (the inset in Fig. 16b), which was attributed to dislocation piling up against GO, thereby forming dislocation 
forests during laser sintering and plastic deformation of the Fe/GO nanocomposites. Recently, improvements in microhardness (16.8 
%) and yield strength (48.7 %) have been reported in pure Fe/GO composites [215] and biodegradable high entropy alloy-based 
composites (Fe50Mn30Co10Cr10/Gr) [272], respectively. The authors of another study reported more significant improvements in 
the mechanical properties of Fe-Mn-Co/Gr composites [273]. In terms of both fatigue strength and fatigue limit, the fatigue perfor
mances of laser-sintered iron and laser-sintered Fe-GO (2 wt%) were evaluated. From Fig. 16c, it is quite clear that laser sintering of the 
composite with 2 wt% GO led to better fatigue performance. The fatigue strengths of the laser-sintered iron and laser-sintered Fe-GO 
(2 wt%) composite were roughly > 500 and 600 MPa, respectively, for a fatigue life of 300,000 cycles. When compared to laser- 
sintered iron, the fatigue life of the 2 wt% GO-containing composite enhanced by 167 %. Embedded GO provided a greater hard
ness enhancement, higher dislocation density, and better dislocation pinning, all of which increased the resistance to crack initiation. 
GO reinforcement was proven to be an effective way to improve the fatigue life of Fe.

In recent years, MD simulation has emerged as a uniquely powerful approach to studying the deformation, failure, and 
strengthening mechanisms of Gr-containing Fe-based BMMCs at the atomic level. For example, Ishraaq et al. [275] predicted the 
mechanical properties of Gr-containing Fe-matrix composites by applying the MD method under various temperature conditions for 
application in the automotive and aerospace industries. Shuang et al. [274] investigated dislocation-Gr interaction mechanisms and 
possible influencing factors, including the number of GNS layers through MD simulations and concluded that the shear strength of the 
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metal/GNS interface and the bending stiffness of GNS, instead of the C–C bond strength, determined the slip resistance and 
strengthening effects. Fig. 16d depicts the compressive stress–strain behaviors of pure Fe and an Fe-GNS composite with single or 
multiple GNS layers. Typically, dislocation nucleation begins at the top corners and each dislocation results in a stress drop. Dislocation 
pileups formed at the rigid bottom lead to a hardening effect. Atomic von Mises strains around a monolayer Gr sheet at different stages 
reflect the complete evolution of dislocation nucleation, pile-up, and transmission (Fig. 16e). It can be seen in Fig. 16f that the atomic 
stresses of Fe near multilayer GNS interface are clearly lower than those of the monolayer GNS even after the third absorption of 
dislocation, indicating that multilayer GNS can effectively blunt the stress concentration caused by dislocation pileups, which means 
that dislocation transmission will become harder. The mechanistic model shown in Fig. 16g explains two necessary physical processes 
existing prior to the occurrence of dislocation transmission: (i) relative sliding of the metal/GNS interface, and (ii) out-of-plane 
bending of the GNS. Some strategies have been proposed to further improve the strength by blunting the accumulated stress, such 
as (i) increasing the number of GNS layers and introducing an amorphous layer, and (ii) increasing the shear strength of the metal/GNS 
interface by adding functional groups, and introducing interfacial chemical reactions and defective Gr [276].

4.1.4. Factors affecting the mechanical properties of GBMMCs
The content of GDs plays a dual role in determining the mechanical properties of BMMCs. Overcoming agglomeration of GDs is a 

major challenge in developing GBMMCs, particularly in the alloy systems with limited interfacial reactivity. For Mg-based BMMCs, 
moderate Gr additions (0.5–1.5 wt%) [224,251] significantly enhance hardness and tensile strength by promoting dislocation pinning 
and grain refinement via the Hall-Petch effect. However, excessive Gr content (≥2 wt%) leads to agglomeration, which weakens 
interfacial bonding, promotes crack propagation, and reduces relative density (from 98.5 % to 96.4 %). These effects create stress 
concentration sites that significantly decrease ductility, causing elongation to drop from 13.2 % to 8.9 % [251]. Conversely, insuf
ficient Gr content (<0.5 wt%) may fail to provide effective reinforcement, resulting in minimal strengthening and suboptimal me
chanical properties. For instance, in Mg9Al1Zn-based composites, RGO content below 0.5 wt% yielded a hardness range of 82–89 HV, 
being significantly lower than the 108 HV hardness achieved with 1.2 wt% RGO [240]. Similarly, in Zn-based BMMCs, the inherent 
poor wettability between Zn and Gr limits load transfer efficiency. An excessive RGO content (e.g., 0.3 wt% [59]) further exacerbated 
agglomeration and interfacial mismatch, resulting in non-wetting interfaces and premature fracture during tensile loading. Compared 
to 0.2 wt% RGO/Zn composites, the yield strength and elongation decreased from 142.9 MPa to 115.7 MPa and from 14.1 % to 12.9 %, 
respectively. On the other hand, when the RGO content was only 0.1 wt%, it failed to effectively bridge the interfacial mismatch 
between Zn and RGO, resulting in poor load transfer and a low tensile strength of 111.3 MPa. For Fe-based BMMCs, the optimal GD 

Fig. 16. (a) A schematic cross-sectional view illustrating the laser sintering of a GO/Fe nanocomposite layer on a steel 4140 build plate. (b) Young’s 
moduli of GO/Fe nanocomposites with different volume ratios. The inset image presents the surface microhardness values of the laser-sintered iron 
and laser-sintered iron reinforced by 2 wt% GO. (c) Three-point bending fatigue lives of laser-sintered iron and laser-sintered iron reinforced by 2 wt 
% GO [271]. (d) Compressive stress–strain curves of pure Fe specimens and Fe-GNS composite specimens with armchair, zigzag GNS, and different 
GNS layers. (e) Atomic von Mises strains at different stages in Fe/single layer GNS composites. (f) Atomic shear stresses of neighboring Fe atoms 
around multiple layer GNS at different stages. (g) A mechanistic model of dislocation-GNS interaction [274].
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content appears to be broader, as some studies have reported prolonged fatigue life through dislocation pinning at 2 wt% GO [271], 
while 0.8 wt% GO [215] contributed to a more refined grain structure. While these studies suggest suitable GD content ranges for 
different BMMCs, it is important to note that the optimal content is not a fixed parameter. Instead, it must be determined compre
hensively by considering additional factors such as GD dispersion methods, processing techniques, and the specific matrix- 
reinforcement interactions. For GBMMCs, advanced processing techniques, such as those employing hybrid dispersion methods (e. 
g., ball milling combined with ultrasonic treatment) and in-situ reactions (e.g., MgO nanoparticle formation at Gr/Mg interfaces [238]) 
to improve GDs’ dispersion and interfacial bonding, introducing interfacial “bridges” (e.g., TiC@RGO [96]) to reduce lattice mismatch, 
enabling semi-coherent interfaces and enhanced load transfer, and aligning GD sheets in a specific direction (SLM combined with 
solution dispersion [271]) to minimizing agglomeration and maximizing dislocation interaction, are the possible ways to effectively 
solve the problems related to excessive GD addition.

To highlight the distinct advantages of GBMMCs, it is essential to compare their key properties with those of BMMCs containing 
ceramic- and polymer-based biodegradable materials. GDs form an interconnected network that enhances stress redistribution and 
efficient load transfer across the interface, while, unlike HA or β-TCP reinforcements in ceramic-based BMMCs, which act as rigid stress 
concentration sites, it also bridges microcracks to prevent early fracture. For example, HA [277] and β-TCP [278] have been incor
porated into Mg-based BMMCs to improve bioactivity, but they often lead to brittle behavior due to the weak Mg/ceramic interface. 
Mg-2Zn-0.5Sr/HA composites exhibited declines in UTS and elongation as HA content increased from 0 to 0.3 wt% [279]. When HA 
reached 0.3 wt%, elongation dropped to ~ 4.3 % due to stress concentration induced by ceramic particles, which hindered plastic 
deformation and promoted early fracture. In contrast, Mg-based GMMCs (e.g., Mg6Zn/GO [99]) exhibited a higher UTS value of 316 
MPa and improved ductility (~14.8 %), which was attributed to Gr’s effective load transfer and crack bridging mechanisms, enhancing 
both strength and toughness. Polymer-reinforced Mg-matrix composites improve flexibility and corrosion resistance, but their low 
mechanical strength (<200 MPa) and thermal instability limit their structural applications [280]. Mg-PLA composites, for example, 
showed good elongation but low tensile strength (<170 MPa) and poor creep resistance [281]. Mg/Poly-l-lactic acid (Mg/PLLA) 
composites maintained higher ductility (~53.2 %) but with a drop in tensile strength (~104 MPa), making them unsuitable for load- 
bearing implants [282]. In contrast, Gr-reinforced Mg composites offer a better strength-ductility balance, making them more suitable 
for orthopedic applications. For Zn-based MMCs, GDs’ interfaces facilitate dislocation pile-up, forming tangles that enhance matrix 
strength, whereas ceramics phase interacts with dislocations via Orowan looping but induces brittle fracture under excessive stress. Zn- 
HA composites exhibited high hardness (~46 HV) but experienced declines in compressive strength and elongation when HA content 
exceeded 5 wt% [283]. Similarly, Zn-Al-Cu/SiC/TiB2 [284] composites improved tensile strength (UTS ~ 260 MPa) at the expense of 
ductility, with elongation dropping to ~ 1 %, highlighting the trade-off between strength and toughness in ceramic-reinforced Zn- 
based composites. In contrast, Zn-based GMMCs achieve superior tensile strength (~250–300 MPa) and ductility (~10–15 %) due to 
effective dislocation strengthening and load transfer [31]. Polymer-reinforced Zn-based composites (Zn-Montmorillonite/PCL [285]) 
lacked Gr’s stiffness, leading to limited load transfer and poor fatigue resistance due to polymer creep, whereas Zn-Gr composites [286] 
maintained stable strength and structural robustness over time. For Fe-based MMCs, GD sheets dissipate energy along crack paths, 
reducing crack growth rates under cyclic loading, whereas ceramic reinforcements in ceramic-reinforced BMMCs create stress con
centrations, leading to early microcracks and brittle fracture. For instance, Fe-HA composites [287] exhibited both reduced tensile 
strength and elongation with increasing HA content due to ceramic-induced brittleness. Similarly, Fe35Mn/Akermanite composites 
[288] showed lower mechanical properties than the Fe35Mn alloy and experienced accelerated biodegradation over time, further 
compromising fatigue resistance. In contrast, Fe-GO composites exceeded 600 MPa in fatigue strength and enhanced fatigue resistance 
by > 167 % [271]. In summary, ceramic-containing BMMCs and polymer-containing BMMCs face challenges with ceramic phase 
agglomeration and polymer phase separation, respectively, limiting their reinforcement efficiency. GBMMCs leverage Gr-induced 
dislocation pinning and crack bridging to enhance fatigue life, outperforming both ceramic- and polymer-based BMMCs by 
providing superior load transfer, stress redistribution, and long-term structural stability for load-bearing applications.

4.1.5. Linking strengthening mechanisms to clinical implant requirements
For GBMMC implants, achieving sufficient compressive and tensile strengths along with an appropriate elastic modulus is crucial to 

prevent premature failure and ensure that the implants can withstand dynamic loading conditions [289]. The ideal mechanical 
properties for orthopedic and vascular implants should meet specific requirements; the yield strength should be at least 230 MPa for 
orthopedic implants and 200 MPa for vascular implants [290]. Additionally, the tensile strength for both types of implants should 
exceed 300 MPa to ensure adequate mechanical performance. Notably, natural bone itself exhibits compressive yield strengths ranging 
from 130 to 180 MPa [8], providing reference values for designing implants to adequately carry physiological loads. For orthopedic 
implants specifically, the elastic modulus should closely match that of the cortical bone, typically ranging between 10 and 20 GPa, to 
promote optimal load transfer and reduce stress shielding effects. In orthopedic implant applications, if load transfer is compromised 
by poor interfacial bonding between Gr and the metal matrix, the reinforcement may debond prematurely, thereby reducing the 
overall mechanical integrity of the implant. Therefore, strong interfacial adhesion, for example, achieved through surface function
alization of GDs, is critical to ensuring that the load-transfer mechanism provides sufficient strength for orthopedic applications. Weak 
interfacial bonding, combined with corrosion in physiological fluids, can accelerate interfacial debonding and lead to load-transfer 
failure in vivo. For Mg-based BMMCs, the weak van der Waals forces [291] at the Mg/Gr interface result in low interfacial shear 
strength, making the interface prone to debonding under mechanical loads. Effective load transfer from the matrix to Gr can be 
achieved when strong interfacial bonding is present, particularly through the formation of an in-situ reaction layer, such as MgO 
formation [292], which enhances adhesion and load-bearing capability. In Zn-based MMCs, the significant surface tension mismatch 
between Zn (815 mN/m [265]) and Gr (46.7 mN/m [264]) leads to poor wettability and weak interfacial bonding, severely limiting 
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load transfer efficiency. As a result, unmodified Zn-Gr composites exhibit minimal reinforcement from the load transfer mechanism, 
with the contribution of RGO added to pure Zn to improving the yield strength by only ~ 20 MPa. However, surface functionalization, 
such as the in-situ growth of a TiC layer on RGO, has been shown to substantially enhance load transfer, increasing the yield strength 
from ~ 90 MPa to 165 MPa while simultaneously improving elongation from ~ 10 % to 15 % [96]. This outcome highlights the 
importance of synergizing load-transfer strengthening with appropriate GD surface modifications to meet the mechanical re
quirements of orthopedic implants. For Fe-based MMCs, strong covalent bonding [293] between Fe and GDs enables efficient load 
transfer, significantly enhancing mechanical performance. Additionally, Fe’s high surface energy (~2.5 J/m2) compared to Zn (~1.0 
J/m2) promotes better wettability with Gr, further facilitating effective load transfer and reinforcing the interface [294].

Implants often experience cyclic loading in vivo, which can lead to fatigue-induced failure. If certain strengthening mechanisms, 
such as Orowan strengthening, rely heavily on dispersed Gr, any agglomeration or degradation of Gr over time could lead to a loss of 
strengthening benefits [295]. Hwang et al. [296] utilized chemical vapor deposition (CVD) to fabricate multilayered Cu-Gr composites 
with in-situ grown Gr, maintaining an interparticle spacing (λ) of ~ 100 nm along the growth direction. They observed a 5- to 6-fold 
improvement in fatigue strength compared to monolithic Cu. Similarly, Lin et al. [271] reported a ~ 167 % increase in fatigue life for 
GO-reinforced Fe composites and attributed it to enhanced dislocation density and crack pinning, which resisted crack initiation. 
Conversely, Kumar et al. [297] observed a decline in fatigue life in Al6061-Gr composites with increasing Gr content, likely due to 
aggregation-induced crack nucleation. Investigating long-term fatigue resistance of GMMC implants is essential to ensuring their 
suitability for orthopedic applications. The cyclic loading in physiological fluids may exacerbate Gr agglomeration (increasing λ), 
weakening the Orowan effect. Thus, long-term dispersion stability must be ensured through techniques like ultrasonic dispersion 
combined with in-situ synthesis.

Ideally, implants in vivo should retain performance at body temperature (~37 ℃) and during transient temperature spikes (≤45 ℃) 
caused by postoperative inflammation [298,299]. Prolonged thermal fluctuations may accumulate residual stresses, inducing 
microcracks. For example, the large CTE difference between Gr and Mg (− 6 to − 8 × 10− 6 K− 1 [300] and ~ 28.9 × 10− 6 K− 1 [301] at 
near physiological temperature, respectively) may induce stress concentration and even interfacial delamination under repeated 
thermal cycling. This thermal mismatch plays a more significant role in Mg-based BMMCs, as it generates high dislocation densities at 
the Gr/Mg interface, promoting dislocation accumulation and strengthening. In contrast, Zn has a lower CTE (~19 × 10− 6 K− 1) [96] 
compared to Mg, resulting in a smaller thermal mismatch with Gr, thereby limiting dislocation generation and reducing the contri
bution of CTE mismatch strengthening. Fe, with an even lower CTE (~11.8 × 10− 6 K− 1) [302], experiences minimal thermal mismatch 
with Gr, making the contribution of CTE mismatch strengthening negligible, as the induced mismatch stress is insufficient to generate 
significant dislocation accumulation. Additionally, physiological fluids (pH ~ 7.4, containing Cl− and PO4

3− ions) [303] may corrode 
the metal matrix or Gr interface, compromising load-transfer mechanisms. Corrosion-induced Cl− penetration could also enlarge inter- 
graphene spacing (λ), reducing Orowan strengthening effects.

Orthopedic implants also need to maintain moderate plasticity (elongation at break > 15 %) [304] to avoid brittle fracture and 
adapt to micro-deformation after implantation. Grain refinement tailored for orthopedic implants must balance strength and ductility. 
Excessive strengthening at the expense of ductility can lead to brittle fracture, which is undesirable for implants subjected to cyclic 
physiological loads. Wang et al. [243] reported that adding 0.2 wt% GO to the ZK60 magnesium alloy refined grain size from ~ 7.5 µm 
to ~ 2 µm while maintaining fracture elongation at 19.5 % (versus 22.6 % for ZK60), demonstrating that moderate refinement achieves 
strength-toughness synergy, and reducing the risk of catastrophic failure in vivo. However, Hall-Petch strengthening via grain 
refinement may accelerate degradation rates. For instance, in Zn-RGO composites, refining grain size from 6.9 µm to 3.1 µm increased 
tensile yield strength by 56 %, but raised in vitro degradation rates by 145 % [59], potentially altering the strength-degradation 
relationship during bone remodeling.

In summary, optimizing strengthening mechanisms (load transfer, dislocation strengthening, thermal mismatch, and/or grain 
refinement) for clinical implants involves a comprehensive strategy that integrates interface engineering, multiscale structural 
regulation, and environment-adaptive design. Ensuring interfacial stability within physiological fluids can be achieved through 
techniques such as surface functionalization and gradient interface design, while the synergy of nanoscale dispersion, microscale grain 
refinement, and macroscopic 3D architectures helps balance strength, ductility, and degradation rates. Additionally, employing 
temperature- and pH-responsive composites enables dynamic adaptation to in vivo environmental changes.

4.2. Biodegradable behavior

The corrosion processes of biodegradable metals, accompanied by Gibbs free energy changes, form the basic framework for their 
biodegradation processes. However, the uncontrollable corrosion rates of BMs, the difficulties associated with preparing some 
biodegradable alloys, the lack of uniform standards for alloy composition design [305], and the ambiguity to effectively achieve 
controllability and predictability of biodegradation rates are some of the unresolved issues in the current research and development of 
BM bone implant materials [306–309]. GDs have been considered of great potential either to speed up biodegradation or to improve 
the corrosion resistance, both of which can lead to customized degradation rates of different BMs to meet different application re
quirements [310]. This subsection will provide a comprehensive discussion of the intrinsic mechanisms of biodegradation and the 
recent achievements of GDs in regulating the biodegradation rates of Mg-, Fe-, and Zn-based BMMCs.

4.2.1. Corrosion promotion and protection mechanisms
In recent years, the high electric conductivity and positive potential of Gr have made GMMC scaffolds exhibit a high corrosion- 

promotion activity (CPA), which is reported to accelerate the corrosion of the metal matrix by inducing (micro-)galvanic corrosion 
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[311] at the defect sites of GDs in aggressive environments (Fig. 17b) [255]. The anodic dissolution of the metal in the surrounding of 
Gr and the reduction reaction (i.e., cathodic reaction) in the nearly neutral or acid physiological environment are engaged in 
biodegradation [256,312]. Fig. 17a illustrates the whole progress of galvanic corrosion between the metal and Gr in an aqueous 
environment. When coupled with a relatively active metal (e.g., Mg, Fe, Cu, and Zn), the high electrically conductive and electro
chemical stable Gr will behave like a noble metal, acting as a cathode in the Gr-metal galvanic cell [313–316]. The cathodically 
polarized Gr leads to the formation of micro-galvanic Gr-metal corrosion that initiates the anodic dissolution and boosts the localized 
corrosion of the metal [255,317]. The galvanic sequence, which sorts common metals by their tendency to corrode, is listed in Fig. 17a. 
The standard electrode potential values of the elements relevant to metallic biomaterials at 298 K are listed in Table 4. The standard 
electrode potential is equivalent to the electromotive force of an element or, in other words, the tendency of its dissolution reaction to 
proceed [256,318]. When BMMCs doped or coated with GDs are immersed in aggressive aqueous solutions at near room temperature, 
water molecules preferentially accumulate at GD defect sites, forming interconnected percolation channels. Simultaneously, oxygen 

Fig. 17. (a) The galvanic sequence, listing various metals and Gr in the order of their tendency to corrode [319]. Gr’s position between Cu and brass 
highlights its role as a cathode in Mg-based and Zn-based MMCs, driving micro-galvanic corrosion. Mg alloys, as the most anodic materials, exhibit 
accelerated degradation when coupled with Gr (ΔE > 1.5 V), while Fe-based MMCs show reduced corrosion risks due to smaller potential gaps (ΔE 
< 0.3 V). This sequence directly correlates with practical corrosion behavior, guiding material design to balance degradation kinetics and structural 
integrity. (b) A schematic diagram of CPA mechanism of Gr in an aqueous environment when coated/incorporated into BMMCs: (i) H2O and O2 
diffusion, (ii) galvanic corrosion, (iii) cathodic disbondment, (iv) formation of corrosion products, Gr cracking and peeling off at defect sites, and (v) 
localized corrosion [255]. (c) A schematic diagram showing the corrosion processes of AZ61, AZ61-RGO, and AZ61-RGO/MgO MMCs [254]. (d) A 
schematic representation of the microscale corrosion protection mechanism of ‘barrier effect’ by GO nanocomposite coatings [320]. (e) A schematic 
drawing of the nanoscale corrosion protection mechanism of ‘impermeability effect’ by Gr: (i) CVD-grown graphene film [321]. (ii) and (iii) optical 
images of Gr/Cu (111) and Gr/Cu (100) system at ≈22 ◦C in air for 2.5 years and 1 year, respectively. (iv) and (v) scanning tunnelling microscopy 
(STM) topographies of Gr on Cu (111) and Cu (100), showing two distinct surface configurations. The inset images are the corresponding schematic 
diagrams of graphene lattice on Cu (111) and Cu (100) [322].
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molecules diffuse through intrinsic or processing-induced defects in the GD structure, ultimately reaching the GD/metal interface 
(Fig. 17b(i)). The exposed metallic regions at these defects, exhibiting lower electrochemical inertness compared to GDs, function as 
localized anodes that undergo oxidative dissolution (M → Mn+ + ne− ). In contrast, the extensive GD surface serves as a collective 
cathode, facilitating oxygen reduction reactions (O2 + 2H2O + 4e− → 4OH− ), as depicted in Fig. 17b(ii). This micro-galvanic coupling 
creates substantial potential gradients, significantly accelerating corrosion kinetics through enhanced anodic current densities. As 
corrosion progresses (Fig. 17b(iii)), water infiltration at the GD/metal interface synergizes with cathodic delamination effects to 
progressively degrade coating adhesion strength. Concurrently, metallic corrosion products (e.g., Mg(OH) 2 or Fe3O4) accumulate 
beneath the GD layer, generating compressive stresses that induce coating cracking and spallation (Fig. 17b(iv)). These mechanical 
failures expose fresh metal surfaces, creating autocatalytic corrosion hotspots (Fig. 17b(v)). The cyclic nature of this degradation 
mechanism ultimately leads to complete GDs’ detachment. The actual role of Gr in influencing the biodegradation rates of BMMCs is, 
however, more complex and is not limited to simply enhancing the corrosion rates. Indeed, the role of Gr must be regarded as a 
synergistic effect coupling the CPA of galvanic corrosion and the protecting and supporting function of Gr. As shown in Fig. 17c, Shuai 
et al. [254] found an enhanced corrosion resistance effect in biodegradable AZ61-RGO/MgO MMCs when an optimized content of 3 wt 
% MgO modified RGO was added. For AZ61-RGO and AZ61-RGO/MgO MMCs, the corrosion mechanism was mainly galvanic 
corrosion between the intermetallic phase (Mg17Al12) and α-Mg matrix at the initial stage of in vitro immersion in the simulated body 
fluid (SBF). Then, the α-Mg grains were corroded quickly by the corrosive medium and the matrix was penetrated into (Fig. 17c (iii) 
and (v)), which led to the exposure of continuous RGO to the SBF solution. Subsequently, RGO encapsulated Mg grains to form a dense 
and stable honeycomb structure that acted as a protective shield, relying on the excellent anti-permeability of RGO. Additionally, the 
presence of MgO as an interfacial bridge helped prevent the detachment of RGO. This effectively slowed down the process of corrosion, 
thereby making the composites more corrosion resistant as compared to the AZ61 alloy (Fig. 17c(iv) and (vi)). Therefore, the effect of 
GDs doping on the degradation rate of BM materials is not merely based on the effect of accelerated galvanic corrosion, but may 
manifest as a synergistic effect interacting with some other relevant processes.

GDs, on the one hand, can play a microscale ‘barrier effect’ on the MMC matrix to improve the corrosion resistance by increasing 
the path of corroding agents to the metal interface and enhancing the barrier effect on the matrix to improve corrosion resistance 
[323,324]. Pourhashem et al. [320] have demonstrated that dispersed GO could reduce the penetration and access of H2O and O2 
necessary for the corrosion of mild steel substrates and successfully alleviate the corrosion phenomena. Owing to their sheet-like shape, 
GO nanosheets have a considerable impact on the barrier characteristics of the matrix in this respect and make the diffusion pathway of 
corrosive species more difficult, as schematically illustrated in Fig. 17d. On the other hand, although GDs can be independently or 
concertedly applied as barriers against metal corrosion in the form of layered structures or composites at microscales, numerous at
tempts have been made to determine the corrosion protection mechanism of GDs between metals and corrosive environment at the 
nanoscale [325]. GDs, in principle, can be revolutionary anticorrosion materials due to their dense delocalized 2D electronic states and 
excellent ‘impermeability effect’ to atom or molecule under ambient conditions [326]. As shown in Fig. 17e (i), the CVD method is 
commonly used to produce nanoscale and graphene films. Such films can be directly used for the corrosion protection of metals [321]. 
Xu et al. [322] grew individual single-crystal Gr domains on Cu (111) (Fig. 17e (ii)) and Cu (100) (Fig. 17e (iii)), faceted Cu foils using 
the CVD method, and demonstrated that H2O would not diffuse into the interface in commensurate Gr/Cu (111). Therefore, Gr clearly 
satisfied the anticorrosion requirement. In incommensurate Gr/Cu (100), however, H2O could easily diffuse into the interface and 
accelerate corrosion. The as-grown graphene can protect Cu (111) surface from oxidation in humid air for a period of more than 2.5 
years, which is in sharp contrast with the accelerated oxidation of graphene-coated Cu (100) surface. The atomically resolved 
structural characteristics, as shown in Fig. 17e (iv) and (v), together with first-principles calculations (the inset of Fig. 17e (iv) and (v)), 
further reveal that the facet-dependent anticorrosion behavior can be attributed to the difference of interfacial coupling between the 
commensurate and incommensurate Gr/Cu systems [327,328]. Gr films prepared by the CVD method have excellent corrosion pro
tection for metals due to the ‘impermeability effect’ of Gr to reduce the transmission rate of moisture for corrosion to proceed [329].

4.2.2. The influence of GDs on the biodegradation of Mg-based BMMCs
To investigate the role of GDs in changing the corrosion behaviors of Mg-based BMMCs, Turan et al. [313] fabricated pure Mg 

composites with different Gr contents (0.1, 0.25 and 0.5 wt%) via a P/M method, and the curves obtained from electrochemical tests 
are illustrated in Fig. 18a. The fitted electrochemical results indicated that even a low concentration of Gr (0.1 wt%) increased the 
annual corrosion rate from 249.9 mm/y for pure Mg to 1048 mm/y, demonstrating that Gr acted as an effective cathode, accelerating 
corrosion through micro-galvanic reactions.

However, the in vitro degradation behavior of Mg-based GMMCs is often complex, as the introduction of GDs into Mg-based MMCs 
can sometimes improve corrosion resistance [254,228,230,253,333,334]. Therefore, beyond the micro-galvanic effect induced by 
GDs, which accelerates corrosion, other factors must be considered when evaluating the role of GDs in modulating the degradation 
behavior of Mg-based MMCs. Among these, grain refinement is often the primary factor to be assessed. GDs usually serve the function 
of grain refinement for Mg-based MMCs, as described in subsection 4.1.2, significantly decreasing the grain size and narrowing the 
grain size distribution to some extent. The literature consistently suggests that as grain size decreases, the corrosion resistance of Mg is 
improved in neutral and alkaline sodium chloride (NaCl) electrolytes with little dissent [335,336]. Aung et al. [330] evaluated the 
effect of grain size on the corrosion behavior of the AZ31B Mg alloy with different grain sizes by applying heat treatments that enabled 
grain growth (Fig. 18b). Potentiodynamic polarization tests (Fig. 18c) showed that Ecorr shifted from − 1.48 V vs. Ag/AgCl to − 1.38 V 
versus Ag/AgCl when the average grain size decreased from 250 to 65 μm. Moreover, the hydrogen evolution volume (Fig. 18d) of the 
sample with an average grain size of 65 μm was the lowest (36.5 ml cm− 2) throughout the immersion tests of 10 h, suggesting that the 
corrosion rate significantly increased as the average grain size increased from 65 to 250 μm. For Mg-based GMMCs, finer grains result 
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in more grain boundaries, which facilitate the accumulation of graphene at the interfaces. This increased graphene distribution forms 
more effective physical corrosion barriers, enhancing the material’s resistance to corrosion compared to coarse-grained microstruc
tures. Superior corrosion resistance of fine-grained Mg observed has been also attributed to an improved passive film. The notion of a 
more protective passive film is supported by the observation of reduced cathodic kinetics on grain-refined Mg in 0.1 M NaCl [337]. 
Gollapudi [331] provided a schematic illustration of passivation in nanocrystalline and coarse-grained materials (Fig. 18e). The 
nanocrystalline microstructure has a more uniform and compact passive layer, whereas the coarse-grained microstructure is shown to 
have a more open passive layer in a passivating environment [338]. A reduced grain size may contribute to an increase in the activity of 
electrons near grain boundaries, making the surface more reactive and prone to the formation of a stable passive film [336]. 
Furthermore, a high density of grain boundaries may also contribute to increased adherence of the passive film to the base metal 
possibly through the oxide pegging mechanism [339]. Based on the above discussion, the effect of GDs on the corrosion resistance of 
Mg-based MMCs is not solely accelerating or inhibiting corrosion. In practical applications, a comprehensive assessment of the 
influencing factors of GDs is necessary to achieve an optimal strategy for slowing down the degradation rate of Mg-based GBMMC bone 
implant materials [340].

4.2.3. The influence of GDs on the biodegradation of Zn-based BMMCs
The biodegradation rates of Zn-based BMMCs are moderate, being lower than those of Mg-based BMMCs, which implies a pro

longed strength retention period in vivo. Kabir et al. [71] evaluated the biodegradable corrosion behavior of GNP/Zn matrix composites 
(ZMCs) by performing electrochemical tests, electrochemical impedance spectroscopy (EIS), and immersion tests in Hank’s Balanced 
Salt Solution (HBSS). According to potentiodynamic polarization (PDP) curves shown in Fig. 18f, the icorr values of all the ZMC-GNP 
composites were measured to be lower than that of pure Zn, indicating an enhanced corrosion resistance of the GNP-reinforced ZMCs. 
It was reported that GDs acted as an impermeable barrier that prevented the penetration of corrosive agents, leading to improved 
corrosion resistance in a corrosive environment as schematically illustrated in Fig. 17d. The Bode plot (Fig. 18g) also demonstrated 

Fig. 18. (a) Current density versus polarization potential curves of pure Mg and Mg/GNP composites [313]. (b) Optical micrographs showing the 
microstructures of the AZ31B-H24 alloy at different heat-treated conditions of HT 200, HT 300, HT 400, and HT 500. (c) Potentiodynamic po
larization curves of differently heat-treated samples in the 3.5 % NaCl solution. (d) Volume of hydrogen evolved from differently heat-treated 
samples during 10 h immersion in a 3.5 % NaCl solution [330]. (e) A schematic drawing of passive layer formation in fine- and coarse-grained 
microstructures [331]. The electrochemical corrosion properties of pure Zn, ZMC-0.1GNP, ZMC-0.2GNP, ZMC-0.3GNP, and ZMC-0.4GNP com
posites: (f) PDP curves; (g) Bode plots of impedance module |Z| versus frequency. (h) Degradation rates of pure Zn and GNP-reinforced ZMCs 
calculated by using the weight loss method after 30 d of immersion. (i) Surface morphologies of sintered pure Zn and ZMC-0.2GNP composites 
immersed in HBSS for 30 d [71]. (j) Polarization curves of SLMed pure-iron and SLMed Fe/GO composites. (k) Microstructures of the SLMed Fe-xGO 
composites: x  = 0, 0.8, and 1.6 wt%, and average grain sizes. (l) Surface morphologies and corresponding topographic maps of the SLMed Fe, 
SLMed Fe-0.8 GO, and SLMed Fe-1.6 GO [332].
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that the maximum impedance modulus |Z| of the composite with the optimum GNP content (0.2 wt%) at the low and intermediate 
frequency regions (0.1~100 Hz) in the electrolyte (i.e., Hanks’ balanced salt solution) was about 4 to 6 times higher than that of the 
pure Zn specimens. Additionally, the surface film resistance (Rsf) values of all the ZMCs were measured to be higher than those of pure 
Zn, revealing that the surface film played an enhanced role in inhibiting corrosion due to the GNP addition. The intact corrosion 
surface morphology of the 0.2 wt% GNP-enhanced ZMCs further indicated the formation of dense corrosion product films with high 
corrosion resistance in HBSS, while pure zinc showed the most corroded surface, displaying the large pits formed (Fig. 18i). Due to the 
grain refinement and dense microstructure, the GNP-reinforcing phases imparted more nucleation sites and hindered grain growth, 
contributing to a more stable and uniform passivation layer on the sample surface. At the same time, the GNP-reinforcing phases filled 
up with defects such as cracks, gaps, crevices, and microscale pores, thereby alleviating stress concentration phenomena as well as 
preferential corrosion. Among all the specimens, the ZMC-0.2GNP composite exhibited the lowest degradation rate of 15 ± 0.7 μm/y 
calculated by using the weight loss method after 30 d of immersion (Fig. 18h). This might be attributed to the optimum content and 
homogenous dispersion of GNP in the ZMC-0.2GNP composite to maximize the ‘barrier effect’. However, Yang et al. [59] reported a 
contrasting result: compared to pure Zn, the addition of 0.2 wt% RGO led to an increase in icorr and a decrease in Ecorr, indicating that 
RGO accelerated the electrochemical corrosion of the Zn matrix. This corrosion acceleration was attributed to two key factors: (i) the 
grain refinement induced by RGO, which increases the overall grain boundary area and enhances the corrosion tendency of Zn; and (ii) 
the formation of numerous micro-galvanic cells between RGO and the Zn matrix, which intensifies localized corrosion. Although the 
relationship between the grain size introduced by GDs doping and the degradation rate of Zn has not been confirmed, it is an indis
putable fact that controlling the addition of GDs can effectively change the corrosion rate of Zn-based MMCs.

In addition, second-phase particles in Zn-based alloys often act as the initiation sites for localized micro-galvanic corrosion in Zn 
alloy-based BMMCs, causing pitting corrosion and promoting susceptibility to stress corrosion cracking [341]. Yang et al. [342] 
determined the biodegradation properties of Zn-Cu binary and Zn–Ca–Cu ternary alloys. The degradation behaviors of the Zn–Ca–Cu 
alloys were primarily influenced by micro-galvanic corrosion between the Zn–Cu matrix and CaZn13 phase in these alloys, where 0.5 % 
and 1.0 % Ca were added to Zn, leading to increases in corrosion rate from 11.5 μm/y to19.8 μm/y and 29.6 μm/y during 4 weeks of 
immersion tests, respectively. Furthermore, the area fraction of CaZn13 dendrites increased with Ca content, corresponding to an 
increased corrosion rate. Shi et al. [343] analyzed the features of 23 non-toxic alloying elements that form second phases in Zn-based 
alloys. An alloying element with standard electrode potential (E◦) lower than that of Zn (E◦ = − 0.76 V) is likely to be preferentially 
corroded, which could lead to the formation of a protective passive film on the alloy’s surface, resulting in an enhanced corrosion 
resistance. Li (E◦ = − 3.04 V), Mg (E◦ = − 2.37 V) and Mn (E◦ = − 1.19 V) have such an effect. Analogously, as the Ca (E◦ = − 2.87 V) 
content increases, Zn-(0.5–2 wt%) Ca alloys corrode more quickly due to increased volume fractions of coarse CaZn13 dendrites. 
Overall, any second phase has a significant impact on enhancing the degradation rate of biodegradable zinc-based alloys and their 
composites. Zinc alloy-based BMMCs modified by GDs are expected to contain various carbides as second phases, and their quantity, 
distribution, and morphology will all affect the progress of galvanic corrosion, pitting corrosion, and subsequent destruction of 
passivation films.

4.2.4. The influence of GDs on the biodegradation of Fe-based BMMCs
In vivo experiments have shown that the degradation rates of Fe-based BMMC implants are extremely low [344], which will not 

only hinder the formation of new tissue but can also cause side effects similar to those of permanent implants [345]. Although 
biodegradable Fe stents demonstrated short-term (28-day) safety and efficacy in porcine coronary arteries [346], the studies on Fe 
stents implanted in the descending aorta of New Zealand white rabbits reported insufficient in vivo degradation rates, raising concerns 
about the feasibility of iron as a biodegradable implant material [347]. The Fe-Mn-5Si alloy implant tested in the mouse model 
exhibited a slow corrosion rate of 0.013–0.024 mm/year [348], which delayed bone remodeling and triggered mild inflammation due 
to prolonged iron ion release. Similarly, Kraus et al. investigated the in vivo degradation performance of three Fe-based alloy implants 
(i.e., pure Fe, Fe–10Mn–1Pd, and Fe–21Mn–0.7C–1Pd) in a rat femur model over a 52-week period [349]. Their findings indicated that 
degradation occurred at slow rates, with no significant differences observed among the tested materials. Due to the relatively sluggish 
degradation of pure Fe and Fe-based alloys, their feasibility for bulk temporary implants, such as those used in osteosynthesis ap
plications, remains questionable. Zhao et al. [215] incorporated GO into pure iron to increase its biodegradation rate. Fig. 18j presents 
the potentiodynamic polarization curves of the as-SLMed pure iron and Fe/GO composites, showing that the corrosion potential 
decreased while the corrosion current density increased after incorporating GO into pure iron. Fig. 18k shows the microstructures of 
the SLMed pure-iron and Fe/GO composites, consisting of irregular polygonal grains. The average grain sizes of the SLMed pure-iron 
and Fe/GO composites were in the range of 28 to 8 μm. Fig. 18l shows the surface morphologies and topographic maps of the SLMed 
pure-iron and Fe/GO composites after immersing in the SBF solution for 30 days. As compared to the SLMed pure-iron, the SLMed Fe/ 
GO composites had much more corrosion attack with numerous tiny corrosion pits lying evenly on the surface [332]. Likewise, the 
corrosion depth of pits within the SLMed pure iron was shallow with the deepest corrosion pit measuring 20 µm. In contrast, the 
corrosion depths of the SLMed Fe/GO composites were much greater. Most of the surface area was corroded with pits whose depths 
reached 50 µm or more, and the deepest corrosion pits were 150 µm. The Fe/GO composites had higher biodegradation rates than pure 
iron, since the corrosion rates from the mass loss measurements were measured to be 0.41 mm/y for the SLMed Fe-0.8GO composite, 
0.09 mm/year for the SLMed pure iron, and 0.008 mm/y for the as-cast pure iron [215].

In addition to the galvanic corrosion and grain-refining effect induced by GDs, a change in crystallographic texture can have 
implications for corrosion resistance. Factors such as crystallographic orientation and packing density have direct effects on the 
reactivity and passive film formation. It is widely accepted that if grains are oriented in the closely packed direction (e.g. {111} for BCC 
Fe), corrosion resistance would increase because the removal of surface atoms would be more difficult, relative to the grains oriented in 
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a more loosely packed direction [350]. Dong et al. [351] examined the corrosion rates of 316L stainless steel by examining hundreds of 
grains that featured diverse crystallographic orientations. Their results showed that the grain-specific corrosion rates decreased as the 
surface plane progressively deviated from the {111} direction. Particularly, the corrosion rates followed the order of {001} < {101} <
{111}. Embedding GDs into an Fe-based alloy refines the grain structure, imparts stresses and strains, and modifies dislocation density, 
which will have varied impacts on corrosion. Wang et al. [352] found that the passive current density rose when the residual tensile 
stress was raised in Fe-based amorphous metallic coatings and its susceptibility to corrosion was enhanced by a higher tensile residual 
stress. The residual stress, initiated by GDs inducing grain refinement, accelerated the anodic dissolution by creating more initiation 
sites coupled with increased surface activity. GDs could effectively increase the biodegradation rate of pure iron and its alloys through 
the micro-galvanic corrosion effect and residual stress.

4.2.5. Critical analysis of GD-mediated degradation mechanisms in GBMMCs
Through systematic compilation of reported studies (summarized in Table 5), we demonstrate that GDs exert material-specific 

modulation on the degradation rates of Mg-, Zn-, and Fe-based BMMCs. Firstly, grain refinement induced by GDs has dual in
fluences on the degradation behavior of BMMCs, as it can both accelerate and inhibit corrosion via two competing mechanisms. On the 
one hand, grain boundaries generally serve as high-energy regions that act as preferential initiation sites for corrosion, while elemental 
segregation at grain boundaries may induce local electrochemical potential differences, thereby promoting localized corrosion [353]. 
On the other hand, refined grains facilitate the formation of a more uniform passivation film, while also reducing dislocation accu
mulation and mitigating localized stress corrosion susceptibility, ultimately enhancing corrosion resistance [354]. The impact of grain 
refinement on degradation behavior varies significantly across different matrix materials. In Mg-based GMMCs, the effect of Gr on 
corrosion is not unidirectional but depends critically on its dispersion state, content, and interfacial chemistry. At low Gr content with 
uniform dispersion, corrosion resistance is enhanced through three possible mechanisms: (i) Gr accumulation at grain boundaries 
physically blocks Cl− and H2O penetration, reducing cathodic reaction kinetics (O2 reduction rate decreases by ~ 60 % [113]); (ii) the 
formation of semi-coherent MgO nanoparticles (semi-coherent interfaces) at the Gr/Mg interface further mitigates micro-galvanic 
corrosion [254]; (iii) grain refinement promotes a dense Mg(OH) 2/MgO bilayer film, lowering passive current density by an order 
of magnitude [331,355]. However, when Gr content exceeds a threshold or dispersion quality deteriorates, corrosion acceleration 
dominates due to agglomeration-induced micro-galvanic cells, defective amorphous MgO interfaces prone to microcracking, and Gr- 
mediated precipitation of cathodic secondary phases like β-Mg17Al12 in Mg-Al alloys [249]. As revealed in Table 5, these competing 
effects lead to divergent outcomes even within the Mg alloy system, governed by alloy composition and GD’s content and function
alization. For Zn-based GMMCs, the effect of grain refinement remains complex, exhibiting bidirectional regulation. On the one hand, 
grain refinement increases the grain boundary area, enhancing Zn’s corrosion tendency and providing more sites for micro-galvanic 
corrosion reactions [59]. Additionally, surface defects (e.g., edge sites and broken C–C bonds) and uneven distribution of GDs may 
accelerate local corrosion, promote ZnO dissolution, and reduce the effect of the ZnO protective layer [356]. On the other hand, high- 
quality Gr layers can form dense barriers that reduce the infiltration of corrosive agents (e.g., Cl− and H2O), thereby preventing 
localized corrosion propagation. Furthermore, the introduction of an optimal weight or volume fraction of GDs and grain refinement 
can induce a dense microstructure, which enhances the ZnO protective layer’s densification, improving corrosion resistance and 
extending the stability of the ZnO film [286]. This divergence highlights the delicate balance between Gr’s barrier effects and its role in 
modifying Zn alloy microstructures. In contrast, Fe-based GMMCs generally experience accelerated degradation due to grain refine
ment. Finer grains in Fe-based MMCs introduce residual tensile stress, which promotes crack initiation and deteriorates the corrosion 
resistance [357]. Additionally, nano-grained Fe has a higher density of active sites, leading to a situation, where the passivation film’s 
formation/repair rate is lower than its dissolution rate, thereby accelerating the corrosion process [353].

For GBMMCs, GDs’ high conductivity and noble potential make them effective cathodes, promoting oxygen reduction (O2 + 2H2O 
+ 4e− → 4OH− ) and accelerating metal dissolution. The severity of micro-galvanic corrosion depends on the potential difference 
between GDs and the BMs. Mg (− 2.36 V) has the largest potential difference with Gr (~0.2 V), leading to severe micro-galvanic 
corrosion. Zn (− 0.76 V) has a smaller difference than Mg, but Gr still induces micro-galvanic corrosion, especially if ZnO film sta
bility is compromised. Fe (− 0.44 V) has the smallest difference with Gr, resulting in weaker micro-galvanic effects compared to Mg and 
Zn, though localized corrosion can occur in Cl− environments. The dispersion state of GDs significantly influences the extent of micro- 
galvanic corrosion. Uniformly dispersed Gr can form a protective layer over the metal matrix, acting as a corrosion barrier that 
mitigates micro-galvanic effects and reduces corrosion rates. In contrast, agglomerated Gr can create localized corrosion sites, leading 
to intensified localized dissolution or pitting corrosion [359]. Additionally, Gr can suppress micro-galvanic effects by isolating 
cathodic active sites and homogenizing electrochemical potential distribution. For example, the Gr coating layer reduces the exposure 
of impurities such as Cu to the corrosive medium, thereby lowering their cathodic activity and minimizing localized micro-galvanic 
cells [255]. Beyond its direct electrochemical influence, Gr can also affect micro-galvanic corrosion indirectly by altering the pre
cipitation behavior of alloy phases. In Mg-based GMMCs, Gr may change the formation of secondary phases such as MgZn2 [243] or 
β-Mg17Al12 [94], modifying corrosion behavior. Similarly, in Zn-based composites, secondary phases like CuZn5 in 3 vol% CuO/Zn 
composites achieved by GO-assisted hetero-aggregation and SPS process [360] can serve as preferential corrosion sites. The presence 
of Gr may alter the precipitation dynamics of alloying elements, potentially influencing the corrosion rate and stability of the material.

Thus, the impact of GDs on micro-galvanic corrosion in different metal matrix composites varies, depending on potential difference, 
dispersion state, and interfacial bonding. By optimizing GDs’ dispersion and implementing functionalization strategies, their effects on 
corrosion behavior can be fine-tuned, enabling precise control over the degradation rates of GBMMCs. Fig. 19 illustrates the 
comprehensive network of factors influencing Gr-mediated biodegradation in Mg-, Zn-, and Fe-based BMMCs. The diagram categorizes 
key factors into three levels: (i) material-intrinsic factors (e.g., alloy composition and secondary phases), (ii) processing-dependent 
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Table 5 
Summary of the in vitro corrosion rate of GD-Containing Mg-, Zn- and Fe- Based BMMCs.

Matrices 
metal

GD type GD 
content

Static immersion test Potentio dynamic test Promotion (+)/Prohibition (− ) 
ratio

Ref.

Corrosion rate 
(mm/year)

Testing medium and 
immersion time

Corrosion rate 
(mm/year)

Ecorr Icorr Static 
immersion

Potentio 
dynamic

Pure Mg Gr 0 wt% — — 249.9 –1.63 V 0.12 mA/cm2 ​ — — [313]
0.1 wt% 1048 –1.59 V 0.51 mA/cm2 ​ + 319 %
0.25 wt% 1813 –1.58 V 0.89 mA/cm2 ​ + 625 %
0.5 wt% 2090 –1.59 V 1.02 mA/cm2 ​ + 763 %

Mg-0.5Zr Gr 0 wt% 4.5 HBSS 
24 h

19 –1602.4 mV 683.1 µA/cm2 ​ — — [228]
0.5 wt% 3.0 11 –1595.9 mV µA/cm2 ​ − 33 % − 42 %

Mg-0.5Zr Gr 0.2 wt% 3.60 HBSS— 9.7 − 1521.27 mV 0.43 mA/cm2 ​ — — [32]
0.3 wt% 4.73 11.6 − 1556.96 mV 0.51 mA/cm2 ​ + 31 % + 20 %
0.4 wt% 6.78 13.0 − 1562.44 mV 0.57 mA/cm2 ​ + 88 % + 34 %
0.5 wt% 7.62 18.0 − 1581.52 mV 0.79 mA/cm2 ​ + 112 % + 86 %

Mg-0.3Sr- 
0.3Ca

Gr 0 wt% — — 0.171 –1.878 mV 7.486 µA/cm2 ​ — — [230]

​ ​ 0.2 wt% 0.153 –1.823 mV 6.730 µA/cm2 ​ — − 11 %
Mg3Al1Zn ​ 0 wt% — — — − 1.416 V 371.54 µA/cm2 ​ — — ​

​ 0.2 wt% − 1.456 V 992.08 µA/cm2 ​ ~ +167 % ​
RGO 0.3 wt% − 1.464 V 207.25 µA/cm2 ​ ~ − 44 % [253]
​ 0.4 wt% − 1.328 V 61.21 µA/cm2 ​ ~ − 84 % ​
​ 0.5 wt% − 1.464 V 207.41 µA/cm2 ​ ~ − 44 % ​

Mg6Al1Zn MgO modified 
RGO

0 wt% 1.5 SBF 
360 h

— − 1.50 ± 0.02 V 59 ± 3 µA/cm2 ​ — — ​
1.0 wt% ~ 2.3 − 1.47 ± 0.02 V 199 ± 12 µA/cm2 ​ + 53 % ​
2.0 wt% ~ 2.0 − 1.48 ± 0.03 V 132 ± 8 µA/cm2 ​ + 33 % [254]
3.0 wt% 1.1 − 1.48 ± 0.05 V 42 ± 2 µA/cm2 ​ − 27 % ​
4.0 wt% ~ 1.7 − 1.48 ± 0.02 V 105 ± 4 µA/cm2 ​ + 13 % ​

Mg-8Li Gr 0 wt% — — 2.741 − 1630.2 mV 84.45 µA/cm2 ​ — — [333]
0.2 wt% 1.605 − 1636.02 mV 50.05 µA/cm2 ​ − 41 %
0.4 wt% 1.065 − 1624.28 mV 32.95 µA/cm2 ​ − 61 %
0.6 wt% 1.588 − 1641.21 mV 49.17 µA/cm2 ​ − 42 %

Mg-3Zn ​ 0 wt% — SBF— 2.92 ± 0.32 − 1.41 ± 0.014 
V

127.7 ± 11 µA/ 
cm2

​ — — [334]

Gr — 2.26 ± 0.26 − 1.31 ± 0.021 
V

99.1 ± 8 µA/cm2 ​ − 23 %

MgO 
modifiedGr

— 1.84 ± 0.29 − 1.19 ± 0.018 
V

80.4 ± 10 µA/ 
cm2

​ − 37 %

Mg-1Ca Gr ​ — Hank’s— 2.065 − 1.427 V 90.4 µA/cm2 ​ — — [358]
​ 2.335 − 1.414 V 102.2 µA/cm2 ​ + 13 %
​ 4.919 − 1.446 V 215.3 µA/cm2 ​ + 138 %

Pure Zn Gr 0 wt% ~ 7.5 SBF36 d 0.069 –1.097 V 277.6 µA/cm2 ​ — — [31]
0.3 wt% ~ 14.4 0.213 –1.159 V 223.1 µA/cm2 ​ + 92 % + 209 %
0.7 wt% ~ 26.5 0.301 –1.237 V 195.8 µA/cm2 ​ + 253 % + 336 %

Pure Zn RGO 0 wt% — — 0.11 ± 0.02 –0.96 ± 0.06 V 7.48 ± 1.37 µA/ 
cm2

​ — — [59]

0.2 wt% 0.27 ± 0.03 –1.03 ± 0.08 V 18.6 ± 2.32 µA/ 
cm2

​ — + 145 %

Pure Zn Gr 0 wt% 27 ± 1.2 µm/y HBSS30 d 0.264 ± 0.033 − 1.031 ±
0.008 V

± 3.257 µA/cm2 ​ — — [286]

(continued on next page)
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Table 5 (continued )

Matrices 
metal 

GD type GD 
content 

Static immersion test Potentio dynamic test  Promotion (+)/Prohibition (− ) 
ratio 

Ref.

Corrosion rate 
(mm/year) 

Testing medium and 
immersion time 

Corrosion rate 
(mm/year) 

Ecorr Icorr  Static 
immersion 

Potentio 
dynamic

0.1 wt% 23 ± 0.5 µm/y 0.224 ± 0.076 − 1.084 ±
0.066 V

4.720 µA/cm2 ​ − 15 % − 15 %

0.2 wt% 15 ± 0.7 µm/y 0.090 ± 0.006 − 1.113 ±
0.011 V

5.456 ± 0.298 
µA/cm2

​ − 44 % − 66 %

0.3 wt% 16 ± 0.6 µm/y 0.143 ± 0.031 − 1.061 ±
0.019 V

8.286 ± 1.775 
µA/cm2

​ − 41 % − 45 %

0.4 wt% 20 ± 1.1 µm/y 0.187 ± 0.043 − 1.110 ±
0.020 V

10.555 ± 2.411 
µA/cm2

​ − 26 % − 29 %

Pure Fe GO 0 wt% — — 0.09 ± 0.01 –0.43 V 14.5 µA/cm2 ​ — — [215]
0.8 wt% 0.41 ± 0.01 –0.51 V 32.7 µA/cm2 ​ + 356 %
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factors (e.g., Gr dispersion and grain refinement), and (iii) environment-responsive factors (e.g., pH and Cl− concentration). The 
bidirectional arrows depict interactions between these factors, highlighting their synergistic (‘+’) or antagonistic (‘-’) effects on 
biodegradation. The bidirectional arrows depict the interactions between these factors, highlighting their synergistic or antagonistic 
effects on biodegradation. This framework provides a roadmap for optimizing degradation profiles through material design and 
processing strategies.

In summary, the influence of GDs on the degradation behavior of Mg-, Zn-, and Fe-based BMMCs is highly complex, encompassing 
their effects on the microstructural characteristics of the metal matrix (grain size and second-phase distribution), micro-galvanic 
corrosion, and the regulation of corrosion products and protective films. Therefore, in practical applications, optimizing the addi
tion of Gr and its interfacial bonding with the matrix requires careful consideration of the specific material system, Gr properties (type, 
dispersion, and functionalization), corrosion environment, and even processing conditions. By fine-tuning these parameters, the 
corrosion behavior of GBMMCs can be precisely controlled to achieve desired durability and performance.

4.2.6. Linking GD-mediated degradation mechanisms to implant applications
The corrosion-modulating effects of GDs in BMMCs offer significant potential for clinical applications. For instance, incorporating 

only 0.18 wt% Gr into an Mg–1Al–Cu matrix reduces the degradation rate of the Mg alloy by approximately fourfold [361]. Moreover, 
Mg-based nanocomposites containing 0.18 wt% Gr exhibit compressive properties comparable to native cancellous bone (with an 
elastic modulus value of about 6 GPa) and demonstrate excellent cytocompatibility and enhanced osteogenic capacity in human 
mesenchymal stromal cell (hMSCs) cultures, compared to non-Gr-modified Mg–1Al–Cu. These findings lay a solid foundation for 
developing mechanically compatible, fully resorbable Mg-based bone implants, and underscore GDs’ future role in synchronizing 
implant degradation with tissue healing in vivo. In another study, Xia et al. [362] employed SLM to fabricate pure Zn porous scaffolds, 
which were implanted into a rabbit femoral critical-size defect model for 24 weeks. Their results revealed that these scaffolds possessed 
compressive strength and stiffness similar to cancellous bone and exhibited a suitable degradation rate to support bone regeneration; 
by week 24, newly formed bone was well-integrated with the Zn scaffolds. However, at week 4, a layer of fibrous tissue was observed 
between the scaffold and the host bone. This phenomenon was attributed to relatively high levels of Zn degradation products during 
the early post-implantation stage, exceeding the local tissue tolerance threshold. Incorporating functionalized Gr into future material 
designs could further enhance mechanical strength, aligning it with that of the cortical bone, while simultaneously slowing early-stage 
in vivo degradation to maintain a safer concentration of by-products and shorten the new bone growth cycle. Fe-based MMCs implants 
have also been widely investigated in animal models [346]. While the results from biocompatibility studies in rabbits appear prom
ising, in vivo degradation rates of Fe implants have generally proven insufficient for the use of iron as a biodegradable material [347]. 
Nevertheless, Fe scaffolds modified with GO have exhibited accelerated degradation in vitro [215] and improved fatigue life in air 
[271]. Future endeavors should thus focus on optimizing the in vivo corrosion rate and fatigue strength of GD-enhanced Fe-based 
MMCs in physiological environments, potentially expanding their use as reliable bone implant materials. Persistent challenges include 
the need for long-term (over two years) degradation data in large animal models, as well as the development of standardized testing 
protocols that correlate in vitro corrosion with (pre-)clinical outcomes. By establishing robust methods for assessment and ensuring 
interdisciplinary collaboration, GBMMCs hold considerable promise for advancing the field of bone tissue engineering and beyond.

Fig. 19. Schematic overview of the hierarchical factors governing GD-mediated biodegradation in Mg-, Zn-, and Fe-based BMMCs.
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4.3. Biological performance of GBMMCs

4.3.1. Cytotoxicity
The host response triggered by GDs is an important aspect that must be considered for the biocompatibility of GBMMCs. The 

cytotoxicity of GBMMCs is a complex issue that may be affected by both the GDs themselves and the interaction between GDs and 
BMMCs [363]. At present, the understanding of the physicochemical properties of GBMMC scaffolds is still a subject of research and 
therefore, the information on both in vitro and in vivo toxicity is scarce. Hence, there is an immediate need to explore and establish the 
cytotoxicity of GBMMCs for optimized bone-specific applications. In this section, the overall cytotoxicity performance of GD- 
containing Mg-, Fe-, and Zn-based BMMCs and the effects of three independent characteristics of GDs, namely the GDs’ type, their 
lateral size (i.e., the size of the graphene sheets/particles typically measured along their largest dimension (length or width)) and their 
concentration, on cytotoxicity for relevant bone and progenitor cells will be discussed in detail.

4.3.1.1. The effect of GDs on GBMMCs’ cytotoxicity. The current research on the biocompatibility of Gr-containing Mg-, Zn-, and Fe- 
based BMMCs is mainly focused on cytotoxicity (Table 6). Most of the studies were performed on Mg-based BMMCs [33,254,364–368] 
followed by Zn-based BMMCs [96,59,286,369]. Only one study reporting the cytotoxicity of Fe-based BMMCs [332] was found.

In terms of cell viability in contact with Mg-xGNP composites (x = 0, 0.5, 1.0 and 2.0 wt%), MG-63 cells cultured on the Mg-Zn-Ca 
alloy showed a lower viability than those cultured on Mg-Zn-Ca/GNP composites with lower GNP concentrations [364]. Cell viability 
and proliferation were observed to enhance in the presence of the Mg-GNP composites at the lower GNP concentrations (0.5–1.0 wt%), 
whereas the reverse effect was noted for the composite with the highest GNP concentration (2.0 wt%) owing to the excessive release of 
GNPs. Another study on Mg-Zn and Mg-Zn-GO composite scaffolds investigated the cytotoxicity after 1 and 3 days of culture of L-929 
cells with the extracts of 10, 50, and 100 % concentrations [367]. Based on the results, the viability of the L-929 cells after 24 and 72 h 
of culture in the 10 % extracts was higher than in the extract concentrations of 50 % and 100 % in the Mg-6Zn, Mg-6Zn-1GO and Mg- 
6Zn-2GO groups. Interestingly, after 72 h, the cell viability in the Mg-6Zn extracts at concentrations of 10 % and 50 % was higher than 
that of the samples containing GO. According to the Inductively Coupled Plasma (ICP) results, the extracts from the samples with GO 
released higher amounts of magnesium and zinc ions compared to the Mg-6Zn samples, leading to increased cytotoxicity.

Yang et al. [96] in situ introduced RGO into laser AM Zn-based scaffolds and studied the viability and attachment of human um
bilical cord stem cell cultured on Zn and Zn-RGO scaffolds. When compared to the Zn scaffolds, the cells on the Zn-RGO scaffolds 
displayed comparatively enhanced proliferation, according to the CCK-8 proliferation assay. At day 7, the cells in contact with the Zn- 
RGO group were clearly spread, and formed a large number of filopodia. According to earlier research, the biocompatibility of Zn 
scaffolds was closely related to their degradation rate [59]. In general, the addition of RGO is expected to slightly accelerate the 
degradation of Zn scaffolds, leading to the release of excessive Zn ions [370], that may have a negative impact on cell growth. 
Nevertheless, the incorporated RGO with high bioactivity may positively affect the cell behavior and overshadow the negative in
fluence exerted by the slightly accelerated degradation of Zn scaffolds, as shown by Yang et al. [96]. In short, the RGO-Zn scaffolds 
could offer a favorable microenvironment for bone cell growth.

Cell viability of SaOS2 cells cultured for 3 days with sintered pure Zn and GNP (0.1–0.4 wt%)-reinforced Zn matrix composite 
extracts [286] increased as extract concentrations decreased. At a 75 % extract concentration, cell viability was below 40 %, indicating 
moderate to severe cytotoxicity (grade ‘3′) [371]. When diluted to 12.5 %, cell viability significantly increased, exceeding 75 % of the 
control (grade ‘1′). Further dilution to 6.25 % resulted in cell viability over 90 %, indicating no cytotoxicity (grade ‘0′). Notably, the 
ZMC-0.4GNP extract at 6.25 % concentration achieved the highest cell viability, demonstrating excellent cytocompatibility. The lower 
cell viability at 75 % extract concentration was likely due to higher metal ion concentrations inhibiting cell growth, whereas the 6.25 % 
extract concentration promoted cell proliferation.

Reports regarding the cytotoxicity of GD-containing Fe-based BMMCs are scarce. Zhao et al. [332] attempted to prepare Fe-xGO 
composites (x = 0.4, 0.8, 1.2, and 1.6 wt%) from pure Fe and GO powders via SLM and explored the associated viability of MG63 cells. 
For the Fe-xGO composites in that work, the Fe2+, Fe3+, and Fe(OH)3 ions were collected during degradation in the SBF. The mean 
concentration of Fe3+ released daily from the Fe-0.8GO composites in the SBF reached a maximum (i.e., 6.33 μg/(ml day)), which is 
much lower than the half-maximal inhibitory concentration (IC50) of Fe (30–70 μM) [372]. CCK-8 assay was used to examine the 
proliferation of MG63 cells cultured on the Fe-xGO composites. The CCK-8 assay results of MG63 cells cultured on the specimens for 1, 
4, and 7 days showed that the number of cells present on the Fe and Fe-xGO specimens gradually increased with culture time, and there 
were no significant differences between the cell proliferation rates on the Fe-xGO composites at different time points. In addition, the 
cells cultured on Fe, Fe-0.8GO, and Fe-1.6GO samples for 1 and 3 days exhibited well-spread morphologies with no notable differences 
between the groups of the Fe and Fe-xGO composites, while the MG63 cells cultured with the Fe-xGO extracts exhibited a morphology 
with spindle shapes, which is the normal morphology of these cells. Therefore, the findings suggest that the studied Fe-xGO composites 
are not cytotoxic for the MG63 cells.

AM techniques, particularly laser-based methods like SLM, fundamentally alter the microstructural characteristics of GBMMCs 
through rapid melting/solidification cycles, which profoundly influence Gr distribution, interfacial bonding, and degradation 
behavior, and even affect cytotoxicity. Compared to conventional manufacturing methods, AM possesses unique advantages such as 
tailored porous architectures (enhancing nutrient transport for bone regeneration), graded Gr dispersion (mitigating agglomeration- 
related toxicity), and refined grain structures (improving mechanical stability during biodegradation). However, the extreme thermal 
gradients in laser-based AM may induce Gr structural defects (e.g., edge oxidation and sheet fragmentation) that enhance ROS gen
eration. Mandal et al. [373] illustrated this effect in their study on SLM-processed Gr/SS 316L composites, where laser melting led to an 
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Table 6 
The cytotoxicity of GBMMCs in relation to the GD type, concentration, composite powder preparation process, and MMC fabrication process.

Metallic 
matrix

GD type and 
concentration

Powder 
preparation

Sample fabrication Cytotoxicity performance Ref.

Pure Mg GNP, 
0, 0.1, 0.2, 0.3 wt%, 
15  µm and 5  µm

High energy ball 
milling

Compacting and 
sintering

An increase of 12 % in Saos-2 cell viability by an addition of 0.1 wt% GNPs to the Mg matrix. The Mg–0.1 wt% GNP 
composite exhibited higher cell viability than the Mg–GNP composites containing higher GNP contents (0.2–0.3 wt%)

[33]

Mg-3Zn-1Ca GNP, 
0, 0.5, 1, 2 wt%

Ball milling P/M MG-63 cell viability and proliferation were enhanced for the composites at the lowest GNP concentration (0.5–1 wt%), 
whereas the reverse effect was noted for the composite with the highest GNP concentration of 2 wt%.

[364]

Mg-3Zn-1Mn 
(MZM)

GO, 
0, 0.5, 1, 1.5 wt%

Wetting ball 
milling

P/M The increase in culture time slowly increased the numbers of MG63 live cells on the MZM/GO nanocomposites containing 
0.5 wt% and 1 wt% GO after 3 and 7 d of culture.

[365]

Mg-6Zn GO, 
0, 0.2, 0.4 wt%

Wet ball milling P/M According to the MTT assay and ALP expression, GO nanosheets in the Mg-GO composite promoted cell viability and 
osteoblastic cell differentiation. Incorporating GO nanosheets could effectively improve the biocompatibility of Mg-6Zn- 
based composites.

[366]

Mg-6Zn GO 
0, 0.1, 0.2 wt%

Milling Pressing and 
sintering

The MTT assay proved that the extract of Mg-6Zn-2GO scaffolds was not cytotoxic in contact with L-929 cells which 
validated the studied scaffolds for bone tissue applications.

[367]

Mg-6Al- 
1ZnAZ61

RGO, 
0, 1, 2, 3, 4 wt%

Wet stirring SLM More MG-63 cells were observed in the extracts of AZ61-3.0RGO/MgO composites than in AZ61 extracts. Cells cultured on 
AZ61-3.0RGO/MgO composites showed highly dense ALP staining compared to AZ61 alloy, but AZ61-1.0RGO/MgO, AZ61- 
2.0RGO/MgO and AZ61-4.0RGO/MgO composites showed lower densities than AZ61 alloy.

[254]

Mg-3Zn-0.5Zr, 
ZK30

GO, 
0, 0.3, 0.6, 0.9 wt%

Wet stirring SLM MG-63 cells on all the samples exhibited a well-spread morphology and an increased number after being cultured for 3 days, 
indicating a good cytocompatibility of SLMed ZK30-xGO.

[368]

Pure Zn GNS, 
0, 0.3, 0.7 wt%

Wet ball milling SPS Relative activity of cells in 5 % and 10 % concentration of Zn-GNS composites extract was greater than 90 %. MG-63 cells 
could grow on the surface of Zn-GNS composites. Zn-GNS composites had excellent cytocompatibility.

[369]

Pure Zn RGO, 
0, 0.1, 0.2, 0.3 wt%, 
0.3 to 2 μm

—— SLM Optical density of cells on the Zn-0.2RGO scaffold group was considerably higher than that on the Zn scaffold group at day 7 
(*p < 0.05) by CCK-8 assay. The cells cultured on the Zn-RGO scaffold exhibited a significantly improved ALP activity than 
those on the Zn scaffold at day 7 and day 14, which revealed that the Zn-RGO scaffold promoted cell growth and 
differentiation.

[59]

Pure Zn RGO, 
1–3 μm

CVD SLM The CCK-8 assay, fluorescence staining together with ALP analysis revealed that Zn/RGO scaffolds promoted cell 
proliferation, adhesion, and differentiation. Zn/RGO scaffolds showed relatively high cell viability and favorable cell 
adhesion behavior compared with Zn scaffolds.

[96]

Pure Zn GNP, 
0, 0.1, 0.2, 0.3, 0.4 
wt%, 
15 μm

Ball milling Hydraulic pressing Among all the GNP-reinforced Zn matrix composites, the cell viability of the ZMC-0.4GNP reached 124.3 ± 3.7 %, 
displaying the best cytocompatibility with superior cell proliferation function.

[71]

Pure Fe GO, 
0, 0.4, 0.8, 1.6 wt%

Ball milling SLM The CCK-8 assay results of MG63 cells and fluorescence staining of the MG63 cells results suggested that the Fe-xGO 
composites had good cytocompatibility.

[332]
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increased ID/IG ratio, indicative of elevated defect density within the Gr structure. Conversely, conventional powder metallurgy 
typically preserves Gr’s structural integrity but struggles with inhomogeneous dispersion, leading to localized cytotoxicity hotspots at 
agglomerated regions. On the other hand, AM-processed Fe/GO composites exhibited about 5 × higher degradation rates than cast 
pure iron due to GO-induced micro-galvanic corrosion intensified by AM’s refined microstructure [332], while their cytotoxicity 
remained comparable to conventional counterparts owing to controlled ion release kinetics. AM introduces both opportunities and 
challenges that require process-specific cytotoxicity evaluation frameworks, particularly critical for bone implants, where a balance 
between porous architecture, degradation and cell viability must be synergistically optimized.

4.3.1.2. The effect of lateral size of GDs. Numerous studies have confirmed that the possible cytotoxic and inflammatory effects of all 
types of GDs depend strongly on their lateral sizes when released from GBMMCs. Graphene sheets can vary significantly in lateral size, 
from a few nanometers (nm) to several centimeters (cm) or more, depending on the production method and intended application. 
Table 7 lists the typical morphologies of GDs, their corresponding morphological features, size ranges and preparation methods. When 
producing GBMMC samples, powder mixing processes (such as P/M) and scaffold preparation processes (such as SLM) can also 
drastically change the initial morphological features and lateral sizes of GDs [374]. Hence, the independent effect of actual lateral size 
of GDs on cells should be taken into consideration in evaluating the impact of GDs on GBMMC biocompatibility. It has been reported 
that RGO nanoparticles with a diameter of 11 ± 4 nm could enter the nucleus of hMSCs and cause chromosomal aberrations and DNA 
fragmentation after 1 h, even at very low concentrations of 0.1 and 1.0 mg/mL. However, RGO with an average lateral dimension 
(ALD) of 3.8 ± 0.4 µm exhibited no notable genotoxicity in hMSCs until a high dose of 100 mg/mL after 24 h [375]. Mendes et al. [376] 
investigated the effect of the lateral size of GOs (i.e., 89 and 277 nm) on the viability of macrophage (J7742) and HeLa (Kyoto) cells. 
Their results showed that large GO flakes induced higher levels of toxicity than small flakes, especially at a longer incubation time of 
48 h. Similarly, Ma et al. [377] demonstrated that small GOs with lateral sizes of 50～350 nm were easily internalized by murine 
J774A.1 macrophages, while large GOs (750～1300 nm) were preferentially adsorbed on their plasma membranes, thereby activating 
toll-like receptors (TLR) and nuclear factor kappa-B (NF-κB) pathways to promote pro-inflammatory response. In general, nano
particles (i.e., sizes < 100 nm) can enter the cell, those smaller than 40 nm can enter nucleus, and those smaller than 35 nm can cross 
the blood brain barrier [378].

4.3.1.3. The concentration of GDs. GDs were first demonstrated to have size- and concentration-dependent cytotoxic and genotoxic 
effects on hMSCs about a decade ago. Akhavan et al. [375] found that 1.0 g/mL RGO with an average lateral size of 11 ± 4 nm 
significantly damaged cells, whereas RGO with an ALD of 3.8 ± 0.4 μm significantly harmed cells only at a high dose of 100 g/mL with 
a one-hour exposure time. Besides hMSCs, the concentration-dependent nanotoxicity of Gr, RGO, and GO was also evident in their 
interactions with numerous other cells, such as human erythrocytes, U87, U118 glioblastoma cells and human umbilical vein endo
thelial cells (HUVECs) [380]. For instance, Liao et al. [381] proved that both GO and RGO exhibited toxicity on red blood cells (RBCs) 
in a dose-dependent manner (dose > 60 μg/mL), thus decreasing the cell viability, increasing the generation of ROS, and releasing 
lactate dehydrogenase. In another study, Ruiz et al [382] observed that GO films at a concentration of 20 μg/mL in the culture media 
decreased cell viability of mammalian colorectal adenocarcinoma cells (HT-29 cells) by 20 %, while at a concentration of 50 μg/mL, 
cell viability decreased to 50 %.

Considering the observation that GDs essentially does not decompose or biodegrade in the body fluid environment but enters the 
body with the degradation of the metallic matrix of BMMCs and participates in various metabolisms, the concentration of GDs, in other 
words, the amount of GDs added to BMMCs, has a critical impact on the in vivo cellular biocompatibility, e.g., with osteocytes and 
osteoblasts. In addition, the subsequent metabolic processes, such as internalization and excretion of excess GDs from the human body, 
need to be considered.

4.3.1.4. The effect of the type of GDs. In addition to the lateral size and concentration, the intrinsic properties of GDs, such as the 
oxidation state and reactive functional groups, play a significant role in determining their cytotoxicity, because cell viability is affected 
by physical damages and/or chemical effects [383]. Many researchers have proposed that oxidative stress is one of the mechanisms 
involved in the toxic effects of GDs [384]. The oxidative stress in target cells is caused by the generation of ROS that can damage the 
cellular membrane, DNA, and proteins [385]. Furthermore, the surface oxidation state and carbon radical content play major roles in 
the induction of toxicity to cells [386]. Liao et al. [381] found that the disruption of the RBC membrane was likely attributed to the 

Table 7 
The different GD’s morphologies and their corresponding morphological features, dimension ranges, and preparation methods[379].

Type Morphology feature Dimension range Preparation method

Two-dimensional 
flake/sheet 
graphene

Folds, in-plane overlap More than 1000 nm, even to 
the centimeter scale in both 
directions

Mechanical stripping, epitaxial growth, redox 
method and chemical vapor deposition

Graphene nanoribbon Strips with a certain width, with the edge carbon 
atoms showing both ‘Zigzag’ (ZGNRs) and 
‘Armchair’ types (AGNRs).

100 nm to several hundred 
nanometers

Plasma etching, oxidation cutting carbon 
nanotube and plasma etching carbon nanotube 
method

Graphene quantum 
dot

Zero-dimensional carbon-based nanomaterials Less than 100 nm in both 
directions

Solvent heat, chemical stripping, 
electrochemicaland electron beam etching 
method
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Table 8 
In vitro and in vivo osteogenic performances and corresponding osteogenic mechanisms of GBMMCs.

Metallic 
matrix

GD type In vitro and in vivo osteogenic properties Osteogenic mechanism Ref

Mg GO Improved expressions of ALP in MC3T3-E1 cells. Promoted expression of (p)Smad 2/3 and 
Runx2, OCN and vascularized bone regeneration.

Activated the TGF-β and BMP signaling pathways. 
Conditioned macrophage culture medium treated with GO and Mg2+ promoted the 
osteogenic differentiation.

[403]

Mg-Zn-Mn GO Mg-Zn-Mn/1 wt% GO nanocomposite increased the MG63 cell viability and ALP activity, 
indicating the increasing level of osteogenesis.

—— [365]

Mg-3Zn-1Ca GNP The expression of ALP indicated that the Mg-GNP composites containing lower 
concentrations of GNPs favored the attachment, proliferation and differentiation of 
osteoblasts.

—— [364]

Mg-6Zn GO The ALP expression of Mg-6Zn extract and especially Mg-6Zn/ GO extract was strongly 
enhanced, compared to that of pure Mg extract. The Mg-GO composite comprising GO 
nano-sheets profited osteogenic cell differentiation.

—— [366]

Mg-6Al- 
1ZnAZ61

RGO The cells cultured on the AZ61–3.0RGO/MgO composite presented highly intensive ALP 
staining, as compared with the AZ61 alloy. The cells cultured on the AZ61–3.0RGO/MgO 
composite showed numerous and well-developed pseudopods that extended to the 
neighboring cells.

—— [254]

Mg–1Al–Cu Gr The ALP activity of cells on Mg–1Al–Cu/0.18Gr implants was enhanced by approximately 
3.4-fold in the basal medium and 1.8-fold in the osteogenic medium, when compared to 
the cells on on-Gr-modified Mg–1Al–Cu samples.

Contact of metallic ions and Gr nanoparticles with hMSCs could support osteogenic 
differentiation of hMSCs, which promoted the expression of RUNX2, COL1A1, and SPP1.

[361]

Zn GO- 
COOH

ALP expression, OCN and Runx2 production were enhanced in the Zn/GO-COOH 
nanocomposites group.

This effect was related to the mitogen-activated protein kinase (MAPK) pathway. Zinc 
ions and GO-COOH increased osteoblastic collagen matrix production and thus increased 
the binding of osteoblasts to the matrix activating the MAPK pathway.

[404]

Zn β-TCP/ 
GO

Improved expressions of ALP in MC3T3-E1 cells. —— [405]

Zn RGO Promoted expression of ALP. —— [59]
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strong electrostatic interactions between negatively charged oxygen groups on the GO surface and positively charged phosphatidyl
choline lipids that were present on the RBC outer membrane.

In summary, the toxicity mechanism of GBMMC scaffolds on cells is strongly dependent on the surface of GDs. Cytotoxicity depends 
on the physicochemical properties of Gr-based materials, such as the density of the functional groups, size, conductivity, and chemical 
nature of the reducing agent used for the deoxygenation of GO, as well as on the cell types exposed to these materials.

4.3.2. Osteogenic properties
Since the advent of Gr [387], researchers have been trying to introduce GDs to improve the osteogenic properties of bone implants 

[388–390]. Numerous studies have indeed shown that GDs can independently and significantly enhance the osteogenic differentiation 
of hMSCs [388,391–394]. However, there has not been a systematic and comprehensive understanding of the underlying mechanisms, 
and the observations of the osteogenic properties improved by GDs are sometimes inconsistent and fragmented [395–398]. Herein, we 
attempt to systematically summarize the osteogenic properties of GBMMCs and elucidate the role of GDs in inducing osteogenic 
differentiation and new bone growth from three aspects: GDs’ physical cues, GDs’ structure and chemistry, and GDs’ exogenous 
conduction channels/signaling pathways.

4.3.2.1. The effect of GDs on GBMMCs’ osteogenic properties. The in vitro and in vivo osteogenic properties and the corresponding 
mechanisms of GBMMCs, including Mg- and Zn-based BMMCs have been extensively studied (Table 8). For Mg-based MMCs, the role 
of GDs in promoting osteogenesis is diverse. Firstly, GDs can be used as a bioactive component to improve the osteogenic properties of 
bone substitutes [399]. Safari et al. [361] found that the addition of Gr to Mg-1Al-Cu samples could improve their osteogenic potential. 
After 7 and 14 days of in vitro culture of hMSCs, the alkaline phosphatase (ALP) activity for the Mg-1Al-Cu/0.18Gr composite enhanced 
approximately 3.4-fold in the basal medium and 1.8-fold in the osteogenic medium when compared to the non-Gr-modified Mg-1Al-Cu 
samples, which was attributed to the noncovalent binding of proteins and osteogenic inducers by the Gr nanoparticles [400]. Secondly, 
GDs with open structures at both ends could have a space-confining effect [401] to ensure sustained release of Mg2+ ions in the long 
term and could be utilized as an attractive drug delivery platform for vascularized bone regeneration. Thirdly, GDs have been reported 
to have immunomodulatory effects to drive the tissue regeneration and related osteogenic gene expression, which has emerged as a 
potential solution to repairing bone defects [402]. To figure out the capability of Mg/GDs composite materials in repairing bone 
defects as immunomodulatory agents, Zheng et al. [403] integrated Mg nanoparticles into GO via an electrostatic interaction method to 
form a self-assembled Mg/GO composite, thereby forming a delivery platform capable of sustained release of Mg2+. Immunomodu
latory behavior tests revealed that: the Raw 264.7 macrophages incubated with GO (20 µg mL− 1) demonstrated a significant change in 
morphology (Fig. 20a); the M1/M2 polarization of macrophages monitored by the qRT-PCR (real-time, reverse transcription poly
merase chain reaction) test demonstrated that M1-relevant IL1B expression levels were increased by GO and decreased in the 
magnesium-enriched microenvironment, whereas M2-relevant RETNLA gene expression levels were increased in cells treated with 
Mg2+ (Fig. 20b). The results of Fluorescence-Activated Cell Sorting (FACS) analysis revealed an increase in the density of iNOS cells 
(representative of M1 macrophages) in the GO-treated group, and acceleration in the induction of CD206 cells (representative of M2 
macrophages). Therefore, GO has been proven to activate inflammatory M1 macrophages and Mg2+ facilitated polarization of M1 
macrophages to the pro-healing M2 phenotype. The inflammatory response induced by Mg/GO has been proven to successfully 
stimulate in vitro osteogenic differentiation and in vivo osteogenesis (Fig. 20c). The ALP, von Kossa, and Alizarin Red staining results 
demonstrated that the induced osteogenic differentiation of bone marrow-derived mesenchymal stem cells (BMSCs) was promoted by 
conditioned macrophage culture medium (CM) treated with GO and Mg2+ (Fig. 20d). Obvious vascularized bone regeneration was also 
achieved in a rat cranial bone defect model (Fig. 20e).

As for zinc-based MMCs, the osteogenic effect of GDs is mainly reflected in enhancing the osteogenic differentiation of stem cells. 
Yang et al. [59] fabricated the RGO-reinforced pure zinc scaffolds by LPBF, and achieved a coherent interface between RGO and the 
zinc matrix by oxygen-mediated bonding. In vitro ALP activity assay of umbilical cord mesenchymal stem cells (UCMSCs) demonstrated 
an osteogenic differentiation behavior engaged by RGO. The UCMSCs cultured on the Zn-RGO scaffold exhibited a more significantly 
improved ALP activity than that on the Zn scaffolds at day 7 and day 14. Similarly, it has been proven that the addition of GO to the Zn 
matrix could also promote the ALP activity and facilitate the osteogenic differentiation [405]. In general, the findings suggest that the 
combined effects of active ions, such as Mg and Zn ions, and GDs upregulate the expression of osteogenic markers in vitro and enhance 
the ability to repair bone damage in vivo. No studies focusing on the osteogenesis-promoting effects of GDs in Fe-based BMMCs are yet 
available in the literature. The increased potential for osteogenic differentiation is closely related to the various osteogenic 
differentiation-promoting factors of GDs.

Table 9 
Reactive functional groups and oxidation state of GDs, ‘—’ stands for none, ‘*’ stands for a low level, and ‘**’ stands for 
a high level[406].

Reactive functional group Gr GO RGO

Epoxy (C-O-C) — ** *
Carboxylic acid (C-O) — ** *
Hydroxyl (C-OH) — ** *
π–π stacking ** ** **
Oxidation state — ** *
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It is well established that vascularized bone regeneration is critical for implant integration, as nascent blood vessels not only supply 
oxygen and nutrients but also secrete paracrine factors (e.g., vascular endothelial growth factor (VEGF) and bone morphogenetic 
protein (BMP)-2)) to orchestrate osteogenesis [409]. GDs, particularly GO and RGO, enhance angiogenesis through multiple mech
anisms. Their high surface area and functional groups enable adsorption and sustained release of pro-angiogenic growth factors (e.g., 

Fig. 20. (a-g) The immunomodulatory and osteogenic performance of Mg-based MMCs. (a) SEM images and confocal images showing the cellular 
and membrane morphological alterations of RAW264.7 macrophages after 24 h of treatment with GO and GO + Mg2+; (b) real-time quantitative 
PCR for the M1 (IL1b) and M2 (Retnla) genes after 24 h of treatment; (c) schematics elucidating the mechanisms responsible for magnesium-induced 
anti-inflammatory properties; (d) images of ALP staining for 7 days, and Alizarin Red and von Kossa staining for 14 days of BMSCs after cultured in 
various macrophage CMs supplemented with osteogenic supplements; (e) Radiological analysis of the calvarial bone defects (red circles) repaired by 
DBM, Mg/DBM, GO/DBM and MgNPs@GNS-coated DBM scaffolds for 6 and 12 weeks post-implantation [403] (DBM = Decellularized bone matrix; 
GNS = Graphene oxide nanoscrolls). (f-h)The functions of GDs in serving as exogenous conduction channels: (f) a schematic drawing illustrating the 
mechanism of enhanced conductivity of Ca2+-doped mixed-phase TiO2/GO composites [407]; (g) the scaffold promoted cell adhesion and trans
ferred the endogenous electrical signals to cells, activating Ca2+ channels [60]. (h) Mono-atomic graphene film promoted osteogenic differentiation 
of hMSCs via the activation of the integrin-FAK axis [408]. (i) An overview of the cues involved in the osteogenic differentiation of stem cells 
induced by GDs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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VEGF, etc.) via π-π stacking and electrostatic interactions, as demonstrated by Pan et al. [330], where chitosan functionalized GO up- 
regulated the expression of VEGF and promoted the endothelial cell adhesion and proliferation [410]. Furthermore, GDs’ conductive 
properties facilitate endogenous electrical signal transduction, activating Ca2+ channels and endothelial nitric oxide (NO) synthase to 
promote vascular network formation, as observed in polydopamine-mediated GO scaffolds that simultaneously induce the osteogenic 
differentiation of BMSCs and upregulated ALP activity [60]. Surface topography (e.g., nanoripples and wrinkles) mimics extracellular 
matrix cues, promoting endothelial cell adhesion and lumen formation while synergistically enhancing osteoblast differentiation. GDs’ 
immunomodulatory effects, such as polarizing macrophages toward the pro-healing M2 phenotype, further enhance angiogenesis- 
osteogenesis coupling by secreting TGF-β and VEGF, as shown in Mg-GO composites [403]. Supporting this synergy, Xue et al. 
[411] demonstrated that GO not only enhanced the osteogenic differentiation of BMSCs, evidenced by an approximately 3-fold in
crease in ALP expression, but also upregulated vascular-related receptor expression in HUVECs, leading to over a 6-fold increase in 
VEGF secretion compared to controls, highlighting GDs’ multifunctional role in vascularized bone regeneration. In summary, GD 
concurrently promotes osteogenesis and angiogenesis – the two interdependent processes critical for successful bone repair, thereby 
bridging a key gap in implant design for complex defects.

4.3.2.2. The influence of GDs’ physical cues. Biomaterials physical cues, which encompass morphological and mechanical properties, 
act through cell-substrate interactions to alter cytoskeletal dynamics and gene expression, which can ultimately modulate cellular 
functions, such as differentiation [412–414]. The ultimate morphology of GDs in the composites and the remarkable stiffness of GDs 
are their most important features that may function as physical cues. Nayak et al. [388] demonstrated the controllable increase in the 
osteogenic differentiation of hMSCs by Gr. The Si/SiO2 substrates exhibited significant osteogenesis-induced calcium deposition only 
under the action of the Gr with nanoripples, and the differentiation rate promoted by Gr was comparable to that in the presence of the 
typical growth factor BMP-2 alone. The ability of Gr to independently regulate the osteogenic differentiation of hMSCs was found to 
stem from the fact that the ripples and wrinkles of Gr sheet, mimicking the disordered nano-pit array, could effectively adsorb proteins, 
facilitate cell adhesion, and promote cell proliferation and differentiation [415]. Akhavan et al. [391] achieved rapid osteogenic 
differentiation of hMSCs, stimulated by Gr nano-grids, which was attributed to the presence of edge defects of Gr nano-ribbons, 
providing suitable out-of-plane deformations (irregular protrusions, on a 100 nm scale) for the topographical induction of osteo
genic differentiation. Gr’s extremely high Young’s modulus can withstand lateral strain and provide moderate local cytoskeletal 
tension, allowing mechanosensitive proteins of interest to unfold and change conformation [416]. Material stiffness is known for 
altering the adhesion state of stem cells and other cell types [417–419]. Gr itself induces changes in the morphology of cell during 
adhesion, leading to changes in cytoskeletal tension [420]. This effect can cause the activation of mechanotransduction pathways, 
thereby directly influencing the cellular gene expression profile [421].

4.3.2.3. The influences of GDs’ structure and chemistry. The two-dimensional honeycomb lattice structure and the functional groups 
present in the GDs (Table 7 and Table 9) have the potential to mediate stem cell lineage specific differentiation for tissue regeneration 
[422,423]. Lee et al. [393] explored the extent of mineralization by hMSCs after osteogenic induction and the drug loading capacities 
of Gr, GO, and polydimethylsiloxane (PDMS) surfaces. As confirmed by spectrophotometric quantification, under identical culture 
conditions, the mineralization associated with the hMSCs cultured on Gr was 7 times higher than that of the cells cultured on the PDMS 
specimens. Ultraviolet spectrophotometry revealed that Gr adsorbed the largest amounts of dexamethasone (400 mg) and β-glycer
ophosphate (8 g) per gram of Gr after 1 day of incubation. The large amount of π − π stacking, hydrogen bonding, and electrostatic 
binding of Gr and GO not only promoted the adsorption of fibronectin to directly mediate cell adhesion [424] but also enriched growth 
factors and hormones, thereby improving a series of biological events including the initial attachment of stem cells, their proliferation 
and differentiation [425,426]. Based on the above, Gr and GO could favor the enrichment of soluble factors required for stem cell 
growth and differentiation through molecular interactions.

La et al. [427] reported that the GO coating on a Ti substrate enabled the loading of large doses and sustained the release of BMP-2 
with the preservation of the structure and bioactivity of the protein. Li et al. [423] also proposed a similar “nano-reservoir” mechanism, 
by using GO nanosheets to adsorb and release endogenous BMPs produced by cells, thereby establishing a dynamic deposition-release 
process and reducing the loss of BMPs to the cell culture medium [428,429].

4.3.2.4. The influences of GDs’ exogenous conduction channels and signaling pathways. GDs play the role of exogenous conduction 
channels by forming a conductive pathway that may activate specific ion pathways and possibly mediate the expression of specific 
osteogenic genes [430,431]. Cai et al. [407] explored the effects of adding Ca2+ and Gr on the electrical conductivity of a Ca2+-doped 
mixed-phase TiO2/Gr composite (Fig. 20f). Their results showed that the composite had the lowest resistivity of 0.082 Ω cm and 7 
times higher electrical conductivity than the Ca, TiO2, Gr single-crystals. A new 3D conductive path of Ca-O-C was formed and 
effectively increased the interfacial charge transfer rate. Gr-containing scaffolds can, therefore, better transfer endogenous electrical 
signals to cells and activate specific ion channels participating in osteogenesis. Li et al. [60] developed alginate/gelatin (AG) com
posites with polydopamine-graphene oxide (PGO-AG), polydopamine-hydroxyapatite (PHA-AG), and combination thereof (PGO-PHA- 
AG) to accelerate periodontal bone regeneration by modulating the diabetic inflammatory microenvironment. Micro-CT analysis 
showed that the bone mineral density of the PGO-PHA-AG group was higher than the values of the AG and PHA-AG groups at 28 days 
post-surgery. The conductive scaffold promoted bone regeneration by transferring endogenous electrical signals to cells and activating 
Ca2+ channels (Fig. 20g) under the synergistic effects of PHA.

Since Gr has a very high elastic modulus, high in-plane stiffness, and remarkable out-of-plane deformation flexibility, it triggers and 
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mediates osteogenic differentiation through the activation of the mechanotransductory pathways involving the integrin-FAK (focal 
adhesion kinase) axis [432–434]. Xie et al. [408] found that the chemistry and mechanical properties of Gr were capable of activating 
the integrin-FAK transmembrane complex that recruited both ROCK1 (rho-kinase 1) and F-actin (filamentous actin) that, in turn, 
stimulated the phosphorylation of Smad p1/5 proteins, upstream of the gene expression of osteogenic specific markers, RUNX2, OPN, 
and OCN (Fig. 20h). This then brought osteogenesis closer to completion and ultimately ascertained the participation of the integrin/ 
FAK mechanotransduction pathway during the osteogenic differentiation induced by Gr.

The Wnt canonical signaling pathway is also known for playing an important role in regulating cellular events in a bone micro
environment [435]. Wu et al. [436] produced GO-modified β-TCP bioceramics and found that the GO-modified β-TCP scaffolds had 
greater de novo bone formation in the calvarial defects 8 weeks post-implantation compared to the β-TCP groups. GO modification 
could enhance the binding of the ligand Wnt3a with the receptor LRP5 and further increase intracellular AXIN2 and CTNNB gene 
expression, which led to enhanced in vitro osteogenesis. Mirza et al. [437] identified the effectiveness of GO on the expression of BMP-2 
by evaluating bone cement composites of GO and poly(methyl methacrylate)(GO-PMMA). The expression of ALP was significantly 
higher for the GO-PMMA in comparison to the control group of PMMA specimens, and the gene BMP2 was expressed in specimens 
containing 0.05 wt% GO only.

The M2-type macrophages favors osteoblast differentiation [438], as their presence can promote the secretion of potential oste
ogenic factors, such as VEGF, BMP-2, and TGF-β [439] and lead to calcium deposition and increase in bone mineralization. GDs have 
been shown to have the ability to induce macrophages polarization towards the M2 type. For example, Zou et al. [440] demonstrated 
that GO-carboxymethyl chitosan (CMC) hydrogel loaded with IL-4 and BMP-2 could induce macrophage polarization into the M2 type 
and enhance the osteogenic differentiation capacity of BMSCs in vitro when compared to the control groups without GO and BMP-2. In 
addition, GO could regulate macrophage polarization through TLRs [441]. In the study conducted by Su et al. [442], GO coating was 
found to increase the gene expression of Myd88 and Ticam2 in RAW 264.7 cells. On the other hand, M2 cytokines could inhibit 
osteoclast differentiation by downregulating the NF-κB pathway [443]. Inferred from the mechanisms of osteogenesis enhanced by Gr 
and GDs, as described above, Fig. 20i hypothesizes the factors by which Gr and GDs induce osteogenic differentiation of stem cells and 
depicts their involvement in cell differentiation and new bone formation in the case of GBMMCs.

4.3.3. Antibacterial properties
GBMMCs have attracted the attention of researchers also for their potential to provide antibacterial biofunctionality [444]. Recent 

studies have demonstrated that GBMMCs exhibit superior antimicrobial properties compared to their non-modified counterparts and 
show effective activity against a wide range of pathogens [445]. This broad-spectrum antimicrobial activity, combined with controlled 
degradation, positions GBMMCs as a valuable solution in the fight against implant-associated infections and the growing threat of 
antibiotic resistance. In this section, the overall antibacterial performance of graphene-containing Mg-, Fe-, and Zn-based BMMCs as 
well as the antibacterial effects caused by either GDs themselves or through their effects on the composites biodegradation rate will be 
reviewed and discussed in detail.

4.3.3.1. The effect of GDs on GBMMCs’ antibacterial properties. The literature on the antibacterial properties of GD-containing Mg-, Zn- 
, and Fe-based BMMCs, and the analysis of the antibacterial mechanism of GDs is scarce (Table 10).

Saberi et al. [364] fabricated GNP-incorporated Mg-based MMCs via P/M techniques. Their study delved into the antibacterial 
efficacy of these samples against both Gram-positive (Staphylococcus aureus, S. aureus) and Gram-negative (Escherichia coli, E. coli) 
bacteria, demonstrating pronounced growth inhibition of both of the bacterial strains. The Mg-GNP nanocomposites exhibited dose- 
dependent antibacterial properties, with Mg-2 wt% GNP displaying significantly greater effectiveness in inhibiting bacterial growth 
compared to Mg-0.5 wt% GNP (Fig. 21a). Exposure of bacterial cells to GNP ultimately resulted in their destruction through various 
mechanisms, including cell wall damage, oxidative stress, and/or encapsulation [452]. These mechanisms could operate individually 
or concurrently, collectively inhibiting bacterial growth. Fig. 21b illustrates the proposed antibacterial mechanism of the Mg-GNP 
composites above, wherein oxidative stress plays a pivotal role in antibacterial activity [364]. Oxidative stress induced by ROS can 
lead to the oxidation of bacterial lipids, nucleic acids, and proteins, ultimately causing degradation of cell walls and reduction in cell 
growth [453]. ROS, comprising hydroxyl radicals, superoxide radicals, and hydrogen peroxide can dismantle cellular components, 
particularly proteins and DNA [454].

Additionally, GO has been reported to exhibit superior antibacterial efficacy compared to Gr and RGO at equivalent concentrations 
[455]. Saberi et al. further investigated the antibacterial properties of the Mg-Zn composites reinforced with GO and Cu nanofillers 
[446]. Incorporation of GO and Cu substantially enhanced the antibacterial performance of the composites, as evidenced by larger 
inhibition zone diameters, indicative of stronger antibacterial activity. This enhancement in antibacterial effect was attributed to the 
combined action of GO and Cu. GO nanosheets, characterized by a large specific surface area and numerous oxygen-containing 
functional groups, facilitated the interaction with bacterial cell wall, causing physical disruption. Cu nanoparticles, on the other 
hand, released Cu ions and generated ROS, further damaging bacterial cell structures and inhibiting their functions. This dual 
mechanism, involving physical disruption by GO and chemical damage by Cu, underscores the observed superior antibacterial 
properties of the composites. Additionally, Safari et al. [361] observed that the addition of Gr significantly augmented the antibacterial 
properties of Mg-1Al-Cu implants, particularly in the case of 0.18 wt% Gr samples, which exhibited approximately 5- and 3-fold in
creases in inhibition zone diameter against S. aureus and E. coli, respectively. Importantly, the addition of Gr did not appreciably alter 
the release of Cu ions, suggesting that Cu ion release alone could not account for the observed enhancement in antibacterial effect in 
the 0.18 wt% Gr implants.
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Table 10 
The antibacterial properties of GBMMCs in relation to the GD type, concentration, composite powder preparation process, and MMC fabrication process.

Metallic 
matrix

GD type GD 
concentration

GD 
dispersion 
method

Processing 
method

Antibacterial properties Remarks Ref.

Diameter of inhibition zone (mm) ROS generation Antibacterial 
rate

Metal ion 
release 
concentration 
(mg/L)S. aureus E. coli S. aureus E. coli S. aureus E. coli

Mg-3Zn- 
1Ca

Gr 0 wt% Solution- 
assisted 
dispersion

Sintering 0.1 0.1 — ​ — All the Mg-GNP composites 
exhibited antibacterial 
properties against S. aureus 
and E. coli bacteria and 
increasing GNP 
concentration enhanced 
antibacterial activity.

[364]
0.5 wt% 1.9 1.8 —
1 wt% 2.7 2.4
2 wt% 3.1 2.8 ​

Mg-3Zn- 
1Mn

GO 0.5 wt% Ball milling Sintering Salmonella–Shigella 1.91 Klebsiella 
pneumoniae

~ 
1.84

— — — Mg–Zn–Mn (MZM)/1.5GO 
nanocomposite exhibited 
higher antibacterial activity 
than the MZM/0.5GO and 
MZM/1GO nanocomposites 
against Salmonella–Shigella 
bacteria.

[365]

1 wt% 3.32 ~ 
2.33

1.5 wt% 3.61 ~ 
2.86

Mg-Zn GO 0 wt% Solution- 
assisted 
dispersion

SPS 0.1 0.1 — — — The high Cu-GO content in 
the MZ/GO-Cu composites 
exhibited significant 
antibacterial activity, 
destroying 90–94 % of 
S. aureus bacteria.

[446]
0.5 wt% 2.47 2.34

GO/Cu 0.5 wt% GO 
and 
0.12 wt% Cu

3.51 ~ 3.12

0.5 wt% GO 
and 
0.25 wt% Cu

4.03 3.64

Mg–1Al–Cu Gr 0 wt% Ball milling SPS ~ 0.98 ~ 1.39 ~ 0.37 ~ 
0.17

— Mg2+: ~ 84.8 
Cu2+: ~ 0.32

The 0.18 wt% Gr samples 
increased the diameter of 
the inhibition zone 
approximately 5- and 3-fold 
against S. aureus and E. coli, 
respectively, while the 0.5 
wt% Gr samples increased 
the diameter of the 
inhibition zone 
approximately 3- and 1.1- 
fold against S. aureus and 
E. coli, respectively, when 
compared to non-Gr- 
modified Mg–1Al–Cu 
samples.

[361]

0.18 wt% ~ 4.67 ~ 3.66 ~ 0.68 ~ 
0.41

Mg2+: ~ 69.7 
Cu2+: ~ 0.23

0.5 wt% ~ 2.36 ~ 1.39 ~ 0.29 ~ 
0.18

Mg2+: ~ 82.8 
Cu2+: ~ 0.16

Mg-3Zn- 
1Mn

RGO 0 wt% Solution- 
assisted 
dispersion

Sintering 0.3 0.5 — — — The reduction in the number 
of colonies indicated that 
ZM31–1.5RGO with high 
RGO amounts has the best 
preventing bacterial 
attachment and growth.

[447]
0.5 wt% 1.1 2.3
1 wt% 2.3 3
1.5 wt% 3.1 4.2

(continued on next page)
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Table 10 (continued )

Metallic 
matrix 

GD type GD 
concentration 

GD 
dispersion 
method 

Processing 
method 

Antibacterial properties Remarks Ref.

Diameter of inhibition zone (mm) ROS generation Antibacterial 
rate 

Metal ion 
release 
concentration 
(mg/L)S. aureus E. coli S. aureus E. coli S. aureus E. coli

Mg-3Zn- 
0.5Zr

FunctionalizedGr 0 wt% Ball milling SPS 0.98 0.69 — — — — FGNPs could impressively 
prevent the growth and 
colonization of E. coli and 
Staphylococcus aureus S. 
aureus.

[448]
0.25 wt% 1.35 1.31 31.3 

%
28.5 %

0.5 wt% 8.98 8.69 83.8 
%

85.9 %

1 wt% 9.46 9.28 99.4 
%

99.3 %

Zn-2Ag Cu2O modified 
GO

0 wt% Ball milling SPS + hot 
extrusion

0 0 — — — In the 1Cu2O-GO/Zn-2Ag 
group, E. coli showed 
blurred membranes, 
shrinkage, and signs of 
electrolyte leakage, while 
still retaining their rod 
shape, indicating a robust 
cell wall. In contrast, 
S. aureus exhibited rough, 
chapped surfaces with 
cytoplasmic leakage, 
demonstrating cell wall 
rupture and death.

[449]
1 wt% 7.2 ± 0.5 5.7 ± 0.6

Zn Cu2O modified 
GO

0 wt% Ball milling SPS — — — ~ 66.1 — Zn2+: ~ 15.4 
Cu2+: 0

The addition of Cu2O-GO 
contributed to the 
significantly reduced 
number of bacterial 
colonies, and bacterial 
colonies were rarely 
observed in the 4Cu2O-GO/ 
Zn groups.

[450]

0.5 wt% ~ 74.4 Zn2+: ~ 14.2 
Cu2+: ~ 0.29

1 wt% 91.8 % Zn2+: ~ 15.2 
Cu2+: ~ 0.36

2 wt% 96.6 % Zn2+: 19.9 
Cu2+: ~ 0.43

4 wt% 98.6 % Zn2+: 35.7 
Cu2+: ~ 0.42

Zn f-Gr 0 mg/L Electrolytic 
co- 
deposition

SPS 17 ± 1 15 ± 0.5 — — — Zn/f-GNP (100 mg/L) 
nanocomposites have shown 
a strong inhibition against 
both bacteria strains with 
average zone of inhibition of 
23 mm and 21 mm, which 
were 35.2 % and 40 % 
higher than that of 17 mm 
and 15 mm across pure Zn 
for gram-positive and gram- 
negative bacteria, 
respectively.

[451]
25 mg/L 18 ± 0.5 16 ± 2
50 mg/L 19 ± 0.5 18.5 ± 1
100 mg/L 23 ± 1.5 21 ± 1
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The antimicrobial potential of Zn-based MMCs was explored through the investigation of hot extruded 1Cu2O-GO/Zn-2Ag com
posites against E. coli and S. aureus strains [449]. The 1Cu2O-GO/Zn-2Ag composites demonstrated significant bacteriostatic activity, 
particularly pronounced against S. aureus (Fig. 21c). Microscopic examination revealed distinctive alterations in bacterial morphology 
upon the interaction with the surface of the composites. E. coli cells displayed membrane blurring and shrinkage, indicating intra
cellular leakage and cellular disintegration, whereas S. aureus cells exhibited roughened surfaces and cytoplasmic leakage, suggestive 
of cell wall rupture and death (Fig. 21d). For S. aureus, metallic ions could penetrate the cell wall, directly disrupt protein synthesis, 
and interfere with DNA transcription, contributing to their strong antibacterial properties. However, E. coli cells have an impenetrable 
outer membrane that significantly limits the entry of metallic ions [456]. The composites, which included Ag-rich nanoparticles and 
GO, could denature and perforate this protective membrane, facilitating the passage of Zn2+ and Cu2+. This led to a synergistic 
antibacterial effect of the metallic ions, Ag-rich nanoparticles, and GO against E. coli (Fig. 21e).

Owhal et al. [451] employed the modified electro co-deposition technique to modify pristine GNPs with functional groups, thereby 
mitigating their toxicity, and subsequently fabricated Zn/f-GNPs (functionalized GNPs) composites via sintering. Their results unveiled 
expanded Zones of Inhibition (ZOI) against gram-positive bacteria and reduced ZOI against gram-negative bacteria, attributed to the 
additional outer protective membrane in the latter. Notably, the Zn/f-GNP (100 mg/L) nanocomposites exhibited robust inhibitory 
effects against both strains, with average ZOI of 23 mm and 21 mm, respectively, markedly surpassing pure Zn (ZOI of 17 mm and 15 
mm.). Moreover, increasing the f-GNP content in the Zn matrix augmented the antibacterial efficacy of the nanocomposites, owing to 
the synergistic interplay between Zn and f-GNPs. This increased antibacterial activity involves direct interaction between Zn/f-GNPs 
and bacterial cell membranes, disrupting membrane permeability and causing bacterial demise. At the time of writing, no work on the 
antibacterial properties of Fe-based MMCs has been reported in conjunction with GDs. Recent studies suggest that doped Gr (e.g., N-Gr 
and S-Gr) and GDs exhibit enhanced antibacterial activity. For example, Wang et al. [457] demonstrated the effective inhibitory effect 
of nitrogen-doped Gr on E. coli and found that the damage to E. coli was not simply caused by the physical destruction of Gr, but was 
related to the ability of Gr-N to serve as active sites in providing a unique oxidative stress mechanism. These findings underscore the 
potential of the doping strategy for infection-resistant implants.

Based on the findings reported in the literature (summarized in Table 10), GBMMCs have demonstrated antibacterial activity 
against a broad range of clinically relevant pathogens, with distinct efficacy profiles depending on the matrix material and Gr func
tionalization. Gram-positive bacteria, particularly S. aureus, are the most extensively studied targets, as their single-layered pepti
doglycan cell wall is vulnerable to Gr-mediated physical disruption (e.g., edge penetration and membrane wrapping) and oxidative 
stress from ROS. For instance, Mg-GNP composites achieved > 80 % inhibition (Fig. 21a) against S. aureus via synergistic effects of 
Mg2+ release and Gr-induced lipid peroxidation. Gram-negative bacteria, such as E. coli [446], Salmonella–Shigella and Klebsiella 
pneumoniae [365], are also effectively inhibited by GBMMCs, though their outer membrane necessitates higher ion concentrations or 
combinatorial mechanisms (e.g., GO-mediated outer membrane perforation, followed by Zn2+/Cu2+ influx). In addition, Zn-based 
GMMCs incorporating Cu2O-GO showed about 3.5 × and 3 × greater inhibition zones against E. coli and S. aureus compared to 
pure Zn, respectively, attributed to Gr-enhanced Zn2+ release and GO’s membrane-disrupting action. However, systematic evaluation 
of anaerobic bacteria (e.g., Bacteroides fragilis) and fungal pathogens (e.g., Candida albicans) is highly limited. Future work should 
prioritize the expansion of the pathogen spectrum to include multidrug-resistant and biofilm-forming strains critical in implant- 

Fig. 21. (a-b) The antibacterial performance and mechanism of Mg-based MMCs: (a) antibacterial activities of the Mg-xGNPs composites against 
both Gram-positive (S. aureus) and Gram-negative (E. coli) tested by the plate count technique; (b) a schematic illustration of the antimicrobial 
mechanism of Mg-GNP composites [364]; . (c-e) The antibacterial mechanism and performance of Zn-based MMCs: (c) digital micrographs of the 
inhibition zone of hot extruded 1Cu2O-GO/Zn-2Ag composites against E. coli and S. aureus after co-culture for 1 day; (d) representative bacterial 
morphologies of pristine (d1) E. coli and (d2) S. aureus, model bacteria cultured with 2-fold diluted extracts derived from (d3, d4) reference material 
of standard Ti6Al4V and (d5, d6) 1Cu2O-GO/Zn-2Ag components for 1 day; (e) antibacterial mechanisms of the 1Cu2O-GO/Zn-2Ag composites 
against S. aureus and E. coli [449].
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associated infections.
The safety of GBMMCs is a critical consideration in their design and application. While GBMMCs exhibit antibacterial activity by 

physically or chemically disrupting bacterial cell structures, their potential impact on normal human cells should be carefully managed 
through selective toxicity mechanisms, material design optimization, and biological compatibility validation. Antibacterial metal ions 
(e.g., Zn2+, Mg2+, and Cu2+) exhibit concentration-dependent toxicity. Their release rates in GBMMCs need to be tuned to remain 
below their cytotoxic thresholds for human cells while exceeding bactericidal levels. For example, a Zn2+ concentration of about 0.8 
μg/mL exhibits antibacterial properties against S. aureus and E. coli and is tolerated by MC3T3-E1 osteoblasts, because it is below 13 
μg/mL [458]. ROS generated by GBMMCs primarily act at the material-bacteria interface, while mammalian cells counteract ROS 
through robust antioxidant systems [459]. Safety is engineered into GBMMCs through surface functionalization, coating with 
controlled ion release, and bioactive additives. Gr incorporated with anti-inflammatory agents (e.g., strontium) or osteogenic factors (e. 
g., BMP-2) counteracts residual oxidative stress and promotes tissue repair [460]. In addition, GBMMCs need to undergo rigorous 
biological compatibility testing to ensure safety. For example, direct/indirect contact tests with human osteoblasts, fibroblasts, and 
immune cells confirm viability > 70–80 % at therapeutic doses. Animal models demonstrate minimal inflammatory response, 
controlled fibrosis, and no systemic toxicity. In summary, the design of GBMMCs needs to effectively exploit the structural and 
metabolic differences between bacterial and human cells, ensuring selective antibacterial action while safeguarding normal tissue.

4.3.3.2. GDs-mediated antibacterial mechanism. In 2010, Hu et al. [461] first reported the antibacterial activity of GO and RGO 
nanosheets. In the presence of 85 g/mL GO/RGO for 2 h, the growth of (E. coli) bacteria was highly suppressed with a viability loss of 
up to > 90 %. GO nanosheets exhibited excellent antibacterial activity and minimal cytotoxicity, while RGO nanosheets possessed 
antibacterial properties that were only slightly lower than those of GO nanosheets. In a follow-up study, Gurunathan et al. [462] 
demonstrated that the effectiveness of GO at inactivating bacteria was related to its sharp edges and the generation of ROS. With the 
continuous deepening of relevant research, physical damage and oxidative stress are widely considered to be the two main mechanisms 
of GDs-mediated antibacterial effects. The sharp edges of GDs are considered to directly pierce or cut the cell wall of bacteria, causing 
the cell contents to leak and ultimately causing the death of the bacteria. Under certain conditions, GDs can generate ROS, such as 
hydrogen peroxide (H2O2), superoxide (O2

− ) and hydroxyl radicals (OH− ). These ROS attack bacterial cell wall, proteins, and DNA, 
causing oxidative stress and cell damage, ultimately causing bacterial death. In addition, electron transfer, molecular capture and 
chemical interference [39,463] are also generally considered effective mechanisms by which GDs participate in antibacterial activity. 
The synergistic effect of these antibacterial mechanisms enables Gr-containing materials to exhibit significant antibacterial activity 
against a variety of pathogenic bacteria, including drug-resistant strains.

The wetting behavior of GBMMCs is a crucial property for promoting new tissue development by providing active surface sites that 
facilitate cellular attachment, migration, and proliferation, while also inhibiting bacterial adhesion to improve antibacterial properties 
[464]. It has been reported that the hydrophilicity positively affects protein adsorption and osteoblast attachment [465]. GO, being 
rich in hydrophilic functional groups (e.g., hydroxyl and carboxyl groups), contrasts with RGO or Gr that exhibits hydrophobicity due 
to the partial or complete removal of oxygen-containing groups. It is however important to note that the wettability and biological 
performance of GBMMCs are not solely governed by the properties of the GDs themselves. The content, dispersion extent of GDs, and 
the microstructure and roughness changes within the metallic matrix all significantly impact the final biological performance. For Mg- 
based GMMCs, the content of GDs plays a major role in determining their wettability. Saberi et al. [364] reported that the wettability of 
pure Mg increased with the addition of Gr; with an addition of 2 wt% Gr, the surface changed from hydrophobic (contact angle 102◦) to 
hydrophilic (contact angle 78◦). The type of metallic matrix also influences wettability, as the Mg-3Zn-0.5Zr alloy without any addition 
of Gr exhibited a higher contact angle (115◦), which decreased to 59◦ with an addition of 1 wt% Gr [448]. Shahin et al. [32] also 
observed a similar decrease in water contact angle (WCA) in the Mg-0.5Zr alloy, with the WCA decreasing from 81◦ for Mg-0.5Zr to 60◦

for Mg-0.5Zr-0.4 wt% Gr. Although pure Gr is theoretically hydrophobic due to its perfect sp2 carbon structure, in practice, Gr added to 
Mg alloys is often imperfect. Processing defects, edge effects, and partial oxidation can introduce oxygen functional groups (e.g., 
carboxyl and hydroxyl) onto the Gr surfaces, enhancing its hydrophilicity. Additionally, the dispersion of Gr (and potential 
agglomeration due to excessive addition) in BMMCs can alter the microstructure and roughness of the alloy surface, which, together, 
increase the overall surface hydrophilicity. While there is a significant difference in wettability between GO and RGO, studies have 
shown similar outcomes for both of the Gr derivatives when incorporated into BMMCs, as both increase surface hydrophilicity. For 
example, Jabbarzare et al. [365] found that the WCA in Mg-Zn-Mn alloys decreased from 62.3◦ to 47.1◦ with an addition of 1.5 wt% 
GO, and Abazari et al. [447] reported a decrease in WCA from 98 ± 3◦ to 87 ± 1◦ when 1.5 wt% RGO was added to the Mg-3Zn-1Mn 
alloy. Unlike the direct coating of dense GO or RGO onto BMMC surfaces, the intrinsic differences in hydrophilicity and hydrophobicity 
of GBMMCs have been significantly reduced due to the content, dispersion, and defects introduced during processing, as well as the 
microstructural and roughness changes in GBMMCs. For Zn-based GMMCs, the addition of a certain amount of Gr (e.g., 0.3 wt%) also 
reduced the WCA from 82.8 ± 2.4◦ (pure Zn) to 66.4 ± 1.2◦ [369]. However, currently, there is no direct evidence suggesting that the 
change in wettability of GBMMCs due to the addition of GDs significantly impacts osteoblast attachment, migration, proliferation, or 
bacterial adhesion inhibition. Future research should focus on: (i) exploring the potential of RGO and Gr’s hydrophobicity to create 
hydrophobic surfaces on GBMMCs, or to increase surface hydrophobicity to inhibit bacterial attachment; (ii) designing moderately 
hydrophilic surfaces to balance antibacterial and cell-adhesion requirements; and (iii) adapting the wettability of GBMMCs dynam
ically during in vivo degradation, such as inhibiting bacterial adhesion via the hydrophobicity of RGO-mediated surfaces during initial 
implantation and promoting osteoblast migration and osseointegration through the gradual exposure of GO during degradation, which 
enhances hydrophilicity.
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4.3.3.3. Antibacterial mechanism triggered by GDs regulating GBMMCs biodegradation rate. In addition to the antibacterial effects 
brought by GDs themselves, GDs trigger different biodegradation rates when integrated into BMMCs as a doping phase (as discussed in 
Section 4.2), resulting in different concentrations of antibacterial active metal ions. This process is accompanied by the entire bone 
implant biodegradation cycle, which results in long-term changes in antibacterial properties. Ag+, Cu2+ and Zn2+ are the most 
common antibacterial metal ions and are often introduced into BMMCs [466–468]. They inhibit bacterial growth by binding to thiol 
groups on the bacteria cell wall, damaging it, and by inhibiting enzyme function, interfering with DNA replication, and causing 
oxidative stress [469–471]. Secondly, different ion concentrations will also have a significant impact on antibacterial activity. For 
example, the concentrations of Zn2+ and Cu2+ significantly affect their antibacterial properties. At low concentrations, they primarily 
serve as essential nutrients for bacteria, potentially offering mild antibacterial effects. At high concentrations, both Zn2+ and Cu2+ can 
substantially inhibit or kill bacteria through various mechanisms. Zn2+ ion typically disrupts cell wall and inhibit enzyme activity, 
while Cu2+ ion is more potent, generating ROS and causing extensive cellular damage [472,473]. It was reported that a concentration 
of Zn2+ > 15 mg⋅mL− 1 or a concentration of Cu2+ > 0.09 mg⋅mL− 1 could contribute to a strong antibacterial performance [474,475]. 
These differences are crucial when designing antimicrobial biomaterials to achieve optimal biofunctionalities. Sun et al. [450] found 
the addition of Cu2O-GO endowed Cu2O-GO/Zn composites with high antibacterial activity. As compared to the pure Zn groups, the 
extracts of 2Cu2O-GO/Zn and 4Cu2O-GO/Zn specimens exhibited significantly increased Zn2+ concentrations of 19.9 μg⋅mL− 1 and 
35.7 μg⋅mL− 1, respectively, which was attributed to the enhancement of biodegradation rate due to GO. Moreover, all the Cu2O-GO/Zn 
specimens released low levels of Cu2+ (0.3–0.4 μg⋅mL− 1). The effect of released Cu2+ and increased Zn2+ were responsible for the 
enhanced antibacterial property of Cu2O-GO/Zn composites when compared to the pure Zn samples. Furthermore, Fe2+/Fe3+ can also 
achieve antibacterial effects by promoting free radical generation, causing oxidative stress, and interfering with cell metabolism [476]. 
Mg2+ can affect the stability and function of cell wall and inhibit the activity of certain enzymes [477]. Therefore, it is expected that 
regulating the biodegradation rate with GDs to achieve enhanced antibacterial effects is not limited to zinc-based BMMCs, but is 
applicable to other BMMCs.

4.3.4. Discussion

4.3.4.1. Cytotoxicity. While GDs intensify antibacterial activity through mechanisms such as ROS generation, ion release modulation, 
etc., their cytotoxicity is critically influenced by their concentration, lateral size, and oxidation state. For instance, high GD concen
trations (>2 wt%) [364] or sub-100 nm lateral dimensions [478] can induce oxidative stress and physical damage to mammalian cells. 
To mitigate risks, material design strategies, such as optimizing GD dispersion to prevent agglomeration, surface functionalization, and 
controlled degradation kinetics, are highlighted, ensuring that ion concentrations remain below cytotoxic thresholds. Fe-GO com
posites, for example, demonstrated safe Fe3+ release rates (6.33 μg/(mL⋅day)), well below the IC50 value for MC3T3-E1 [372]. 
Additionally, GD-mediated immunomodulation (e.g., M2 macrophage polarization) and bioactive ion release counteract residual 
cytotoxicity by promoting tissue repair and antioxidant responses, as seen in Mg/GO composites, which reduces inflammatory IL1B 
expression while enhancing pro-healing RETNLA levels [403]. Future studies should systematically correlate GD physicochemical 
properties with long-term in vivo biocompatibility, particularly for Fe-based systems, where cytotoxicity data remain limited. This 
integration underscores that GD-enhanced antibacterial efficacy in GBMMCs should not compromise safety when design parameters 
are carefully balanced.

4.3.4.2. Osteogenic properties. The combination of GDs and BMMCs exhibits a synergistic effect on enhancing overall bone regener
ation performance. Firstly, most of the degradation products of BMs are known for their good biocompatibility, which supports 
osteocyte activity through the release of bioactive metal ions [479]. Secondly, the incorporation of GDs can effectively regulate the 
corrosion rates of these metals by forming physical barriers, reducing the adverse effects of rapid degradation on the local biological 
environment [368]. GDs further stabilize surface corrosion products, such as magnesium hydroxide and phosphate layers, reducing 
local pH fluctuations and maintaining a favorable environment for bone growth. In the case of iron-based alloys, the addition of Gr can 
mitigate the issues related to uneven corrosion and localized degradation, optimizing the overall degradation kinetics to better align 
with the time frame required for bone regeneration [480]. Beyond corrosion control, GDs also actively contribute to osteogenesis 
through multiple mechanisms. Their high mechanical strength and specific surface topography, such as folded porous layers, can 
generate mechanical stimuli that promote bone formation. Additionally, GDs influence extracellular matrix (ECM) dynamics, 
modulate macrophage activity, and engage various signaling pathways involved in osteogenesis. Among different GD types, GO has 
been shown to be able to effectively enhance osteocyte adhesion and differentiation, while RGO improves the structural stability of the 
metallic matrix to provide osteogenic support and ensure long-term mechanical compatibility throughout the dynamic degradation 
process in vivo. The optimum concentration of GDs in BMMCs typically ranges from 0.1 to 1.0 wt%, balancing corrosion resistance and 
osteogenic activity without significantly altering metal degradation rates [31,33,228]. Furthermore, studies suggest that Gr with 
lateral dimensions smaller than 5 µm, as well as GO and RGO with sizes below 1 µm, can negatively affect osteocyte viability [481].

4.3.4.3. Antibacterial properties. In the BMMC systems, the metal matrix not only serves as the primary structural component but also 
plays a crucial role in regulating antibacterial performance through its degradation behavior. During degradation, metals such as Mg 
and Zn release metal ions that exhibit intrinsic antibacterial properties. Furthermore, metal corrosion products, such Mg(OH)2, 
contribute to inhibiting bacterial adhesion and reducing biofilm formation [482]. For iron-based implants, the corrosion products, like 
iron oxide (Fe2O3), can create a physical barrier that impedes bacterial colonization [483]. The degradation rate of the metal is a key 
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factor that influences the release kinetics of antibacterial ions and the alteration of the local environment. Proper control over the 
degradation process is essential to striking a balance between antibacterial efficacy and tissue regeneration.

The incorporation of GDs into BMs can further enhance their antibacterial properties by moderating their corrosion rates, stabi
lizing corrosion products, and optimizing surface characteristics. This not only improves the antibacterial efficacy but also enhances 
the overall stability and functionality of the implant. GO exhibits potent antibacterial activity due to its surface carboxyl and hydroxyl 
functional groups, which can physically disrupt bacterial cell walls or generate ROS to kill pathogens. In contrast, RGO exhibits lower 
oxidative activity but contributes to the enhanced durability and antibacterial performance of metal implants due to its superior 
conductivity and mechanical strength [484]. At low concentrations, Gr can significantly enhance the antibacterial properties of 
BMMCs without substantially affecting the degradation rate of the metal matrix. However, excessive Gr content may alter surface 
energy, potentially affecting cellular adhesion and inhibiting osteogenesis. Additionally, smaller graphene sheets with a higher surface 
area may provide more effective bacterial interaction, enhancing antibacterial performance [485]. Conversely, larger graphene 
structures may impede the degradability of metal substrates, thereby indirectly diminishing antibacterial effects.

4.3.4.4. Integrated analysis of cytotoxicity, osteogenesis, and antibacterial properties. The biological performance of GBMMCs hinges on 
the delicate balance between cytotoxicity, osteogenesis, and antibacterial activity, governed by the interplay of GDs’ physicochemical 
properties and degradation dynamics [486]. While GDs enhance antibacterial efficacy through mechanisms such as ROS generation 
and metal ion release, their cytotoxicity is critically influenced by concentration, lateral size, and oxidation state. GDs’ osteogenic 
effects, such as enhanced ALP activity and stem cell differentiation, often coexist with antibacterial functionality, but these dual 
benefits may conflict with cytotoxicity risks. For example, GO’s hydrophilicity and carboxyl groups enhance antibacterial activity but 
may elevate oxidative stress, potentially harming osteoblasts, while RGO’s lower oxygen content reduces cytotoxicity while main
taining osteoconductivity [487]. The surface microstructure of GDs further modulates this triad; nanoscale ripples or edge defects on 
Gr sheets promote osteoblast adhesion via integrin-FAK mechanotransduction while selectively inhibiting bacterial colonization 
through physical disruption [488]. Additionally, GD-mediated immunomodulation, such as macrophage polarization toward the M2 
phenotype, links cytotoxicity and pro-osteogenesis effects [403]. However, challenges remain in harmonizing these properties, 
particularly for Fe-based BMMCs, where cytotoxicity data are scarce despite their corrosion products showing antibacterial potential. 
Future work should systematically map GD properties (e.g., C/O ratio and lateral size) to cytotoxicity thresholds and biofunctional 
efficacy, enabling predictive models for clinical-grade GBMMCs. By integrating cytotoxicity as a core design parameter, GD-engineered 
composites may achieve the elusive trifecta of safety, antibacterial potency, and osteogenic capacity.

4.3.4.5. Selection of Gr and its derivatives for biomedical applications. The distinct physicochemical properties of Gr, GO, and RGO 
enable their targeted use in specific biomedical applications. For example, GO’s hydrophilicity suits hydrophilic polymer coatings for 
corrosion protection, while RGO aligns with applications demanding both electrical and mechanical performance. Standardization of 
reduction protocols (e.g., C/O ratio control via XPS quantification) is essential to ensure reproducibility in biomedical outcomes 
[489,490]. The selection of GDs should prioritize the synergy between their intrinsic properties (e.g., conductivity and functional 
groups) and target clinical requirements. Gr itself exhibits high electrical conductivity (> 3000 S/cm), exceptional mechanical 
properties (e.g., Young’s modulus ~ 1 TPa), and chemical inertness [23,178]. Its most suitable applications include electroactive 
implants, such as neural interfaces or cardiac patches requiring rapid electron transfer [491,492] and high-strength, load-bearing 
scaffolds, exemplified by Mg-based GMMCs that leverage Gr’s load-transfer capability to achieve tensile strengths exceeding 350 MPa 
[238], making them appropriate for femoral bone repair. GO typically possesses oxygen-rich functional groups (C/O: 2–3) [493], 
hydrophilicity, and high drug-loading capacity via π-π stacking/hydrogen bonding. This makes GO ideal for drug delivery systems and 
immunomodulatory interfaces. For example, GO can adsorb antibiotics through its carboxyl groups, enabling sustained release to 
combat biofilm infections [494,495]. Moreover, GO is an excellent candidate as a controlled release carrier for IL-4 and BMP-2, 
promoting immune regulation and bone repair by polarizing macrophages toward the M2 phenotype [440]. RGO is characterized 
by a tunable reduction degree (C/O ratio of 5–15), intermediate conductivity (10–500 S/cm), and defect-mediated reactivity 
[496,497]. This makes it promising for balancing bioactivity; for instance, partially reduced RGO in Mg-6Al-1Zn/RGO composites 
enhances osteogenesis while minimizing cytotoxicity [254].

5. Current challenges and limitations

Although AM GBMMCs have the potential to enhance the mechanical and biological properties of bone scaffolds, and expand their 
structural design horizon to an unprecedented extent, these biomaterials have not yet made inroads into large-scale industrial 
manufacturing and clinical practices. The main challenges and limitations hindering their developments towards application are listed 
below from the perspectives of biomaterials, processing, and functionality.

5.1. Biomaterial perspective

There is a lack of accurate predictive models, built on a Gr ’genome’, including its ‘genetic’ information, such as lateral size, 
thickness, morphology, type, and number of functional groups, to guide the design and fabrication of GBMMCs, based on the un
derstanding of the possible impacts of such genetic information on improving the mechanical and biological properties of GBMMCs 
[498,499]. To fabricate high-performance and large-scale GBMMCs, two challenges must be overcome, namely the agglomeration of 
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GDs and poor interfacial bonding [500]. Surface engineering strategies can be utilized to improve the wettability between the metal 
matrix and GDs by coating GDs with metallic elements [79]. Some specific elements can even react with GDs to form compounds that 
can act as an intermediate bridge between GDs and the metal matrix so that the interfacial strength is enhanced [501]. Beyond the 
intrinsic properties of GDs, intentional doping (e.g., N, B, and P) offers a promising route to tailor their electronic, chemical, and 
biological functionalities. However, doping processes must be standardized to ensure reproducibility. When implementing the 
described strategies above, the possible effects of the chosen elements and dopants on the biological properties of the resulting 
GBMMCs must be taken into consideration. Rigorous re-evaluation must be performed for long-term biosafety of surface-modified and 
dopped GBMMCs.

Currently, there are no commercially available BM powder materials that are certified for use in AM medical devices, according to 
ISO 13485:2016. The standardization and commercialization of medical-grade powder materials are one of the main barriers to the 
research on and application of AM BMMCs. Laser-based AM techniques, such as PBF and DED, are prone to differential evaporation 
rates of the alloying elements in magnesium- and zinc-based alloys [502] and, thus, to changes in chemical composition due to burn- 
out, resulting in large deviations of the actual composition of the printed implant from that of the pre-alloyed powder or elemental 
powders, which may have important implications for the properties of the as-fabricated implant [503]. The addition of GDs to metal 
matrix powders tends to further deteriorate laser energy absorption, powder flowability, and printability [188]. Therefore, the 
development of powder materials specific to AM and aimed to meet the requirements for the AM of biodegradable medical implants 
and for their clinical applications, is a key technical issue that needs to be addressed urgently.

For GBMMCs, new biomedical functions, such as antimicrobial property, shape memory behavior, anti-tumor activity, and drug 
delivery function, need to be further explored through the search for ideal biomaterial and structure designs, and processing tech
nologies, which can lead to the development of new implant materials with new biomedical functions and even smart material re
sponses. For antimicrobial functions, metal ions, such as Ag+ and Cu2+, have been used in BMMCs [472,504]. Grain boundary 
engineering and alloying are considered to have the ability to introduce heterogeneous or homogeneous alloying elements by rational 
design to introduce extraordinary properties [505]. The Mg-18.3 %Sc alloy, for example, has been reported to undergo martensitic 
transformation starting at − 90 ◦C and exhibit room temperature superelasticity [506]. The integration of GDs into biodegradable 
shape memory alloys (SMAs), such as the Mg-Sc [507] and Fe-Mn-based [508] alloy systems, offers a promising yet underexplored 
avenue for tailoring the shape memory effect (SME) while balancing degradation kinetics. In conventional non-degradable SMAs (e.g., 
Ni-Ti) added with Gr, Gr has been shown to effectively dissipate the latent heat released during the solid-state phase transition [509]. 
This facilitates a larger volume of material transition from the austenite phase to the martensite phase, leading to an increase in the 
nanoindentation depth. While current research on Gr-enhanced biodegradable shape-memory MMCs is highly limited, the studies on 
polymer-based and metal oxide composites suggest that Gr can enhance SME by improving thermal and electrical conductivity, 
thereby enabling a more efficient response to stimuli [510]. Translating these principles to biodegradable SMA-based composites 
requires careful consideration of degradation-SME coupling. For instance, GD’s impermeable structure may locally inhibit corrosion at 
phase boundaries, thus preserving regions crucial for the SME. However, accelerated ion release at the Gr-metal interfaces, such as 
Fe3+/Fe2+ in Fe-Gr composites, has the potential to destabilize the matrix, highlighting the necessity for microstructural design that 
spatially separates degradation zones from SME-active regions. Beyond advancing the research on Gr-reinforced degradable shape 
memory MMCs, future research on the impact of GD doping on SME performance should search for answers to some fundamental 
questions as to, for example, whether Gr can stabilize austenite/martensite phase boundaries through interfacial oxygen bonding, thus 
improving recoverable strain, and whether Gr can enhance phase transformation efficiency by reducing interfacial energy barriers 
during martensitic reorientation, contributing to the establishment of an adaptable theoretical mechanism. The answers will indicate 
the possibilities of designing Mg- and Fe-based biodegradable alloys with extraordinary properties at the body temperature for specific 
medical devices, similar to those exhibited by non-degradable metals, such as Ni-Ti alloys [511].

5.2. Processing perspective

Despite the interesting properties of GBMMCs for potential biomedical applications, most of GBMMCs are still at the exploratory 
stage and far from entering the commercial manufacturing stage. The research on scalable, standardized composite powder prepa
ration and implant manufacturing techniques will be an important direction of research in the field. Composite powder preparation 
techniques are desired to be able to control the lateral size and thickness characteristics of GDs, while reducing its agglomeration and 
structural damage (i.e., structure retention/control) [512]. Standardizing Gr derivative dimensions (lateral size and thickness) and SSA 
ranges for specific AM processes remains a critical challenge. Machine learning-assisted parameter optimization could help map Gr 
size-SSA-process windows to target properties (e.g., strength versus corrosion), accelerating clinical translation of GBMMCs.

Currently, structural design, feedstock materials, AM methods, and processing conditions for the fabrication of scaffolds or implants 
made of BMs, such as Mg, Fe, Zn and their alloys, vary widely [502]. There is a lack of optimum AM techniques that are compatible 
with materials and the geometrical designs of choice. For example, while current laser-based PBF and DED processes can safely 
produce pure Fe and Fe alloy scaffolds with exact strut sizes and expected properties [513], they can cause spatter of powder particles, 
evaporation, and smoke formation, when printing pure Zn or Zn alloys due to their low melting and boiling points [503], which can 
affect the density of the as-printed scaffolds, and can even cause powder combustion if the laser energy is too high when printing pure 
Mg [514]. At the same time, the current powder mixing processes for GBMMCs, as described above, tend to deteriorate the flowability, 
fluidity, and printability of composite powders to a certain extent [515], which may affect the printing result or even prevent the 
designed scaffolds from being printed. The adhesive-assisted ME and MJ processes do not need to consider powder spreading on the 
build plate or the interactions of laser with the powdered material, thus giving a great deal of freedom to optimize material and 
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architectural design, but given their low printing accuracy, they are unable to print fine structures, which in turn greatly limits their 
ability to support the development of microarchitecture-driven properties. Furthermore, post-AM processes, including debinding and 
sintering, will inevitably affect dimensional accuracy, phase composition, and related properties. To deal with these challenges, 
advanced composite powder preparation and hybrid manufacturing processes need to be developed and implemented to fully exploit 
the benefits of Gr and the full capabilities of AM in terms of material selection and form freedom.

5.3. Function perspective

5.3.1. Mechanical properties
A match in mechanical properties between the host tissue and implant is required to ensure favorable clinical outcomes after 

implantation. Tailoring the mechanical properties of bone implants requires a full understanding of the strengthening mechanisms of 
the implant materials, which can be used to guide material selection and architectural design. Establishing the interactions of GDs with 
the matrices of the major BMs and their alloys and the way in which GDs affect microstructural evolution during processing will aid in 
improving our understanding of the interplay between the strengthening mechanisms of GDs on the one hand and their characteristics 
on the other hand. At present, there is a lack of quantitative methods to measure interfacial strength and to clarify what interface is 
most favorable for optimum combination between GDs and metal matrices [514]. Even for given combinations of GDs and BMs, the 
types of interfaces formed may be vastly different, which makes the prediction of their mechanical performance and biodegradation 
behavior difficult. A better understanding of the formation of the different types of interfaces will also enable the design, control, and 
optimization of processing methods for desired interfaces. To meet the specific requirements in terms of mechanical properties for 
GBMMC bone implants (e.g., fatigue strength and in vivo corrosion fatigue strength), it is important to quantify the interface strength 
and design sound Gr/matrix bonding interfaces based on an in-depth understanding of the strengthening mechanisms and their 
relation with the characteristics of GDs.

5.3.2. Biodegradation
Adjusting the rate of biodegradation to match that of bone tissue regeneration is the key to the clinical adoption of personalized 

GBMMC implants. At present, our understanding of the impact of GDs on the biodegradation of BM implants is incomplete. GDs’ 
content, lateral size, shape, number of functional groups, contact, and interactions with second phase(s) and with the matrix, the 
effects on grain size and texture orientation all have varied influences on the biodegradation rates of GBMMCs [516]. In addition to the 
optimization of the alloy composition and structural design, AM processes and surface treatments for bio-functionalization are the key 
approaches that can be used to adjust the biodegradation rate of the resulting biomaterials [59]. Therefore, the concept of “design for 
biodegradation” needs to be considered, based on a better understanding of micro/nano-galvanic corrosion at the interfaces between 
GDs and second phases and between GDs and matrices, as well as on the corrosion protection mechanism of Gr coating. This un
derstanding can be gained by combining experimental data with numerical simulation and machine learning techniques to establish an 
efficient and reliable evaluation method for composition optimization and architectural design, and ultimately to achieve tailored 
degradation rates. Secondly, assessing the biodegradability of GDs during in vivo degradation of GBMMCs and tracking and monitoring 
the entire degradation process of GDs are required for safe translation of the developed biomaterials into clinical applications. No study 
has been performed to understand the biodegradation and metabolic processes of GDs during and after BM degradation independently 
and in the presence of cells or in humans. The consideration of the eventual internalization of GDs will guide the choices of GD sizes 
and composite powder mixing processes. We believe that with the introduction of the ’degradation by design’ concept, the devel
opment of new surface functionalization strategies and the use of in vitro and in vivo models relevant to Gr-containing biomaterials will 
be the way towards understanding the possible risks of short- and long-term bio-persistence of such materials and to make them safe to 
use.

5.3.3. Biological properties
The research on the biological properties of GBMMCs is currently at the experimental trial-and-error stage and lacks comprehensive 

information on the structure and properties of AM GBMMCs. Such information is crucial for understanding the interactions between 
GDs and BM matrices and between GDs and second phase(s) during the whole degradation process, including synergistic or coun
teracting effects. This can also help in establishing a comprehensive picture of the effects of morphological characteristics, dimensional 
characteristics, chemical and physical properties, and interfacial properties of GDs on the biocompatibility of the resulting bio
materials for bone regeneration, which can be used to advance the research towards clinics. To date, essentially all the experiments 
investigating the effects of GDs on cytocompatibility have been based on pristine, defect-free GDs. However, it is generally accepted 
that both composite powder mixing and AM processes will have significant effects on the morphology, integrity, and functional groups 
of Gr, resulting in significant deviations from the morphology and chemical state of pristine Gr. This requires the investigations of the 
cytotoxicity of promising Gr/BM composite powder mixtures and the scaffolds produced by mainstream AM processes, and necessi
tates the application of a systematic scientific approach to characterizing the effects of Gr addition.

Gr has excellent electrical conductivity and can be used to conduct electrical signals and promote bone regeneration [60,517,518]. 
The effects of the GD content as well as the structural characteristics of GD, such as content, defect density, and modification of specific 
functional groups, on the electrical conductivity of composites have been investigated [519]. In the future, the effects of interfacial 
interactions between GDs and matrices on the electrical conductivity of the resulting MMCs should be systematically investigated. 
Furthermore, the influence of the electrical conductivity of GD-containing composites on osteogenic function and bone tissue 
regeneration behavior should be investigated in vitro and in vivo. Furthermore, it is necessary to develop more functional BMMCs 
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containing GDs to convert various external stimuli, such as magnetic and thermal stimuli, into electrical signals, thereby further 
stimulating the osteogenic behavior of cells. Secondly, some progress has been made in understanding the mechanisms of osteogenesis 
and immunomodulation induced by GDs [398]. To achieve controlled regulation of specific signaling pathways, it is necessary to 
further investigate how the addition and structural characteristics of GDs, such as the amount, size, shape, and microstructure, on the 
one hand and the preparation techniques of BMMCs with different matrices on the other hand affect the mechanisms of biomaterial- 
induced osteogenesis and immunomodulation.

Overall, achieving safe and effective integration of GDs with BMs for customized bone implants through AM requires overcoming 
the limitations and challenges posed by the GDs, such as GD agglomeration and interfacial bonding, BM powder characteristics, re
quirements for new biomedical functions, advanced composite powder preparation techniques, hybrid AM process optimizations, and 
specific properties including mechanical properties, biodegradation, and osteogenesis (Fig. 22). Future research on AM GBMMCs will 
need to extend into the multifunctional, multi-scale, multi-material, multi-process, and multi-dimensional design and fabrication 
approaches. The development of GBMMCs and suitable AM technologies may lead to breakthroughs in functional biomaterials and 
structures for next-generation bone implants.

6. Conclusion and future prospects

In this review, we have provided a comprehensive assessment of GBMMCs for potential use as bone implants and the associated 
fabrication processes, especially those based on the newly emerging AM technologies. We have covered the relevant material prop
erties, composite powder preparation, AM processes, and overall performance enhancements and their underlying mechanisms. We 
have outlined the progress made and the limitations encountered with the conventional methods in comparison with the novel pro
cesses for the preparation of GBMMC powders. We have also reviewed the AM techniques suitable for manufacturing porous bone 

Fig. 22. A systemic illustration of limitations and challenges in the development of the next generation of bone implants based on AM GBMMCs.
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implants and evaluated their advantages and disadvantages in terms of BM powder processability, BM powder compatibility, printing 
accuracy, and forming complexity. Moreover, we have analyzed the strengthening mechanisms, compared the mechanical properties 
of various GBMMCs, the biodegradation promotion or retardation mechanisms of GDs, and summarized the effects of GDs on the 
osteogenic and antimicrobial properties of GBMMCs. In conclusion, the integration of GDs into BMMCs represents a paradigm shift in 
the design and fabrication of next-generation bone implants. Through the use of AM techniques, GBMMCs offer unprecedented op
portunities to tailor mechanical, degradation and biological properties, addressing the limitations of conventional metallic bio
materials. The incorporation of GDs into BMMCs enhances mechanical performance through mechanisms such as load transfer, grain 
refinement, and dislocation strengthening. These improvements are achieved without compromising the biodegradability or 
biocompatibility of the implants, thus enabling a balance between structural integrity and functional performance. GDs play a dual role 
in modulating degradation rates. While its high electrical conductivity can accelerate micro-galvanic corrosion, its impermeability and 
barrier effects can stabilize degradation products, offering a pathway to tailor degradation kinetics to match bone regeneration 
timelines. This dual functionality underscores the potential of GDs to address the challenges of premature mechanical failure or 
delayed degradation in biodegradable implants. Beyond mechanical reinforcement, GDs can enhance osteogenesis and antibacterial 
properties. Its unique surface chemistry and electrical conductivity promote cellular adhesion, differentiation, and bone formation, 
while its unique morphologies and ability to generate ROS provides broad-spectrum antimicrobial activity. These properties position 
GBMMCs as multifunctional biomaterials capable of supporting tissue regeneration while mitigating infection risks. AM enables the 
fabrication of complex, patient-specific architectures with precise control over material distribution and porosity. This capability, 
combined with the versatility of Gr, opens new avenues for designing implants that mimic the hierarchical structure of natural bone, 
optimizing both mechanical and biological performance. Finally, in this section, we aim to highlight the future prospects of the 
“material-structure-process-function” AM approach (MSPFI-AM) [520] for the development of the next-generation of bone implants.

6.1. Cross-scale material design

Cross-scale material design for MSPFI-AM requires the controlled incorporation of reinforcing phases into different metal matrices 
at different locations to form composites that exhibit diverse properties across different length scales in terms of the type, content, 
morphology, and distribution of reinforcing phase. Nanoscale multiphase distributions with zero to two-dimensional reinforcing 
phases (e.g., Gr) are the simplest types of multi-scale material distribution at the nanoscale. Among these, introducing zero- 
dimensional nanoparticles by means of alloying is the most common nanoscale material design strategy. Recent research on in situ 
alloying during AM and boundary engineering strategy (e.g., grain boundary or particle boundary) (Fig. 23A [505]) has yielded 
remarkable mechanical properties in Zn-Mg-Cu bone implants that are made by adding Mg and Cu elemental powders to Zn powder 
during laser PBF. This approach results in introducing more grain boundaries and phase boundaries into the matrix because of grain 
refinement and nanoscale precipitation. Secondly, nanoscale gradient grain structure refers to the materials whose structural grain size 
varies spatially with gradients, increasing continuously from the nanoscale to microscale (Fig. 23B [521]). The introduction of gradient 
nanostructures can solve the current problem of incompatibility between the strength and ductility of single biodegradable metals and 
allows for a wide range of mechanical behaviors. In addition, the gradient nanostructure can effectively inhibit the development of 
fatigue cracks and improve the fatigue performance of GBMMC bone implants. GBMMCs processed under high uniaxial pressures 
exhibit a preferential alignment of the reinforcing phase, leading to anisotropic mechanical and functional properties. The control and 
design of anisotropy may enable the formation of gradient structures that show great promise in terms of improved strength and 
ductility [521]. Thirdly, the progress in AM has made it possible to design and manufacture porous bone implants with free-form 
spatial layouts and made from multiple materials (Fig. 23C [522]). For example, it is now possible to combine different types of 
biodegradable metals, such as pure magnesium with good biocompatibility, pure iron with superior mechanical strength, and pure zinc 
with a moderate biodegradation rate, or even go beyond pure metals and explore the combinatorial possibilities offered by the more 
varied properties of their alloys and GBMMCs.

6.2. Customized structural design for AM

The architectural features of the next generation of bone implants are the key to providing temporary structural support in clinical 
orthopedic treatments and regulating cell functions and tissue formation for the successful repair of bony defects. Customized 
structural design for AM comprises, among others, topologically optimized structures, meta-biomaterial structures, and biomimetic 
structures, all of which may integrate multiscale levels into the implant design, ranging from material-level design with microstruc
tural complexity to component-level design with macrostructural complexity, and will enable the fabrication of custom-made implants 
with well-controlled and diverse multiscale architectures and with specific shapes designed to match the bone defect. Topology 
optimization (TO) is of particular importance for the application of AM in building bone implants. For example, satellite scaffolds were 
topologically optimized in internal lattice structure to reduce the weight by 17 % (Fig. 23D [533]) and achieve uniform stress dis
tribution and prolonged fatigue life in vivo. When designing orthopedic implants, it is desirable to have a continuous transition from a 
denser microstructure in the central region to a highly porous microstructure at the bone-implant interface. This functional gradation 
promotes bony ingrowth at the bone-implant interface, while maintaining structural integrity and increasing the mechanical prop
erties in the areas, where bony ingrowth is irrelevant [534]. A challenging aspect in the design of such materials is ensuring mechanical 
compatibility between adjacent microstructures. The works of Zadpoor et al [535] ensured geometric connectivity between adjacent 
microstructural unit cells by finding the optimal connectivity between topology-optimized microstructures and finally demonstrated 
the application in the design of functionally graded materials for implant design, and in the multiscale topology optimization of 
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structures. Meta-biomaterials with rationally designed structure present unprecedented combinations of mechanical, mass transport, 
and biological properties favorable for tissue regeneration. Such meta-biomaterials are usually topologically ordered and are designed 
by repeating a number of regular unit cells in different directions to create a lattice structure. Establishing accurate topology-property 
relationships is of critical importance for these materials. For instance, unlike conventional implants, meta-implants designed by 
hybrid meta-biomaterials with rationally distributed values of negative (auxetic) and positive Poisson’s ratios (Fig. 23E [523]) did not 
retract from the bone under biomechanical loading, thereby improving implant–bone contact and potentially implant longevity. To 
simultaneously minimize the risks of load-induced interface fracture and peri-prosthetic bone remodeling due to stress shielding, 
Garner and Zadpoor et al. [536] first developed a novel parametric micro-architecture meta-biomaterial with desirable functional 
attributes and a wide range of effective mechanical properties, including both positive and negative Poisson’s ratios. The optimized 
implant resulted in a performance improvement of 64.0 % in terms of bone remodeling, and 13.2 % in terms of interface fracture risk, 
compared to a conventional solid implant design. For GBMMC metamaterials, as discussed in Subsection 4.1, the incorporation of Gr is 
intended to significantly enhance the mechanical properties, such as compressive strength, without compromising the material’s mass- 
transport properties. Furthermore, a novel Gr-inspired metamaterial structure has been reported, demonstrating its unique ability to 
effectively distribute stress during dynamic loading [537]. Such a stress distribution results in substantial improvements in specific 
energy absorption (up to 88 % higher energy absorption) and a remarkable increase in compressive strength (an unexpected 609 % 
enhancement). These findings offer valuable design insights for developing GBMMC metamaterial implants that can withstand more 
complex stress states. In addition, Gr’s 2D network not only acts as a nano-reinforcement to suppress local buckling but also adsorbs 
osteogenic factors (e.g., BMP-2) via surface functional groups (e.g., carboxyl and epoxy), enabling synergistic optimization of me
chanical and bioactive properties. GDs are also expected to enable spatially graded designs in metamaterials. For instance, through 
LPBF with electric field-assisted alignment [271,538], Gr can be locally concentrated within Fe-based graded metamaterials. At the 
bone-implant interface, where porosity is high, Gr forms conductive networks that enhance osteogenic electrical signaling, as dis
cussed in Subsection 4.3.2. In contrast, in the dense core region, Gr reinforces grain boundaries via Fe-O-C bonds, effectively inhibiting 
the propagation of fatigue cracks. This spatially selective distribution approach allows the metamaterials to achieve both high fatigue 
resistance and efficient osseointegration simultaneously. Gr’s hydrophobicity and chemical inertness typically slow down biodegra
dation, but its edge defects can serve as catalytic sites, facilitating controlled dissolution. For instance, Zn-based metamaterials can be 
designed by modifying GO with carboxyl groups, which interact with the Zn matrix to form pH-responsive interfaces [539]. These 
interfaces accelerate degradation in inflammatory microenvironments (pH 5.5), promoting the release of antibacterial Zn2+, while 

Fig. 23. A systematic illustration of the MSPFI-oriented development trend: (A) A schematic diagram of the nanoscale boundary engineering 
approach to construct grain boundaries and phase boundaries [505]. (B) A schematic diagram of nano/microscale gradient-grain engineering [521]. 
(C) A macroscopic millimeter-scale multi-material design approach integrating heterogeneous materials A and B [522]. (D) Topology optimization 
design of the satellite scaffold created by applying AM [520]. (E) An example diagram of the design of hybrid meta-biomaterials containing auxetic 
and conventional meta-biomaterials [523]. (F) A schematic diagram of a gradient porous microstructure inspired by sea urchin ridges [524]. (G) A 
schematic drawing of the digital image correlation method for in situ monitoring of precision manufacturing [525]. (H) Hybrid AM process system 
integrating PBF, ME, MJ, and BJ into advanced manufacturing of the next generation of bone implants [526,527]. (I) 4D smart manufacturing of 
biodegradable alloys demonstrating the shape memory effect or superelasticity [528,529,530]. (J) A schematic diagram of the coupled osteogenic 
and biocompatible properties of a multi-material core–shell structure [531]. (K) A metamaterial structural design decoupling the mechanical and 
mass transfer properties of bone implants [127]. (L) Surface modification and coating design for time–space controlled biodegradation 
behavior [532].
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maintaining stability under physiological pH (7.4). This dynamic degradation behavior, coupled with topological optimization (e.g., 
auxetic designs), allows for the spatiotemporal decoupling of antibacterial and osteogenic functions. Biomimetic structure design for 
AM implies the printing of bioinspired, naturally optimized structures to yield multifunctional bone implants. Examples include the 
SLMed lightweight sandwich structures and functionally graded TPMS structures with superior strength-to-weight ratios, inspired by 
the spine of sea urchin consisting of an open-cell porous microstructure (Fig. 23F [524]), which has controlled gradients in porosity 
along with structural variations.

6.3. Advanced manufacturing of bone implants

With the continuing development of AM, bone implant materials, including biodegradable ones, will evolve into bio-inspired 
paradigms of heterogeneity and gradients in mechanical properties, functionally graded structures, and hybrid material compo
nents, which will have superior mechanical properties and functions as compared to their homogeneous counterparts. Advanced 
manufacturing of bone implants requires process monitoring and precision manufacturing to create implants with, for example, pre- 
determined strain distributions across the gradient structure, particularly at the cell or sub-cell-scale. Process monitoring in combi
nation with post-AM accurate material characterization and numerical simulation will speed up process optimization based on key 
features, including defects, residual stresses, geometric deformation, and strain measurements. Digital image correlation (DIC) is 
increasingly recognized as a powerful tool for measuring the shape, motion, and deformation of lattice structures (Fig. 23G [525]). 
Secondly, the fabrication of the next generation of bone implants tends to move toward more elaborate components, more complex 
structures, as well as cost-effective and high-volume production techniques. Current hybrid manufacturing refers to a combination of 
AM and conventional (e.g., subtractive) manufacturing processes. Future advanced manufacturing of bone implants will consider 
combining two or more AM process systems (Fig. 23H [526,527]) to create a system with overall enhancements and combined ad
vantages, thereby reducing the disadvantages and drawbacks of individual systems. For example, combining the relatively high ac
curacy and good surface finish of the PBF process with the rapid deposition rates of DED and the ability to produce larger parts would 
greatly facilitate the development of advanced bone implants. Implant design and the use of the right AM technology at the right place 
to achieve perfect compatibility and maximize performance will be the key challenges in hybrid AM of bone implants. Thirdly, 4D 
smart manufacturing processes are expected to develop into a new research avenue for the future of tissue engineering, incorporating 
the concept of time as a fourth dimension into 3D (bio)printing technology and promising the potential to reshape the next generation 
of MSPFI-oriented implant design. 4D smart manufacturing ensures that the shape and/or function of the implant changes over time 
once triggered through external stimulation. AM Ni-Ti- and Fe-Mn-based shape memory alloys, as typical non-degradable and 
biodegradable implant materials with shape memory behaviors (Fig. 23I [528,529]), respectively, have been demonstrated. Future 
research should address how the shape memory effect can be maximized in combination with the design of smart structures while also 
considering the in vivo degradation conditions of the implants in light of physiological and environmental conditions.

6.4. Controllable coupling and decoupling of multiple functionalities

With the unified construction of material-structure-processing maps, the development of the next generation of bone implants, 
including biodegradable bone implants, will inevitably tend towards multifunctionality and customization. Combining two or more 
functionalities, such as ultra-fatigue resistance, good in vivo osteogenesis, and long-period antibacterial and immunomodulatory 
properties, would allow designers to develop customized multifunctional bone implants. Multi-scale material design based on 
nanoscale grain boundary engineering and macroscopic multi-materials, advanced manufacturing concepts based on hybrid AM and 
4D smart manufacturing, as well as rational cross-scale structural design and material endowment will all give this concept a strong 
design foundation. For example, a multi-material core–shell structure based on coaxial extrusion printing reported in the literature 
(Fig. 23J [531]) enables osteogenic stimulation through precise local control over the delivery of growth factors, while providing the 
scaffolds with osteogenic properties. Secondly, it is not necessarily straightforward to endow bone-substituting biomaterials with more 
biological functions so as to improve the clinical outcome associated with their use. One of the reasons for this complication is the 
inherent coupling between some properties. For example, simultaneously maximizing the mechanical properties and mass transport 
properties of porous scaffolds is inherently incompatible. Another example is the incompatibility between maximizing osteogenic and 
antimicrobial properties of bone-substituting biomaterials [540]. In the case of the first example, increasing the mass transport 
properties of porous scaffolds usually necessitates decreasing their relative density (i.e., increasing their porosity). Increased porosity, 
in turn, leads to lower mechanical properties. Recently, researchers have proposed multi-material design approaches that could be 
used to decouple mechanical and mass transport properties of porous scaffolds [541]. As for the second example, most approaches used 
to maximize bactericidal effects adversely affect the viability of host cells too [542]. Next-generation bone tissue engineering requires 
bone scaffolds with suitable porosity, mechanical properties, mass transport properties, osteogenic, and antibacterial properties. 
Therefore, the spatial distributions of materials and the (micro)architectural design of such biomaterials need to be carefully optimized 
for simultaneously meeting all the abovementioned criteria. Recently, the use of metamaterial structures, such as pentamode struc
tures and diamond configurations to construct micro-lattice metamaterials with decoupled mechanical and mass transport properties, 
has been reported, allowing the preparation of scaffolds with suitable strength and significant improvements in cell seeding efficiency, 
permeability, and impact resistance (Fig. 23K [127]). Thirdly, material composition, geometrical design, and the AM processing 
parameters, all influence the biodegradation rate in a complex and interrelated manner. At the same time, surface modifications and 
coatings (Fig. 23L [532]) can alter the surface chemistry and metallurgical microstructure of BM-based scaffolds and can be used to 
improve their biodegradation behavior. Advanced predictive models are, therefore, needed to quantify the complex relationships 

K. Chen et al.                                                                                                                                                                                                           Progress in Materials Science 155 (2026) 101517 

56 



between material composition, architectural design, processing parameters, surface coatings on the one hand, and the biodegradation 
profiles of BMs on the other hand to establish the biodegradation profiles of various biomaterials and to replace the trial-and-error 
approach currently in use with the ultimate aim of achieving real controllability of biodegradation and cellular behavior in both 
temporal and spatial dimensions.

In summary, achieving high performance and multifunctionality of ‘MPSFI’-oriented next-generation bone implants requires cross- 
scale coordination of material design, architectural design, and AM process innovations from the nano/micro scale to the macroscopic 
scale. With GDs strategically placed inside BMs, simultaneous realization of bio-adaptive performances, elaborate structure, and 
multifunctionality is expected to be within reach.
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