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Abstract

Bone defects represent a significant orthopedic challenge, with associated disorders continue to pose clinical difficulties. In the biomedical
field, advancements in three-dimensional (3D) printing technology have established bone tissue engineering (BTE) scaffolds as a promising
approach for effective treatment. These scaffolds not only provide structural support for cells but also serve as templates to guide bone
tissue regeneration. In recent years, owing to their exceptional physicochemical properties, two-dimensional nanomaterials (2D NMs) have
garnered increasing attention and have been widely explored as additives in the fabrication of BTE scaffolds. This review centers on the most
recent developments in the combination of 2D NMs and 3D printing for BTE applications. It begins with a concise summary of the common
synthesis and surface modification methods of 2D NMs. Then, it offers a comprehensive overview of recent advancements in their use within
BTE. Finally, it discusses current challenges and future perspectives regarding the application of 2D NMs-based 3D-printed scaffolds in bone
tissue regeneration.
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1. Introduction

Large bone defects caused by trauma, infection, tumor resection, and degenerative conditions have led to an increasing demand for
bone-related implants for replacement or reconstructive surgeries!'l. In recent years, bone tissue engineering (BTE) has emerged as
a promising strategy for fabricating bone graft substitutes to address these defectsl’l. Ideal BTE grafts are expected to possess the
following characteristics: (1) Excellent biomechanical properties, BTE grafts with appropriate mechanical strength can provide
sufficient support without inducing stress shielding effect, especially in load-bearing bone tissues; (2) Outstanding biocompatibility
and biodegradability, BTE grafts should provide a favorable matrix microenvironment for cell migration, adhesion, and proliferation,
while minimizing the risk of immune rejection. Furthermore, the grafts should be gradually reconstructed and absorbed along with
the growth of new bone; (3) Promoting of osteogenesis and angiogenesis, BTE grafts with microporous structures should be capable
of incorporating osteogenic and angiogenic factors to facilitate osteogenic and angiogenic differentiation of mesenchymal stem cells
(MSCs), thereby promoting vascularization and new bone generation!*7l. As an optimal replacement strategy, artificial bone grafts
have garnered increasing attention in BTE.

Three-dimensional (3D) printing, also known as rapid prototyping or additive manufacturing, is a “bottom-up” fabrication technology
to fabricate materials including polymers, ceramics, metals, and other composites with various shapes and sizes based on a
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computer-aided design!®l. The concept of 3D printing was first introduced in 1980s, when Charles Hull introduced the
stereolithography technique to the world. Over the years, significant advances have been made in the evolution of 3D printing
technologies, including selective laser sintering, fused deposition modeling (FDM), selective laser melting, laminated object
manufacturing, inkjet 3D printing, digital light processing, electron beam melting, and direct metal laser sintering, etc.[>!°l. A key
feature of 3D printing lies in its ability to precisely control overall architectures and internal structures through customized designs,
which has spurred explosive growth in a variety of fields—especially in biomedical tissue engineering!!'"'3l. It has been constantly and
comprehensively researched for BTE since the development of scaffolds based on 3D printing, particularly combined with nanoscale

materials, which have extended the way for designing and manufacturing customized bone grafts with personalized shapes and
internal structures.

Two-dimensional nanomaterials (2D NMs) are a novel class of nanomaterial characterized by a thickness of less than 100 nm and a
significantly larger lateral dimension. The first discovered 2D NMs was single-layer graphene, exfoliated from graphite in 2004, which
marked the beginning of a new era in 2D NMs!'‘l. In recent years, various new types of 2D NMs have been developed, including black
phosphorus (BP), transition metal dichalcogenides (TMDs), transition metal carbides/nitrides (Mxenes), laponite (Lap), layered double
hydroxides (LDHs), metal-organic frameworks (MOFs), antimonene nanosheets, hexagonal boron nitride nanosheets, ultrathin 2D
boron (B) nanosheets, and Pd nanosheets!!>21], Meanwhile, a variety of synthesis techniques have been established, which are
generally categorized into top-down methods (e.g., mechanical cleavage, liquid-phase exfoliation) and bottom-up methods (e.g.,
chemical vapor deposition, hydrothermal/solvothermal synthesis, and solution-phase reactions)??"27l. Notably, 2D NMs exhibit a
range of exceptional physicochemical properties compared to their bulk counterparts, such as a high surface area-to-weight ratio,
tunable surface chemical, remarkable optical and electrical performance, and excellent biocompatibility. These features have made
2D NMs highly attractive for applications in various fields, particularly in biomedical tissue engineering!?®3?.. The unique wide surface
area and exceptionally low cytotoxicity can support cell adhesion and proliferation in the scaffolds, appropriate mechanical
properties and inherent osteogenesis characteristics facilitate directional differentiation of MSCs, which is conducive to applications

in bone tissue regeneration!**-3°l. Hence, it is significant to carry out the systematic review of 2D NMs combined with 3D-printed
scaffolds for bone tissue regeneration, to promote the prediction of more potential applications.

In this review, we summarize recent advances in the integration of 2D NMs with 3D printing for applications in BTE. First, we outline
general strategies for the synthesis and surface modification of 2D NMs. Subsequently, we present the recent progress in the use of
various types of 2D NMs—such as graphene and its derivatives, BP, TMDs, Mxenes, Lap, LDHs, MOFs, and others—in combination with
3D-printed scaffolds, as illustrated in Figure 1. Finally, we discuss current challenges and future perspectives related to 2D NMs-based
3D-printed scaffolds for bone tissue regeneration, aiming to provide valuable insights into the next generation of bioactive scaffolds.
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Figure 1. Various types of 2D NMs and their applications in BTE. NMs: nanomaterials; BTE: bone tissue engineering.
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2. The Synthesis and Surface Modification of 2D NMs

Over the years, numerous methods have been developed for the preparation of 2D NMs, which are generally classified into two main
categories: top-down and bottom-up approaches. As shown in Figure 2 and Table 1, various synthesis techniques along with their
respective advantages and limitations are presented.
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Figure 2. Various types of methods and their strengths and limitations in the synthesis of 2D NMs. NMs: nanomaterials.
Table 1. Various types of methods and their core parameters in the synthesis of 2D NMs.
Method Principle Core parameters Pros Cons Ref
MC Peeling atomically thin layers from bulk  Exfoliation force, High-quality flakes;  Low yield; limited [46]
crystals (e.g., graphene from graphite).  Substrate adhesion simple setup. scalability.
CVvD Gas-phase precursors react on Temperature, Precursor  Large-area uniform High temperatures; [47]
substrates (e.g., Cu foil) to form 2D ratio films; tunable. substrate-dependent.
layers.
LPE Sonication/shear mixing in solventsto  Solvent surface energy, Scalable; solution-  Defects/thickness [48]
exfoliate bulk materials (e.g., graphene). Ultrasonic power processable. variability.
Hydrothermal High-temperature/pressure reactions in Reaction T, pH Controllable Long reaction times; [49]
sealed reactors to grow 2D crystals. morphology; thickness control.
versatile.
Epitaxial Atomic-layer deposition on single-crystal Substrate lattice High crystallinity; Expensive; limited [50]
Growth substrates (e.g., graphene on SiC). matchingCooling rate interface control. substrate options.
Self-Assembly Molecular/ionic components organize Concentration,lonic Tunable chemistry; Weak interlayer bonds;  [51]
into 2D structures (e.g., Langmuir films). strength large-area films. defects.

NMs: nanomaterials; MC: mechanical cleavage; CVD: chemical vapor deposition; LPE: liquid-phase exfoliation.
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2.1 Top-down methods

The top-down approach is primarily applied to bulk layered materials, in which multilayered crystals are exfoliated into single- or
few-layer nanosheets. The earliest technique used for preparing 2D NMs is mechanical cleavage (MC), reported in 2004 when
Novoselov et al. successfully exfoliated graphite into single-layer graphene through repeat peeling!!‘l. In addition, ball milling is
another early MC method, in which high-speed rotating grinding balls generate both normal and shear force on the surface of
graphite sheets, helping to overcome the van der Waals interactions between layers/??l. This method was later extended to the
preparation of other 2D nanomaterials, including hexagonal boron nitride (h-BN), MoS,, and others*®%7l. As a purely physical
separation process, MC offers a direct means of obtaining 2D nanosheets with high crystallinity and purity, since no chemical
reaction is involved. However, its low yields (typically around 3%-10%) and poor control over layer number have limited its potential
for large-scale productionl>sl,

Liquid-phase exfoliation (LPE) is considered one of the most effective top-down approaches for producing 2D nanosheets from
multilayered materials. This method typically employs ultrasonication in a liquid medium to break apart crystals held together by
weak van der Waals forces. The exfoliation process primarily relies on ultrasonic shearing forces and the interactions between the
solvent and layered nanosheets!?’l. For example, Hanlon et al. successfully prepared stable, few-layer BP nanosheets with controlled
sizes using N-cyclohexyl-2-pyrrolidone and N-methylpyrrolidone as exfoliation solvents, which effectively isolated the reaction
system from water and oxygen!'®l. The LPE technique can produce homogeneous nanosheet dispersions with concentrations
exceeding 1 g/LI*l. However, this approach also presents certain limitations, including demanding reaction conditions, prolonged
ultrasonication times, and the potential toxicity of residual organic solvents.

In recent years, electrochemical exfoliation has been widely employed for the production of 2D nanosheets. This method involves the
application of a bias voltage to drive cations or anions in the electrolyte to intercalate into the interlayer spaces of bulk materials!“‘l.
Furthermore, microwave, ultrasound, and other means are employed to promote the yield. Eventually, the nanosheets are obtained
through filtration and other purification steps. Hence, the stripping efficiency is closely related to the types of electrolyte,
voltage/current, and electrode. For instance, Liu et al. utilized electrochemical exfoliation to produce high-quality MoS, nanosheets
with low oxidation levels. The lateral dimensions of the exfoliated nanosheets reached up to 50 Um, significantly larger than those
produced by MC and LPE methods[*’l. However, this approach also faces several limitations, including the difficulty of completely
removing residual electrolyte from the final product and the challenge of precisely controlling the nanosheet structure.

In addition to the aforementioned methods, the fabrication of Mxenes commonly involves a top-down chemical etching approach,
which requires the selective removal of the A layer from MAX phase precursors—hexagonal layered compounds with the general
formula M,,.;AX,, where M is an early transition metal, A is typically a group IIIA or IVA element (e.g., aluminum), X represents carbon
and/or nitrogen, and n ranges from 1 to 4!*!l. In 2011, Gogotsi et al. first reported the use of 50% hydrofluoric acid to synthesize MXene
nanosheets. This process relied on the strong and selective interaction between fluoride ions and the A-element, leading to the
disruption of M-A bonds and removal of the A-layer from MAX phasel*?, Subsequently, Ghidiu et al. introduced an improved method
using a HCI/LiF solution, enabling the obtained MXene products to be readily delaminated into single layers through ultrasonication
or even manual shaking, thereby simplifying the preparation process!*’l. Additionally, other etchants such as HCl/NH,F, H,SO,/LiF, and
NH,4HF, have also been explored for the deconstruction of multilayered MAX phasesl***3],

2.2 Bottom-up methods

The bottom-up approach involves the direct synthesis of 2D NMs from corresponding precursor. This strategy primarily includes
physical vapor deposition (PVD), chemical vapor deposition (CVD), and wet chemical synthesis. PVD typically relies on the vaporization
of source materials—either solid or liquid—into gaseous atoms or molecules, which are then deposited onto a substrate surface under
ultra-high vacuum conditions. This technique is characterized by its relatively simple process, ability to produce large-area films with
atomic-scale uniformity and high crystal phase, and environmentally friendly operation. To date, PVD has been widely applied to the
synthesis of various materials. For example, high-quality ultrathin SnS films were successfully synthesized by heating SnS powder to
600 °C for 20 minutes under an argon atmospherel?’l. This technique has also been employed in the preparation of single-crystalline
or few-layered nanosheets of g-C;N,, ZnTe, antimonene, and ReS, by adjusting reaction temperature and durationl>2->,

The CVD method is a classical bottom-up approach that has been widely employed to synthesize 2D NMs with controllable size and
thickness, based on chemical reactions and the deposition of gaseous precursors onto substrate surfaces under high-temperature
conditions’l. The concept of CVD was first mentioned by Powell in 1966. Subsequently, Nelson and Richardson deposited carbon
films using a CO, laser-focused beam, which opened the research of CVDI>7l, Similar to PVD, CVD is essentially a gas-phase mass
transfer process at the atomic level. However, it offers several advantages over PVD, including broader applicability, low cost, greater
practicality, and fewer requirements regarding precursors and substrates!?!l. In 2006, Prakash et al. first reported a simple thermal
CVD method for synthesizing few-layer graphene on Ni substratesl®8l. Wu et al. obtained nanolayered antimonene using a CVD
process, in which Sb powder was used to deposit flakes on SiO, substrates. The resulting antimonene exhibited a lateral size of
approximately 40 Um and a thickness of about 0.73 nm, and it was found to be more easily oxidized compared to thicker slice
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(~23.3 nm)>’l, Besides, CVD has been broadly applied to prepare high-quality TMDs such as WS,, MoSe,, and MoS,, in the form of
ultrathin filmsl[®0-°2], Nevertheless, this method has certain limitations, including the need for volatile precursors, potential
environmental pollution, and toxicity concerns arising from the chemical byproducts of the reaction.

Wet-chemical methods, which rely on chemical reactions between active precursors in liquid phases under specific conditions,
represent another widely used bottom-up strategy for synthesizing 2D NMs. Among these, the hydrothermal and solvothermal
methods are commonly employed to fabricate 2D NMs with tunable size and thickness. In these approaches, precursors and solvents
are sealed in containers and subjected to elevated temperatures and pressures for a defined period of timel®l. As a typical example,
Yuki et al. used a supercritical hydrothermal method to prepare various types of MoS, nanosheets by altering the reaction time and
type of reductant. They confirmed that MoS, nanosheets with 6-7 layers could be synthesized using formic acid as the reductant,
while ultrathin MoS, nanosheets were obtained using ascorbic acid, a less toxic alternativel*°l. In another study, Yu’s team
successfully employed a solvothermal method combined with plant grafting technology to synthesize CoSe,/MoS, hybrid
nanomaterials, which showed potential as catalyst for electrochemical water reductionl®‘l. Although the high simplicity and efficiency
prompt the wide application in 2D NMs of hydro/solve-thermal method, the preparation process is susceptible to being affected by
reaction parameters (such as temperature, reaction time, and intensity of pressure).

2.3 Surface modification of 2D NMs

Although 2D NMs possess exceptional physicochemical properties and biocompatibility, several challenges remain to be addressed
for their biomedical applications. First, The spontaneous aggregation of unmodified 2D NMs in liquid environments, such as
phosphate-buffered solution, normal saline, or culture medium, is primarily attributed to their large surface area and hydrophobicity,
which can result in significant cytotoxic effectl°’l. Second, single 2D NMs tend to show poor stability in aqueous or oxidative
environments due to the exposured lone-pair electrons or reactive surface functional groups (e.g., -F, -OH, or -0)°*-¢7l. Therefore,
surface modification or functionalization of bare 2D NMs is essential to meet the diverse requirements of practical biomedical
applications. These modifications are generally categorized into covalent and noncovalent strategies.

Covalent modification of 2D NMs primarily involves the formation of chemical bonds between 2D NMs and functional molecules or
polymers, thereby enhancing their structural stability and intrinsic properties. For example, Depan et al performed covalent
functionalization of physically exfoliated graphene oxide (GO) nanosheets through the bonding of the carboxyl groups (-COOH) on GO
with the amine groups (-NH,) of chitosan (CS). The modified GO was then incorporated into CS-based scaffolds and cultured with
osteoblasts for two weeks. The results confirmed that the low cytotoxicity and pro-osteogenic potential of the GO-CS scaffolds[®.
Polyethylene glycol (PEG), another classic covalent modifier, has been widely used to improve the dispersibility and biological
stability of 2D NMs under physiological conditions. Deng et al. designed a heterobifunctional BP nano-platform (BPQD-PEG-TPP)
through covalent bonding, which significantly enhanced its biostability, dispersibility, and mitochondria targeting capabilities!®’].
Similarly, Xu and co-workers conjugated an aminated PEG linker with GO nanosheets via covalent bonds, creating a promising
nanocarrier for paclitaxel delivery with demonstrated anti-tumor efficacy!7",

Compared to covalent modification, non-covalent strategies primarily rely on physical interactions and intermolecular interactions
forces, such as van der Waals forces, hydrogen bonding, hydrophobic interactions, electrostatic attraction, and Tt-1T stacking, which
enhance the dispersibility, stability, and biocompatibility of 2D NMs without altering their structure or intrinsic properties!’!l. For
example, Li et al. developed a novel non-covalent TT-T interaction strategy to functionalize BP nanosheets using 1-pyrene-butyric
acid. The modified BP nanosheets exhibited excellent stability and electrochemical performance, while also providing a functional
surface rich in carboxyl groups for anchoring biomolecules, enabling selective tumor cells killing[°. A pH-responsive drug delivery
system was constructed based on RGD-functionalized chitosan/graphene oxide, in which non-covalent interactions, primarily
hydrogen bonding, between GO and doxorubicin significantly improved the drug loading capacity (1.00 mg/mg). This system
demonstrated excellent biostability under physiological conditions and an accelerated drug release rate in acidic environment!72. 1t is
worth noting that the binding strength of non-covalent modifications is generally weaker than that of covalent strategies. Therefore,
appropriate surface modification methods should be selected based on the specific application requirements of 2D NMs.

3. The Application of 2D NMs in BTE

3.1 Graphene and its derivatives

Since it was first discovered in 2004, graphene has been extensively studied due to its remarkable intrinsic properties. Structurally,
graphene consists of a single layer of carbon atoms arranged in a hexagonal, honeycomb-like lattice, where each carbon atoms is
connected via covalent sp? bonds. Its exceptionally large surface area (approximately 2,600 m?/g) enables efficient loading of various
molecules!'’], In addition, the strong C-C covalent bonds endow graphene with an increased Young’s modulus and fracture
strengthBY. Furthermore, T-TT interactions provide a favorable platform for the functionalization of graphene with various
biomolecules. The main derivatives of graphene mainly involve GO and reduced graphene oxide (rGO). GO is produced through the
oxidation of graphene, while rGO is obtained by further removing its oxygen-containing functional groups from GO. Compared to
graphene, GO contains more functional groups, such as hydroxyl, carboxyl, and epoxy groups, which enhance its hydrophilicity and
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reduce cytotoxicity through interactions with biomolecules. In contrast, rGO exhibits higher compressive strength, improved calcium
absorption capacity, and greater alkaline phosphatase compared to GO!”?l. Moreover, it has been demonstrated that graphene-based
nanomaterials can promote the adhesion and osteogenic differentiation of mesenchymal stem cells, thereby facilitating bone
formationl**7%75], Collectively, these properties highlight the significant biomedical potentials of graphene and its derivatives in
applications such as drug delivery, bioimaging, and tissue engineering.

Combining with the above excellent characteristics, graphene and its derivatives are considered ideal candidates for applications in
BTE. Up to now, graphene-based 3D printed scaffolds have rapidly advanced and remain a research focus in graphene-related bone
regeneration, with numerous notable achievements reported over the past three years. Among various biomaterials, synthetic
polymers are widely used for fabricating tissue engineering scaffolds due to their excellent biocompatibility and biodegradability.
However, their inherent hydrophobicity and suboptimal mechanical properties often limit cell adhesion. The integration of GO or rGO
into polymeric scaffolds enables surface modification to overcome these limitations. For instance, Park et al. coated polycaprolactone
(PCL) scaffolds with GO to enhance biological performance. This modification increased hydrophilicity, evidenced by a~46% reduction
in contact angle, and improved the osteogenic potential of the GO-coated scaffolds (0.5 mg/mL) compared to single PCL scaffold
groupl’°l. Considering the poor interfacial interaction between poly(l-lactide) (PLLA) and polyglycolic acid (PGA) which severely
restricts the mechanical performance of composite scaffolds, Feng et al. introduced GO to enlarge the contact surface between PLLA
and PGA. As a result, the tensile and compressive strengths of the PLLA/PGA scaffolds increased by 44.64% and 69.65%, respectively,
and the scaffolds demonstrated good cytocompatibility for cell growth (Figure 3)I’7. However, studies on mechanical behavior have
shown that the addition of GO into the PCL may reduce mechanical performance due to the self-agglomeration of GOU8:7°1,
Nevertheless, the elastic modulus of these scaffolds remains within the range of cancellous/spongy bone, indicating their potential as
bone substitutes®°l. In addition, rGO has also been shown to improve cell attachment and osteogenic differentiation of stem cells on
PCL scaffolds. Akriti et al. developed a polydopamine (PDA)-rGO reinforced poly-lactic-acid (PLA) scaffold, in which rGO enhanced
scaffold hydrophilicity without altering its mechanical properties. Notably, this PLA/GO scaffold exhibited excellent angiogenic and
osteogenic capabilities both in vitro and in vivo, representing a promising functional platform for BTE®!-#!l, Recent research has also
explored the design 3D-printed polyether ether ketone (PEEK) scaffolds. Oladapo et al. fabricated PEEK-rGO-cHAp composite scaffolds
via FDM, which showed significant improvements in mechanical strength and biological performancel®>#7l. Despite the demonstrated
improvements in biological properties and mechanical behavior of polymer scaffolds modified with graphene or its derivatives, a
study investigating long-term implantation of graphene-coated polymeric scaffolds reported aberrant electroencephalogram signals
and early signs of aging in animal models. These findings suggest that the comprehensive biosafety of G/GO/rGO-integrated polymer
scaffolds still requires further evaluation before clinical translation!®s.
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Hydrogel-based scaffolds, as 3D scaffolds, have been widely employed in tissue engineering due to their structural similarity to the
natural extracellular matrix, as well as their excellent stretchability, flexibility, and biocompatibility. However, their inherently poor
mechanical properties limit their application in BTE®’l. On this condition, graphene and its derivatives have been incorporated into
hydrogel scaffolds to create multifunctional platforms for promoting bone defect repair. Lai and colleagues developed a GO/HA/CS
composite hydrogel scaffold with varying concentration of GO (0.1%/0.25%/0.5%/1%). Their findings demonstrated that increasing the
GO concentration improved mechanical properties such as water swelling rate, porosity, and elastic modulus. Notably, the 0.25%
GO/HA/CS scaffold exhibited excellent biological performance and biocompatibility with osteoblasts!°’l. In both studies, sodium
alginate (SA)-based hydrogel scaffolds were modified using magnetic graphene oxide (MGO) and dithiothreitol-modified graphene
oxide (DGO) respectively. The incorporation of MGO with an SA-based scaffold not only promotes bone regeneration, but also
possesses a magneto-thermal function for bone tumor treatment, and the doping of DGO facilitates cell proliferation while
simultaneously offering mechanical support via scaffolds!’"-*?l. In addition to the above research, GO-doped gellan gum/SF scaffolds
with dual functionality have been reported. These scaffolds combine capabilities for bone tumor treatment and tissue regeneration,
offering a promising strategy for repairing bone defects following tumor resection!*%.

In addition to enhancing mechanical performance and promoting osteogenesis when incorporated into polymeric or hydrogel
scaffolds, graphene and its derivatives can also be covalently or non-covalently integrated with other biomaterials to further enhance
their osteoinductive capabilities. Among these, metals have attracted significant attention in BTE due to their favorable
physicochemical properties. Functional groups on the surfaces of graphene-based materials can serve as nucleation sites for
anchoring metal atoms, thereby preventing their excessive release and improving cell adhesion, proliferation, and osteogenic
differention”>?%, For example, zinc (Zn), a metallic element with intrinsic antimicrobial properties, also plays a positive role in the
proliferation and differentiation of osteoblasts. Khan et al. developed a series of polymeric nanocomposite scaffolds (Zn@rGO-HAp),
categorized as AZG-1 through AZG-4 according to increasing Zn content. Each group exhibited enhanced antibacterial and anticancer
activities with rising Znlevels. Notably, AZG-4 showed excellent promotion of cell viability and proliferation. Additionally, the
combined incorporation of Zn and rGO nanosheets positively influenced the mechanical strength, hydrophilicity, and in vitro
degradability of the scaffolds!’’-*%]. Fani et al. used selenium (Se) and GO to decorate chitosan-alginate polyelectrolyte complex 3D
porous scaffolds, in which the simultaneous introduction of GO and Se increased pore density, water absorption, and in vitro
biomineralization®”l. Farzin et al. synthesized a zirconia and rGO-based nanocomposite powder, which significantly enhanced the
compressive strength of the scaffold without inducing notable cytotoxicity!'°l. In a recent study, GO/Cu-incorporated 3D scaffolds
demonstrated strong antibacterial, osteogenic, and angiogenic effects in both a subcutaneous implantation rat model and a
bacteria-contaminated bone defect rabbit model. These effects were attributed to the synergistic action of Cu and GO, indicating
their potential for treating bacteria- infected bone defects!['°4.

Benefiting from high specific surface area and abundant functional groups, GO and rGO can readily bind to drug molecules through
TI-TT stacking interactions, making them effective drug delivery carrier in 3D-printed scaffolds. As immunomodulation has become an
emerging focus in bone regeneration, researchers have employed 2D GO-BP hetero-nanostructures to enhance the loading capacity
of IL-4 cytokines within 3D-scaffolds. These scaffolds enabled the sustained release of IL-4, promoting the polarization of
macrophages toward the pro-regenerative M2 phenotype. The synergistic effect of phosphate ion release and IL-4-mediated
osteo-immunomodulation ultimately enhanced neovascularization and osteogenesis at bone defect sites!'?l. Recent studies have
shown that the encapsulation of curcumin in GO-reinforced scaffolds significantly increases drug loading capacity and prolongs
release duration under acidic conditions. For instance, curcumin release was sustained over 14 days with approximately 30% release
efficiency, and this sustained release synergistically promoted osteogenesis!’*1%3l. Zhao et al. developed a novel 3D composite scaffold
composed of Sr-HAP and rGO, loaded with alendronate sodium (ALN), a common drug used to treat osteoporosis. The stable and
prolonged release of ALN was achieved through primary amine group interactions with rGO, as well as hydrogen bonding and Ca-O
coordination with Sr-HAP!'*‘l, In the study of the prevention of infection associated with bone transplantation, Zhang et al. fabricated
a scaffold composed of TCP/poly(lactic-co-glycolic) acid (PLGA), which incorporated GO nanosheets loaded with the antibacterial
chlorhexidine (CHX) and the osteogenic peptide p24. The dual-stage release of CHX and p24 endowed the scaffold with both
antibacterial and osteogenic functionalities, offering a promising platform for BTE!0],

3.2 Black phosphorous

As an iconic single-elemental 2D material, BP exhibits a unique atomic structure and exceptional intrinsic properties. Structurally,
each phosphorus atom is covalently bonded to three adjacent phosphorus atoms, forming puckered, honeycomb-like layers with
exposed lone pair electrons!'?®l, Such structural characteristics bring BP a large specific surface area that could be used as a drug
delivery carrier, but at the same time, the exposed lone pair electrons of phosphorus atoms are readily reactive to oxygen and water,
resulting in an instability condition!®l. From a biological perspective, phosphorus is an essential element in the human body and a
key component of bone tissue. BP can degraded into phosphate ions, which facilitate local biomineralization by capturing free Ca?,
thereby enhancing the bone repair microenvironment!'°’l. In addition, due to its excellent photothermal conversion efficiency, BP is
regarded as a promising agent for PTT and PDT in antibacterial and antitumor applications, particularly under near-infrared light
following bone tumor resection!sl.
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Based on the above characteristics, appropriate surface modification of BP and its integration with 3D-printed scaffolds have
attracted widespread attention in the field of BTE. In a recent study, researchers focusing on implant-related infections after bone
surgery proposed a multifunctional bone implant (ZnL,-BPs@HAP), in which BPs was coordinated with a zinc sulfonate ligand (ZnL,)
through the interaction between the lone pair electrons of phosphorus and the electron-empty orbital of Zn. This coordination ability
was further enhanced by the electrophilic effect of the benzene sulfonic ester. Such a combination exhibited enhanced antibacterial
properties, eliminating approximately 91% of S. aureus and 94% of E. coli eliminated under near-infrared (NIR), while both in vitro and
in vivo experiments further confirmed the pro-osteogenic ability of the composite scaffold!'’l. Deng and partners constructed
BP@AgNPs nanohybrids by decorating silver nanoparticles (AgNPs) onto BPs, and then introduced them into a PLLA scaffold. The
broad spectrum bactericidal activity of AQNPs enhanced the synergistic antibacterial property of the composite scaffold. Meanwhile,
the scaffold exhibited excellent cytocompatibility, providing a promising and effective photocatalytic antibacterial scaffold for
repairing implant-associated bone infections!''°l. In another study, researchers developed a chloroplast-inspired 3D
CS/PCL/BP/PDA@Ag scaffold, which exhibited excellent self-defensive properties and photothermal stability, and could be used to
achieve stronger antibacterial activity and photothermal-induced osteogenesis both in vitro and in vivo (Figure 4)l'11,

A B

CS/PCL/BP/PDA@ Ag W 12w

Frontal

Frontal Transverse Tunnel

0 mM 1 mM 6 mM 12 mM

CS/PClL
NIR {-)

E. coli

8. aureus

CS/PCL/BP/PDA@ Ag

Figure 4. (A) SEM images of E. coli and S. aureus cultured on the scaffolds under different magnification; (B) Frontal and transverse views of the 3D-reconstructed images
with Micro-CT analysis. Republished with permission from!"'"), SEM: scanning electron microscope; Micro-CT: microcomputed tomography; CS: chitosan;

PCL: polycaprolactone; BP: black phosphorus; PDA: polydopamine; NIR: near-infrared.

In the field of the integration of BPs with polymeric scaffolds, many new achievements have been reported. For instance, Li et al.
proposed a Ca?-supplying BP-based PLLA scaffold, in which BP nanosheets not only provided excellent photothermal performance
but also served as a P source for bone regeneration through biomineralization. HA-SiO, nanoparticles also contributed essential trace
elements (Ca and Si) for cellular osteogenesis and facilitated new bone formation!'?. In another study, Wang et al. modified BP with
poly-dopamine (BP@PDA) to improve its stability, and then integrated it into the PLLA scaffold. The introduction of BP@PDA not only
enhanced the mechanical properties but also improved the cytocompatibility of the scaffold!!'3l. In addition to PDA, CS was used to
decorate BP in a 3D-printed PEEK bone scaffold, which effectively protected BP from rapid degradation and promoted the continuous
release of PO,% for bone regeneration. Moreover, the composite PEEK scaffold also exhibited excellent antibacterial properties and
osteosarcoma ablation in both in vitro and in vivo studies!!!!l. In a recent study, a multifunctional photothermal scaffold was
developed in which bone morphogenetic protein-2 (BMP-2)/PLGA loaded microspheres were synthesized and incorporated into the
scaffold. This system promoted osteogenesis by enabling long-term controlled release of BMP-2 and upregulation of heat shock
protein expression under NIR irradiation. In addition, PTT-related antibacterial effects are instructive to prevent clinical bacterial
infections!! >l

Hydrogel-based scaffolds integrated with BP have also achieved notable advancements in the field of BTE. Xu et al. proposed a
gelatin-methacryloyl (Gelma) hydrogel composed of BP nanosheets and deferoxamine (DFO) for repairing bone defect, in which the
controllable degradation of BP provided phosphorus ions for in-situ mineralization, while DFO enhanced the expression of vascular
endothelial growth factor (VEGF) to promote angiogenesis in vitro and in vivol''°l. In another study, researchers developed the
dynamic DNA hydrogel incorporating BP nanosheets loading with VEGF. The non-covalent interaction between VEGF and BPNSs
enabled sustained VEGF release, which synergistically promoted osteogenesis and angiogenesis, thereby enhancing bone
regeneration!''”l, In a study using a coaxial microfluidic printing strategy, Wang et al. fabricated hydrogel scaffolds composed of
alginate and N-isopropyl acrylamide incorporating BP nanosheets. These scaffolds exhibited reversible shrinkage and swelling
behavior due to the NIR heating capability of BP and the temperature- responsive volume phase transition of the hydrogel. The
composite scaffolds promoted osteogenic differentiation of bone MSCs, as well as facilitated angiogenesis and the ingrowth of
vascular endothelial cells into the scaffolds!!!®l
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3.3 2D transition metal dichalcogenides

TMDs are a class of 2D materials with the general form MX,, where M represents a transition metal from groups 4 to 7 (e.g., Mo, W, Ta,
Nb, Re, and Mn), and X refers to a chalcogen element (S, Se, Te)l'!°l. Similar to graphite, TMDs possess a layered structure held together
by van der Waals forces. Each monolayer typically exhibits a low thickness of approximately 0.6-0.7 nm and a large specific surface
areal'?%l, In addition, TMDs exhibit low cytotoxicity, good cytocompatibility, and the ability to promote osteogenic differentiation,
which supports their potential applications in biological and biomedical fields, particularly in BTE.

Among the family of TMDs, MoS, is one of the most extensively studied materials due to its robustness, ease of surface modification,
and excellent NIR photothermal conversion efficiency!'?!l. In a recent study, a novel bioactive glass (BGs)-based 3D-printed scaffold
was fabricated for local tumor ablation and bone tissue regeneration, in which MoS,-PLGA film was fixed onto the surface of the BG
scaffolds. The incorporated MoS, nanosheets provided excellent photothermal stability under 808 nm NIR irradiation for PTT. In
addition, as an essential trace element, Mo can contribute to coordinated local bone repair by participating in the synthesis of several
important enzymes?’l. Benefiting from the ideal mechanical characteristics and efficient photothermal response of MoS,, Dai et al.
modified a PEEK scaffold with MoS, nanosheets and HA nanoparticles to construct a dual-functional scaffold exhibiting both potent
PTT effects and osteogenic induction. This system achieved a balance between tumor ablation and bone regeneration!'??l. Under
normal conditions, monolayered MoS, nanosheets tend to self-stack and aggregate, limiting their practical application. To overcome
this issue, Qi et al. introduced polyaniline (PANI) to MoS, nanosheets via in situ oxidative polymerization, forming strong coordination
bonds between the nitrogen atoms of PANI and the molybdenum centers. The resulting PANI-MoS, composite was integrated into
PVDF scaffolds, which enhanced the mechanical strength, hydrophilicity, and piezoelectric properties of the scaffolds. The improved
electrical signals were shown to activate protein kinase C and mitogen-activated protein kinase signaling pathways, thereby
promoting stem cell proliferation, differentiation, and osteogenic gene transcription!!?’l. In another study, researchers fabricated a
co-dispersion nanosheets system, in which MoS, nanosheets were in situ synthesized on the surface of GO nanosheets using a
cetyltrimethylammonium bromide—assisted hydrothermal process to improve dispersion with a PLLA scaffold (Figure 5). The PLLA
scaffold loaded with 1.5 wt% GO/MoS, demonstrated enhanced tensile strength and modulus, as well as favorable cytocompatibility,
showing potential for application in bone implants!!>*l. In the context of implant-related infections following bone tumor surgery, our
group designed a composite PGA scaffold incorporating an Ag@PMoS, nanosystem via in situ reduction. The excellent NIR
photothermal properties of MoS,, combined with the natural antibacterial activity of silver ion (Ag*), acted synergistically to eliminate
bacteria and induce apoptosis in tumor cells!'23,

: o
Nucleatio irowth

CTAB MoOs* GO L-Cysteine Iﬁ

Figure 5. The mechanism diagram of the MoS, nanosheets in situ grown on both sides of GO nanosheets via CTAB-assisted hydrothermal process. Republished with

permission from['?. GO: graphene oxide; CTAB: hexadecy! trimethyl ammonium bromide.

In addition to MoS,, recent studies focused on WS, and MoSe, nanosheets have been reported in the field of 3D-printed scaffolds.
Similar to MoS,, WS, exhibits excellent biocompatibility and physicochemical properties. Geng et al. constructed a multifunctional 3D
p-CQD/WS,/n-CQD/GelMA hydrogel scaffold, in which the introduction of WS, could achieve the controlled release of p-CQDs and
enhance the mechanical property of hydrogel scaffold, this nanocomposite scaffold possesses the excellent broad-spectrum
antibacterial ability and osteogenic activity, which realized almost fully repair of infectious bone defect 60 days after implantation!!2°l.
In another study, researchers introduced MoSe, nanocrystals into bioactive bredigite scaffolds, thereby combining photothermal
properties with osteogenic activities. This approach may offer a promising strategy for the treatment of bone defects resulting from
tumor resection!!?7l,
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3.4 Mxenes

As a new class of 2D NMs, Mxenes comprise a large group of 2D transition metal carbides, carbonitrides, and nitrides. They possess a
range of physicochemical properties, including a large specific surface area suitable for drug loading, excellent photothermal
conversion efficiency for antibacterial and tumor-killing applications, outstanding biocompatibility, and the ability to promote
osteogenesis by providing Ca?* binding sites. These characteristics highlight their potential for application in bone tissue
regeneration!!?812%,

Among the family of Mxenes, the first reported material is Ti;C,, which exhibits excellent biomedical properties. Notably, during its
interaction with water and oxygen, Ti;C, can degrade into titanium (Ti)-based species that promote new bone formation, making it a
promising candidate for applications in BTE. Recent studies have reported the integration of Ti;C, into 3D-printed scaffolds. For
instance, Mi et al. fabricated a Ti;C,-modified HA/SA composite scaffold, in which the inclusion of Ti;C, improved surface roughness
and created a porous, interconnected structure, facilitating the diffusion of H,0, O,, and bioactive substances!'*’l. In the study of the
hydrogel-based scaffold, researchers developed a personalized MXene-based bifunctional construct (3-TCP/Alg/Ti;C,), where Ti;C,
contributed excellent photothermal performance for G*/G™ bacteria killing, while also promoting the proliferation and differentiation
of rBMSCs!'3!l. In addition to its antibacterial properties, Ti;C, has also been proven to be an effective photothermal agent for tumor
ablation under NIR irradiation. Li et al. constructed a Ti;C,-modified collagen/silk/hydroxyapatite composite scaffold for killing
residual cancer cells, achieving a necrosis rate of approximately 91%, while simultaneously repairing bone defects post-surgery. This
provides a potential platform for treating bone defects associated with bacterial infection or tumor resection!!*?. In investigation of
the molecular mechanisms underlying bone regeneration by MXene-based scaffolds, Xu et al. sequenced the differentially expressed
RNAs in osteoblasts cultured on the scaffolds for 14 days. KEGG pathway classification revealed that these RNAs were mainly involved
in the Wnt signaling pathway. Additionally, upregulation of the Titin gene was shown to regulate cell proliferation by activating the
Wnt/[3-catenin pathway, suggesting that Ti-based Mxenes may facilitate osteogenesis through the Wnt/{3-catenin signaling pathway
and calcium-binding proteins!'33.

As a novel type of 2D Mxenes, Nb,C has attracted widespread attention due to its excellent photoresponsive property in the second
NIR-1I biological window, making it potentially applicable for the treatment of tumor-induced bone defects!!*'l. Chen et al. integrated
Nb,C nanosheets with a 3D-printed BG scaffold. This composite scaffold enabled deeper tissue penetration under NIR-II irradiation for
osteosarcoma therapy. In addition, the presence of Nb imparted pro-angiogenic properties to the scaffold, thereby facilitating bone
defect regeneration (Figure 6)!3°]. In the context of breast cancer-related bone metastasis, Chen et al. further designed an
Nb,C-modified BG scaffold loaded with the immune adjuvant R837. This system facilitated checkpoint blockade immunotherapy to
eliminate primary tumors, activate the immune response, suppress tumor metastasis, and thereby prevent tumor recurrencel!3l,
Besides the above research, this lab also reported a porous silica-coated 2D Nb,C and S-nitrosothiol (NO donor) integrated 3D-printed
BG scaffold(named MBS). The synergistic effect of NO gas and Nb,C enhanced the antitumor effect under NIR irradiation. Moreover,
the sustained release of NO and Nb-based species jointly promoted bone regeneration, providing a promising multifunctional
platform for the treatment of bone tumorsl'*7..

A

{f.{g.{j. .
BGS

NBGS NBGS BGS

Figure 6. (A) 3D reconstruction of Micro-CT scanning was obtained to assess the defect and bone regeneration with different scaffolds; (B) H&E and Masson trichrome
staining of the cranial defect implanted with BGS/NBGS at week 24. Republished with permission from'**l, Micro-CT: microcomputed tomography; BGS: bioactive glass

scaffolds; NBGS: 3D-printed bone-mimetic scaffolds.
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3.5LAP

LAP is a synthetic lithium-magnesium-sodium silicate 2D NM that possesses unique characteristics such as good biocompatibility and
biodegradability, a large surface area, enhanced mechanical strength and hydrophilicity, as well as a strong adsorption capacity for
binding proteins and other biomolecules. These properties make LAP a promising biomaterial platform for the sustained delivery of
various regenerative molecules or drugs!'*®l. In addition, the biodegradation of LAP can release inorganic ions (Mg?', Si(OH), and Li),
which have been shown to exert positive effects on new bone regeneration!'’-13%, Cebe et al. fabricated a methacrylate chitosan
(MAC)-based 3D scaffold integrated with LAP, which exhibited improved solubility, mechanical, and morphological properties.
Furthermore, the increased expression of collagen synthesis promoted mineral formation due to the combined effects of MAC and
LAP!'#0], Similar results were reported by Xu and collaborators, who confirmed the positive effects of 3D-printed PCL/LAP scaffold on
the osteogenesis and angiogenesis in bone defect models. However, the prolonged degradation period of the PCL/LAP scaffold, still
present three months after implantation, might hinder in situ bone regeneration and warrants further investigation ['*!l, Subsequent
research demonstrated that the addition of LAP significantly improved the loading capacity of PCL scaffolds for growth factors, which
facilitated vascularization and enhanced bone regeneration in a rat femoral condyle defect modell'*?l. To explore the effects of
different LAP contents on bone repair, researchers introduced varied LAP concentrations into a 3D-printed PLGA/B-TCP composite
scaffold. The mechanical properties and degradation rate of the scaffold increased with LAP content, and the scaffold containing 20%
LAP exhibited the best performance in promoting angiogenesis and osteogenesis of rBMECs!!*3l, In the field of LAP-doped
hydrogel-based scaffolds, Dong et al. developed a nanocomposite hydrogel composed of 15% GelMA and 8% LAP. In this system, LAP
significantly enhanced shape fidelity and mechanical strength. The resulting hydrogel scaffold demonstrated good printability and
osteogenic property for bone regeneration!'*l, The specific osteogenic mechanism of the LAP-containing hydrogel scaffolds was
further investigated by Miao et al., RNA sequencing revealed that activation of PI3K/AKT signaling pathway in BMSCs enhanced
extracellular matrix formation and mineralization, which could be suppressed by a PI3K inhibitor!'?l. These findings suggest that 3D
LAP-based hydrogel scaffolds may serve as promising substitutes for the reconstruction of bone defects.

3.6 MOF

As a functional 2D NM, MOF are typically composed of metal ions (e.g., Zn, Mg, and Cu) regularly coordinated with organic ligands.
MOFs have attracted widespread attention due to their unique structure and excellent physicochemical properties, including high
porosity and large specific surface areal®'l. The porous structure allows for efficient drug delivery, while the biodegradation of MOF
can release metal ions that enhance bone regeneration and exert antibacterial effects. Therefore, the application of MOF-integrated
3D-printed scaffolds represents a promising strategy for bone defect repair. In a recent study, researchers fabricated a 3D-printed
PCL scaffold composited with nanoZIF-8 and dicalcium phosphate dehydrate. This scaffold exhibited a biomimetic structure with
suitable mechanical properties and biocompatibility, while the controlled release of Ca and Zn ions facilitated osteogenesis both in
vitro and in vivol'**], Inspired by the reports of zinc-cobalt bimetallic MOF exhibiting excellent ROS scavenging ability, Shu et al.
developed a B-TCP scaffold functionalized with Zn/Co-MOF for treating osteoarthritis-related defects. This scaffold not only protected
cells from oxidative damage by eliminating ROS, but also stimulated targeted differentiation by releasing multiple bioactive ionsl'*°l,
In the application of drug delivery, Jiang et al. employed pZIF-8 nanoMOFs as drug nanocarriers to encapsulate both BMP-2 and
cisplatin. These MOF nanocarriers were then integrated into a 3D-printed PDA@HA gelatin scaffold. The system enabled on-demand
release of cisplatin on to inhibit tumor growth, along with sustained release of BMP-2 to promote osteogenesis!!*’l. In another study,
Wang et al. developed a multifunctional 3D-printed TigAl,V scaffold incorporated with Mg-MOF-74, which served as a
controlled-release platform for the long-term delivery of icariin. The sustained release of both icariin and Mg?* significantly improved
osteointegration between the scaffold and osteoporotic bone, offering a potential therapeutic strategy for elderly patients with
osteoporosis!!*l,

3.7 Layered double hydroxide

LDH, also known as synthetic anionic clays, have the formula [M?;_,M3" (OH),]*[(A™),,,zH,0]*. They consist of positively charged
metal hydroxide layers and exchangeable interlayer anions, which endow them with potential for drug delivery applications!'*l. In
addition, the positive surface charge of LDHs enables electrostatic interaction with negatively charged cell membranes, facilitating
cell adhesion. Moreover, the released Mg?* and AI** ions play an active role in the osteogenesis and angiogenesis of BMSCs!'*°l, In the
investigation of drug-loading capabilities of LDH-integrated 3D-printed scaffolds, Belgheisi et al. fabricated pamidronate (PAM)-loaded
LDH/PCL scaffolds for BTE applications. In this system, LDHs ensured the long-term and stable release of PAM through an
ion-exchange mechanism between the intercalated PAM molecules and the exchangeable interlayer anions!'l. In another study,
researchers introduced ciprofloxacin and gentamicin into LDH-filled scaffold. The sustained release of these antibiotics relied on ion-
exchange reactions or pH-sensitive mechanisms, thereby providing dual functionality for both bone regeneration and infection
prevention!’>'l, In the field of 3D bioprinting for tissue engineering, Ayg¢a’lab reported a nanocomposite hydrogel bioink composed of
GelMA and LDH nanoparticles, laden with hBMSCs. The scaffold pore size significantly increased with higher LDH content, and
immunofluorescence staining demonstrated that LDHs enhanced both the viability and osteogenesis of hBMSCs, indicating a positive
effect on bone defect repairl!52153],
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4. Conclusion and Prospects

This review has summarized the recent progress in the integration of 2D NMs with 3D printed scaffolds for applications in BTE. Owing
to their intrinsic characteristics, such as large surface area, superior electrical and optical properties, and abundant surface-active
sites, 2D NMs have been rapidly developed for use in drug delivery, photo-thermal/photodynamic therapy, biosensing, and diagnostic
imaging. Furthermore, many 2D NMs have demonstrated excellent mechanical strength and pro-osteogenic capabilities. By fully
leveraging these properties, 3D-printed scaffolds can be endowed with multifunctionality, thereby enhancing their performance in
BTE applications. The primary contributions of 2D NMs in this context can be summarized as follows: 1. Reinforced mechanical
properties; 2. Photothermal effect for bone-tumor killing; 3. Enhanced antibacterial abilities; 4. Intrinsic induction of osteogenesis;
5. Improved drug delivery capacity. The exploration of combining different types of 2D NMs to achieve synergetic effects may
represent a promising strategy for optimizing therapeutic outcomes and further expanding the applications of 2D NMs.

Nevertheless, several issues and challenges must be addressed before the clinical translation of 2D NMs. First, although the majority
of 2D NMs exhibit good biocompatibility, their potential toxicity remains a concern. For instance, the agglomeration of 2D NMs can
lead to inhomogeneous printing inks, adversely affecting scaffold performance. In addition, weak interfacial bonding between
nanomaterials and matrix materials may cause delamination, which can induce significant oxidative stress and mechanical disruption
to the cell membrane—factors that play a critical role in cell damage and associated toxicityl®>l. Moreover, the cytotoxicity of
non-degradable 2D NMs has been shown to be time- and concentration-dependent. Especially in the case of long-term scaffold
implantation, the local accumulation of such materials may lead to chronic toxicity, including chronic inflammation and granuloma
formation!'>l. For degradable 2D NMs, controlling degradation controlling. For example, BP degrades into phosphate, which can
promote the biomineralization of BMSCs in culture. However, the degradation rate of unmodified BP is excessively rapid, releasing
large amounts of H ions and PO, ions in a short period, leading to a local acidic environment that is unfavorable for cell growth(!>>],
To improve the stability and biosafety of 2D NMs, organic polymers such as PEG, its derivatives, and PDA have been employed!!!'37%,
Nevertheless, considering the potential risks of long-term in vivo biosafety and biodegradability, the development of new
functionalization strategies remains essential for future research.

Secondly, many 2D NMs exhibit excellent photothermal conversion efficiency, making them suitable for the treatment of bone defects
caused by infections or tumor resection when integrated with 3D-printed scaffolds. Current studies primarily rely on high
temperature (> 55 °C) and ROS to kill tumor cells and bacteria. However, this approach may cause irreversible thermal damage to
surrounding healthy tissues, which can adversely affect!'>°-1>7l. Notably, moderate photothermal stimulation at 40-42 °C has been
shown to enhance osteogenesis!'>®l. Therefore, whether future strategies can increase the photothermal sensitivity of bacteria and
tumor cells to effective antibacterial and antitumor therapy at lower temperature (< 50 °C) with minimal side effects remains an
important area of investigation. Immune modulation has emerged as a promising strategy to promote bone regeneration by
regulating immune cell behavior and cytokine secretion. In recent years, the design of biomaterials with immunomodulatory
functions has become a research hotspot. For instance, nanomaterials and hydrogels can be engineered to deliver
immunomodulatory drugs or growth factors, enabling sustained release at the bone injury site to continuously modulate immune
response and promote tissue regeneration. In addition, the physical properties of biomaterials, such as surface charge and
roughness, can influence immune cell adhesion, proliferation, and differentiation, thereby indirectly affecting the bone healing
process. However, immune modulation strategies still face some challenges in clinical translation, particularly regarding the
precision and safety of immune regulation, which require further in-depth research and exploration.

Furthermore, as the implantation of scaffolds often results in permanent outcome, it’s essential to develop appropriate
nanocomposite implants tailored to the specific requirements of bone defects in different anatomical locations. At the same time, the
long-term biosafety of 2D NM-based scaffolds must be thoroughly evaluated in vivo over extended periods. In addition, scaffold
degradation typically occurs in parallel with the regeneration of bone tissue, blood vessels, and nerves. While significant progress has
been made in promoting the osteogenic differentiation of BMSCs using 2D NM-based scaffolds, their potential roles in neurogenic and
angiogenic differentiation should not be overlooked. With the growing variety of available 2D NMs, the incorporation of novel types
of 2D NMs into 3D-printed scaffolds is expected to expand. Moreover, the strategic combination of different 2D NMs to achieve
synergistic effects represents a promising trend in BTE. Future research should address those critical issues to support the clinical
translation of 2D NM-based scaffolds.
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