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The field of tissue engineering has witnessed significant progress with the emergence of three-dimensional (3D) 

printing technologies. The ability to fabricate precise structures with complex geometries combined with the in- 

tegration of two-dimensional (2D) materials, including graphene, graphene oxide, and transition metal dichalco- 

genides, has provided novel opportunities. This integration enables the fabrication of functional structures with 

tailored properties, leveraging the exceptional mechanical, electrical, and chemical characteristics of these mate- 

rials, in conjunction with the design flexibility offered by 3D printing. Herein, we review the recent advancements 

in the selection of appropriate 2D materials, diverse 3D printing methods employed for integration, and charac- 

terization techniques used to evaluate the performance of the resulting constructs. The successful integration of 

3D printing and 2D materials holds immense potential for advancing tissue engineering and paving the way for 

personalized medicine, regenerative therapies, and point-of-care diagnostics. 
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. Introduction 

Remarkable advances have been made in biomedical research to ad-

ress the pressing challenges of tissue regeneration. Tissue engineering

as made significant strides in recent years with the aim of regenerat-

ng damaged or diseased tissues by creating functional substitutes that

losely emulate the structure and properties of native tissue [ 1 ]. This

eld has been propelled by the development of advanced materials and

abrication techniques that play a pivotal role in pushing the boundaries.

Among the emerging materials that have attracted significant atten-

ion are two-dimensional (2D) materials, which are characterized by

tomically thin structures and exceptional properties. Materials such as

raphene, transition metal dichalcogenides (TMDs), MXenes, and black

hosphorus possess unique physicochemical properties, including large

urface area, high mechanical strength, and tunable surface chemistry

 2 ]. Integration of 2D materials into tissue-engineered scaffolds offers

umerous possibilities for enhancing their performance and functional-

ty. However, conventional fabrication methods often fail to efficiently

ncorporate these materials into complex 3D architectures with precise
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ontrol of their shapes, porosities, and compositions [ 3 ]. This limitation

ecessitates the development of advanced manufacturing techniques

hat can overcome the challenges associated with integrating 2D ma-

erials into 3D structures, which have been addressed through advance-

ents in 3D printing technologies. 

In recent years, 3D printing, also known as additive manufacturing

AM), has emerged as a powerful tool for fabricating complex 3D struc-

ures using 2D materials. 3D printing enables precise control over the

ayer-by-layer deposition of materials [ 4 ], allowing the integration of

D materials into tissue-engineering scaffolds with unprecedented pre-

ision and customization. There are numerous advantages in incorporat-

ng 2D materials into 3D structures using 3D printing. First, 3D printing

nables the fabrication of complex architectures with defined geome-

ries, porosities, and mechanical properties that are essential for tissue

ngineering scaffolds [ 5 ]. The ability to precisely control the arrange-

ent and distribution of 2D materials within a 3D structure allows the

reation of hierarchical designs that can closely mimic the native tissue

nvironment [ 6 ]. Furthermore, the large surface area of 2D materials

rovides increased opportunities for cell-material interactions in tissue
mber 2024 
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Table 1 

Comparative analysis of key focus areas with representative review papers. 

Title Nanoscale features for 

3D printing 

2D materials in 3D 

printing manufacturing 

Biological and cellular 

behavior from 3D 

printed 2D materials 

Case study clinical 

translations 

Ref. 

2D nanomaterials in 3D/4D-printed biomedical devices 
√ √

× × [ 8 ] 

Advancements in therapeutics via 3D printed 

multifunctional architectures from dispersed 2D 

nanomaterial inks 

√ √
× × [ 9 ] 

Applications of nanotechnology in 3D printed tissue 

engineering scaffolds 

√ √ √
× [ 10 ] 

3D printed 2D materials for tissue engineering 

applications 

√ √ √ √
This work 
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ngineering constructs, facilitating cell adhesion, proliferation, differ-

ntiation, and the tethering of biomolecules such as growth factors and

rugs to enhance biological functionality [ 7 ]. 

Although numerous reviews have explored the potential advance-

ents in AM and 2D materials, a significant gap remains in the literature

oncerning the specific application of 3D-printed 2D materials in tissue

ngineering. To provide a clearer context for our review, we present a

omparative table ( Table 1 ) highlighting the key differences between

ur work and previously published reviews. No previous review has

omprehensively examined this niche, particularly in terms of its direct

mplications for scaffold performance, cell behavior, and clinical trans-

ation, given its recent developments and expansion in research. This

eview aims to fill this gap by providing a comprehensive analysis of

D materials fabricated using 3D printing techniques and their specific

pplications in tissue engineering. This review thoroughly analyzed the

mpact of different 2D materials on the performance of tissue-engineered

caffolds. By presenting case studies, recent preclinical developments in

nimal models, and a clear evaluation of the limitations and future di-

ections of this field, our review offers critical insights into the practical

pplications and clinical potential of 3D-printed 2D materials in tissue

ngineering. This approach not only highlights the unique properties

nd benefits of 3D-printed 2D materials but also offers critical insights

nto their practical applications and future potential. 

. 2D materials for tissue engineering applications 

In recent years, the field of biomedical research has witnessed a surge

n interest in the development and utilization of 2D materials, defined

s materials consisting of a single or few atomic layers, typically rang-

ng from one to a few nanometers in thickness. These materials exhibit

nique physical and chemical properties due to their reduced dimen-

ionality, which results in exceptionally high surface-area-to-volume ra-

ios. The large surface areas and unique structural and functional prop-

rties hold great promise for a wide range of biomedical applications.

arious 2D materials have been explored and their potential uses in tis-

ue engineering applications have been explored, including graphene

nd its derivatives, graphitic carbon nitride (GCN), TMDs, black phos-

horus (BP), and MXene. 

.1. Graphene 

Following its discovery and analysis by Geim and Novoselov in 2004

 11 ], graphene has garnered significant attention, resulting in the exten-

ive investigation of 2D graphene nanomaterials and their prospective

ses. Graphene, a two-dimensional layer composed of carbon atoms,

ossesses atomic thinness and exhibits exceptional electrical, optical,

echanical (up to 150 GPa tensile strength), and thermal character-

stics, making it attractive for biomedical applications [ 12 ]. Graphene

an be produced using various methods, including chemical vapor de-

osition (CVD), liquid-phase exfoliation, and chemical reduction of

raphene oxide (GO). CVD is particularly promising for large-scale pro-

uction, because it allows the synthesis of high-quality graphene films
252
ver large areas [ 13 ]. Liquid-phase exfoliation, while scalable, often re-

ults in lower quality and yield. 

Graphene’s biocompatibility and ability to enhance cellular inter-

ctions comes from its ability to induce π–π interaction which in turn

erving like a preconcentration platform for various growth factors and

ifferentiation chemicals. This has led to its utilization in tissue engi-

eering and regenerative medicine. Furthermore, graphene-based scaf-

olds (graphene oxide and reduced graphene oxide) have been shown to

nhance the growth and differentiation of various cell types due to their

ell-balanced basal planes, which enable π–π interactions, and oxygen

unctionalities that enhance hydrophilicity [ 14 , 15 ]. For instance, poly-

actic acid (PLA) doped with reduced graphene oxide (rGO) scaffold im-

lanted in rats showed no inflammatory sign and indicating the presence

f collagen, a component of bone tissue after 28 days. rGO is known to

nhance calcium uptake in osteocytes, thereby promoting osteogenic

ifferentiation of human mesenchymal stem cells (hMSCs) [ 16 ]. Simi-

arly, the addition of GO to polyurethane-based scaffolds did not cause

dema or swelling after being implanted in rats for soft tissue repair. In

ddition, no granulocytic cells were observed in the new tissue [ 17 ]. 

.2. Graphitic carbon nitride (GCN) 

Fluorescent polymeric materials based on graphitic carbon nitride

GCN) are gaining significant attention for tissue engineering applica-

ions because their composition primarily consists of carbon and nitro-

en atoms [ 18 ]. These materials have attracted considerable interest

ecause of their excellent biocompatibility and potent antibacterial ac-

ivity, which are crucial to ensure minimal adverse reactions when in-

eracting with living systems [ 19 ]. Furthermore, GCN exhibits excellent

echanical properties, including a tensile strength of approximately 60

Pa, making it suitable for structural applications in tissue engineering.

CN can be synthesized by several methods, including thermal poly-

erization and hydrothermal synthesis. These methods are relatively

traightforward and can be scaled up effectively. However, the quality

f GCN can vary significantly based on the synthesis parameters, which

an complicate large-scale production [ 20 ]. 

GCN is composed only of organic molecules and has an amine (–

H2 ) functional group, which creates synergistic interactions with var-

ous cells. For example, GCN implanted to repair femoral bone defects

n rabbits resulted in low inflammation because it stimulated the bio-

ogical activity of osteoblasts, indicating its excellent biocompatibility.

dditionally, GCN exhibits hydrogen-bonding motifs, enabling the for-

ation of hydrogen bonds with biomolecules inside the bone. This fea-

ure allows for higher interconnectivity with proteins, facilitating the

ransfer of nutrients and elimination of metabolic waste, thereby creat-

ng a scaffold environment conducive to mesenchymal stem cell (MSC)

ttachment, growth, and proliferation [ 21 ]. One of the key advantages

f GCN in biomedical applications is their exceptional photolumines-

ent properties, which allow for efficient light emission and detection.

his property enables their use in fluorescence imaging, in which GCN-

ased probes can be employed to visualize biological processes and spe-

ific targets in cells or tissues [ 22 ]. In addition, the GCN exhibit good
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tability and biodegradability, which are essential for biomedical ap-

lications. It is easily degraded under specific physiological conditions,

aking it suitable for use in temporary biomedical implants that even-

ually resorb into the body [ 21 ]. 

.3. Transition metal dichalcogenides (TMDs) 

TMDs such as molybdenum disulfide (MoS2 ) and tungsten diselenide

WSe2 ) have attracted significant attention owing to their unique elec-

ronic, optical, and mechanical properties [ 23 ]. These materials ex-

ibit impressive mechanical strength, with MoS2 showcasing a tensile

trength of up to 23 GPa [ 24 ], making them suitable for applications re-

uiring durable materials. TMDs are commonly synthesized via chem-

cal vapor deposition (CVD), liquid-phase exfoliation, and mechanical

xfoliation. CVD can produce high-quality monolayers with good scala-

ility and low costs [ 25 ]. 

TMDs have also demonstrated potential for tissue engineering ap-

lications. TMD-based scaffolds provide mechanical support, while pro-

oting cellular adhesion and proliferation [ 26 ]. Wang et al. found that

he implantation of a MoS2 nanosheet scaffold resulted in new bone for-

ation in the macropores and areas around the scaffold after 8 weeks.

his finding indicated that the in situ growth of this scaffold did not neg-

tively affect new bone formation or long-term bone regeneration [ 27 ].

n addition, the authors suggested that the promoted biomineralization

rocess is driven by the negatively charged surface area of MoS2 and

ts large surface area, which serve as good nucleation sites for mineral

ons in the solution. Similarly, the addition of tungsten disulfide (WS2 )

o polycaprolactone (PCL)-and calcium silicate-based scaffolds resulted

n significant bone growth and well-formed tissue regeneration after im-

lantation in rabbits. After eight weeks, this scaffold exhibited the ap-

earance of collagen and blood vessel lumen, facilitating enhanced os-

eogenesis around it [ 28 ]. Additionally, TMDs optical properties allow

or the precise control of cellular behavior through light-mediated stim-

lation, enabling spatial and temporal control over tissue regeneration

rocesses [ 29 ]. 

.4. Black phosphorus (BP) 

Black phosphorus, also known as phosphorene, is a promising 2D

aterial with excellent electronic and optical properties. Its tunable

andgap and high carrier mobility make it suitable for various biomed-

cal and tissue engineering applications [ 30 , 31 ]. The production of

P typically involves mechanical exfoliation and chemical vapor de-

osition. Mechanical exfoliation is limited to small-scale applications,

hereas CVD shows promise for scalability, although it requires further

efinement to improve quality and reduce defects [ 32 ]. 

One of the advantages of BP is that its degradation products are non-

oxic phosphate ions and phosphorus, which constitute a significant por-

ion of the inorganic phase of the human skeleton. This property endows

P-based scaffolds with the ability to enhance the adhesion, prolifera-

ion, and differentiation of various cell types, mainly bone cells [ 33–35 ].

n vivo implantation using a rat calvarial model demonstrated that the

O/BP scaffold effectively bridged injury defects, promoted cell recruit-

ent, and stimulated neovascularization and osteogenesis through the

ontinuous release of phosphate. The inclusion of IL-4 cytokine further

ncouraged the polarization of macrophages into the M2 phenotype,

reating a pro-healing microenvironment that accelerates bone injury

ecovery [ 36 ]. Moreover, the tunable photothermal properties of BP en-

ble localized heating, which facilitates the controlled release of encap-

ulated growth factors and promotes cellular activity for tissue regener-

tion [ 37 ]. Li et al. showed that BP-based scaffolds incorporating BMP-2

xhibited excellent biocompatibility in a rat skull defect model and facil-

tated osteogenic differentiation through the sustained release of BMP-2

nd the photothermal effect generated by BP and near-infrared (NIR).

dditionally, these scaffolds demonstrate strong antibacterial proper-
253
ies, suggesting their potential for preventing infections caused by com-

on pathogenic bacteria [ 38 ]. 

.5. MXenes 

MXenes are 2D materials that have garnered significant interest in

iomedical research. MXenes are derived from layered transition-metal

arbides, nitrides, or carbonitrides, known as MAX phases, via a pro-

ess called etching [ 39 ]. This method can be effectively scaled up and

esearchers have successfully produced large quantities of MXenes with

onsistent properties. However, optimizing the etching process remains

he focus for improving the yield and reducing production costs [ 39 ]. 

The resulting MXene materials have been demonstrated to support

ell adhesion, proliferation, and differentiation, making them attractive

or various tissue engineering applications. Furthermore, the biodegrad-

bility of MXenes can be tuned according to the environment in which

hey are placed, including through enzyme-, ROS-dependent-, and pH-

ependent degradation. This is mainly due to the redox reaction that

ccurs at the M (metal) site of MXene [ 40 , 41 ]. MXene-based scaffolds

lso provide mechanical support to guide tissue growth and facilitate

issue regeneration, making them suitable for use in tissue engineering

nd regenerative medicine. The assessment of rat cranial defect samples

ollowing the implantation of MXene composite scaffolds revealed sig-

ificant new bone formation, with a notably reduced bone defect after

 weeks. Additionally, a considerable amount of mineralized bone tis-

ue was observed around the remaining scaffold, indicating that scaffold

egradation and the formation of new bone tissue occurred concurrently

 42 ]. Similarly, the incorporation of MXenes into bioactive glass scaf-

olds led to the production of mineralized bone tissue, with no scaffold

emnants after 24 weeks. This demonstrates the exceptional regenera-

ive performance of the MXene bioglass scaffold [ 43 ]. 

.6. Other 2D materials 

Several 2D materials, including boron nitride (BN), metal–organic

rameworks (MOFs), and silicene, have also demonstrated potential for

issue engineering applications. BN, which is renowned for its excep-

ional thermal and chemical stabilities, can serve as a biocompatible

nd electrically insulating substrate for biomedical implants [ 44 ]. BN

an be synthesized using chemical vapor deposition, which has shown

otential for scalability; however, further research is needed to optimize

he production methods [ 45 ]. The inclusion of boron nitride nanosheets

BNNS) preserved the biocompatibility of the PCL-based scaffolds, as

videnced by the presence of active and proliferative cells even after

 h. The scaffold also exhibited high stiffness and wettability, with an

lastic modulus 4.5 times greater than that of the pure PCL scaffold.

NNS are safe and ideal reinforcing materials for neuronal regenera-

ion. No complications were observed within the first week, and no in-

ammation was detected 18 weeks after implantation. In addition, the

erve structures in BNNS@PCL were denser and more organized than

hose in pristine PCL [ 46 ]. MOFs have also emerged as promising can-

idates for biomedical applications because of their high porosity and

arge surface area, which can enhance their biological activity, chemical

nd colloidal stability, surface modification, and biological distribution

 47 ]. MOFs can be synthesized using solution-based scalable methods;

owever, the complexity of their structures can pose challenges. In a

ecent study, the addition of zeolitic imidazolate framework-8 (ZIF-8)

o a SrCO3 @ZIF-8/PLLA scaffold resulted in a substantial compressive

trength (21.93 MPa) owing to the strong interfacial bonding between

he microrods and the PLLA matrix. The inclusion of ZIF-8, which com-

rises several organic ligands, effectively resolved the poor interfacial

onding between SrCO3 and the PLLA matrix, thereby contributing to

he superior performance of the scaffold. Moreover, this composite scaf-

old demonstrated the highest amount of newly formed bone tissue and

 higher proportion of trabecular bone than the pristine PLLA scaffold

n rat femural defect [ 48 ]. On the other hand, silicene is a 2D material
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omposed of a single layer of silicon atoms arranged in a honeycomb

attice, similar to graphene. A few studies have shown its potential for

issue engineering applications and have highlighted some exceptional

roperties compared to other silicon materials. Silicene is rich in hy-

roxyl groups, which make it hydrophilic and thus easy to functionalize;

t is also biodegradable under physiological conditions with safe, non-

oxic degradation products, and in vitro and in vivo studies indicate

hat there are no toxic reactions occurring in the body [ 49 ]. In a rat

ranial defect model, silicene nanosheets loaded with 2, 2 ′ -azobis[2-(2-

midazolin-2-yl) propane] dihydrochloride (AIPH) (SNSs@AIPH-NIR-II)

nitially promoted BMSC proliferation and local vascularization, result-

ng in significant osteogenic differentiation and highly effective bone re-

air. The 2D SNSs@AIPH NPs, containing an osteoinductive Si element,

cted as a functional unit to enhance osteogenic differentiation. This,

ombined with early cell proliferation and angiogenesis, significantly

ccelerates bone regeneration in a synergistic manner [ 50 ]. However,

ilicene is primarily produced via mechanical exfoliation, which limits

ts scalability owing to its labor-intensive nature and difficulty in achiev-

ng uniformity across large areas [ 51 ]. 

. 3D printing technologies 

Additive manufacturing (AM), also known as 3D printing or rapid

rototyping, creates complex geometries by “printing ” materials layer-

y-layer according to a previously prepared 3D computer-aided design

CAD) [ 52 ]. 

Compared to traditional manufacturing methods (e.g., casting, elec-

rospinning, and solvent-based synthesis), AM also enables multi-

aterial structures fabrication of more precise geometries and customiz-

bility with high efficiency, which is particularly beneficial for person-

lized biomedical implants [ 53 ]. Furthermore, owing to the possibility

f controlling the printing orientation, 3D printing allows the creation

f multilayered implants, each with a different structure, which may be

eneficial for biomimetically mimicking tissues with hierarchical struc-

ures, such as bone or cartilage [ 54 ]. Complex internal structures such

s well-defined and interconnected pores can also be easily and consis-

ently created. The presence of these pore structures enhances cellular

ttachment and provides pathways for oxygen and nutrient transport

 55 ]. This is advantageous compared to the use of porogens, which re-

ult in randomly packed pores commonly used in conventional manu-

acturing techniques, often resulting in unpredictable mechanical and

iological properties [ 56 ]. In cases where 2D materials are used, the 2D

aterial fillers are usually mixed beforehand with a solvent to facilitate

rinting. This technique has been reported to result in a final product

ith well-dispersed fillers throughout the scaffold, although careful con-

ideration must be given in selecting appropriate binders and solvents

ith regard to filler properties to ensure good dispersion and printabil-

ty [ 57 ]. Importantly, good dispersion has been reported to not only

nhance mechanical properties but also play an important role in en-

ancing cellular adhesion. 

3D printing methods are usually chosen based on the materials used

nd the desired product properties. To this end, various AM methods

uch as fused deposition modeling (FDM), stereolithography (SLA), se-

ective laser melting (SLM), and selective laser sintering (SLS) have been

sed to fabricate implants related to bone [ 58 ], cartilage [ 59 ], skin [ 60 ],

nd nerve tissues [ 61 ]. This review focuses on AM methods commonly

sed for the fabrication of 2D material-incorporated bio-scaffolds. 

.1. Extrusion-based additive manufacturing 

As the name suggests, extrusion-based AM involves extruding mate-

ial/ink through an extruder nozzle in a certain pattern and depositing it

n a stage layer-by-layer to create a 3D structure, as shown in Fig. 1 (a).

ompared to other methods, extrusion is by far the most used, owing to

ts ease of use as well as the low cost of both the printer and ink. Never-

heless, this method offers relatively low printing resolution ( ∼100 μm),
254
nd only moderate printing speed. The inks used are mostly polymer-

ased, which, after being extruded in viscoelastic form, will undergo

olidification to form a single layer. The polymer’s rheological prop-

rties and solidification timing are important factors to be considered

hen designing an optimal implant, as they greatly affect the extrusion

fficiency and 3D structure quality [ 62 ]. 

In the context of 2D material-containing implants, 2D materials are

ften incorporated into the polymeric matrix in the form of fillers. Fused

eposition modeling (FDM), a thermoplastic extrusion-based 3D print-

ng technology, is arguably the most widely used method. Common

olymer matrixes include polylactic acid (PLA), polycaprolactone (PCL),

crylonitrile butadiene styrene (ABS), to name a few. To extrude the ink,

he conventional procedure involves heating the print head or feed car-

ridge to melt the polymer mixture. The melt was then pushed using a

echanism such as a screw to push the highly viscous melt to the nozzle

 63 ]. 

The polymer mixture should exhibit shear thinning behavior to facili-

ate exiting through the nozzle and should have the appropriate viscosity

o allow the creation of continuous printed filaments. It should be noted

hat incorporating 2D materials or other fillers will affect the rheolog-

cal properties, and as such, should be performed at a sufficiently low

nd controlled concentration to avoid defects in the printed products or

he risk of damaging the printer extruder itself [ 67 ]. 

Non-conventional procedures, such as bioprinting, may be required

hen cell-laden scaffolds are to be created or when special classes of

aterials (e.g., thermosetting polymers and hydrogels) are to be used.

n cell-laden scaffold fabrication, a high temperature cannot be used to

elt the bioink because it kills the embedded cells. In this case, rheo-

ogical modifiers such as nanoclays can be used to allow easy extrusion

nd retain viscosity after extrusion, as demonstrated by Shi et al., who

anaged to print epoxy-based ink, a thermosetting polymer [ 68 ]. Cell-

aden implants are difficult because shear stress during extrusion may

otentially cause cell death; however, the use of shear thinning bioinks

as been reported to increase cell viability [ 69 ]. Owing to their similar-

ties to living tissues, hydrogels have recently been adopted as materials

or extrusion-based AM. Starting with simple hydrogels such as alginate,

hich can be ionically crosslinked at room temperature with CaCl2 and

llow for cell encapsulation at room temperature [ 70 ], recent 3D printed

ydrogels have been able to utilize various mechanisms of physical and

hemical crosslinking to trigger gelation after extrusion. Some, such as

he combination of gelatin methacryloyl (GelMA) and alginate, have

een shown to form an interpenetrating network because of the com-

ination of the radical polymerization of GelMA and the electrostatic

nteraction of alginate [ 71 ]. 

Printing parameters such as printing speed, ink viscosity, and print-

ng direction help define the properties of the resulting implant. Less

iscous ink is known to cause thicker individual layers than the de-

ired CAD model because of its tendency to spread more when extruded,

hich may cause unwanted decreases in mechanical properties [ 72 ].

BS created using FDM experiences decrease in elastic modulus in all

rientations when the layer thickness is increased from 0.2 to 0.4 mm

 73 ]. On the other hand, highly viscous ink is difficult to extrude in

he first place, requiring extremely high pressure to do so. In addition

o controlling the filler content, the bio-ink rheology can be modified

y tuning the rheology of the polymer. For example, the rheology of

 hydrogel matrix can be tuned by modifying the type and content of

ivalent ions responsible for ionic gelation [ 74 ]. For polymer melts, the

olecular weight (high Mw leads to higher viscosity), and in the case of

opolymers, end functional groups and monomer ratios all play a role

n determining the rheological properties of the melt [ 75 ]. 

Diabetic wounds have different clinical requirements that can be

asily achieved using 3D-bioprinted patches. Liao et al. developed a

ouble-cross-linked angiogenic alginate/chondroitin sulfate methacry-

oyl (ALG/CHSMA) patch loaded with acrylate-modified VEGF [ 65 ]. The

D printing technology allows for precise patch structure and compo-

ition customization according to different clinical trauma shapes and
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Fig. 1. Basic schematics of additive manufacturing processes. (a) Extrusion-based additive manufacturing. (b) Light-based additive manufacturing. Reproduced with 

permission from Ref. [ 64 ]. Copyright 2016, Royal Society of Chemistry. (c) Schematic of 3D-bioprinting and patch fabrication. Reproduced with permission from 

Ref. [ 65 ]. Copyright 2023, Elsevier. (d) Schematic preparation of ECM-based scaffold. Reproduced with permission from Ref. [ 66 ]. Copyright 2023, Elsevier. 
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eeds. The fabricated patch with chemically crosslinked VEGF exhibited

ustained drug release and almost complete wound closure within nine

ays. The authors suggest that the 3D bioprinting technique can be used

o prepare highly biocompatible, mechanically stable, and high-fidelity

kin patches in a relatively short period. Preparation of the ALG/CHSMA

caffold is illustrated in Fig. 1 (c). 

Biological-based 3D printed platforms have proven to be more effec-

ive than synthetic material-based platforms in biomimicking normal

issue composition and structure, which is beneficial for promoting the

ound healing process [ 76 , 77 ]. However, the difficulty in the scaffold

D printing process led Bashiri et al. to develop a bioink using placental

issue as the extracellular matrix (ECM) source, combined with sodium

lginate (ALG) and gelatin (GEL) to improve the printing process [ 66 ].

he 3D printed scaffold was applied to a deep wound, and the potential

ngiogenesis was studied in vivo. The wound healing assay revealed that

he epidermal appendages were entirely rebuilt on day 28th with 5%

CM contained in ALG/GEL having the fastest in vivo scaffold degrada-

ion rate. Preparation of the 3D bioprinted ECM-based scaffold is shown

n Fig. 1 (d). 

.2. Light-based additive manufacturing 

Light-based AM in the form of stereolithography (SLA) was invented

y Charles Hull in the 1980s and remains in use today. This approach

tilizes a focused UV laser that shines light on the path determined by

he CAD pattern to cure one layer of photopolymerizable resin. The resin

ill then harden and one layer will be created, after which the build

latform will lower by one layer thickness to allow the curing of the

ubsequent layer ( Fig. 1 (b)). Compared to extrusion-based AM, light-

ased AM offers higher spatial resolution (20–50 μm) and faster printing

peed, although it is also more expensive and less versatile in terms of

aterial options. The inks used must be able to undergo photocuring,

ith monomers possessing photoreactive moieties such as methacrylate,

crylate, and thiol-ene groups, as well as the photoinitiator contained

ithin the mixture [ 78 ]. Hydrogels can also be fabricated using this
255
ethod. Factors such as the gelation time after extrusion must be care-

ully considered for the hydrogel to create a self-standing and precise

tructure. Due to its fast fabrication time, light-based AM offers promise

or personalized implant creation in the operation theatre, being able

o produce polymeric models up to tens of centimeters within minutes,

hile retaining respectable resolution ( ∼100 μm). This is particularly

eneficial for treatments with short time windows such as cerebral hem-

rrhage and myocardial infarction. 

Thermosetting resins are often the materials of choice for light-

ased AM. Common choices of polymers include GelMA, alginate,

nd cellulose as natural polymers, and polyethylene glycol (PEG) and

olyurethane (PU) as synthetic polymers. Similar to extrusion-based

M, 2D materials can be incorporated by simply dispersing them in a

re-cured resin. Some common combinations, such as GO and GelMA,

re known to be compatible because of their strong non-covalent inter-

ctions, causing GO to be readily dispersed in the matrix [ 79 ]. 

Light-based AM offers several advantages over extrusion-based AM

n the fabrication of cell-laden implants and bioprinting. Owing to its

elatively mild working conditions (i.e., it does not require high temper-

ture, high pressure, or shear stress), cell viability can be maintained at

 higher level (85%–95%, compared to 40%–80% for extrusion-based

M) [ 80 ]. However, it should be noted that most traditional photosen-

itive polymers are incompatible with cells. The available materials are

till limited, including polyethylene glycol diacrylate (PEGDA), GelMA,

nd other natural polymers, such as silk fibroin. Incorporation of cell

eems to negatively affect printing resolution, dropping from 6 μm when

sing just PEG (Mw 700 Da), down to 17 μm when 3 × 106 cells/mL was

dded [ 81 ]. 

Selective laser sintering (SLS) has been used to fabricate various

caffolds for tissue-engineering applications. SLS is fast, cost-effective,

urable, and capable of producing large complex parts without support

tructures. It offers high accuracy and material versatility, with water-

ight and autoclave-sterilizable parts. This versatile technique allows

he integration of not only structural components, but also functional

anomaterials that enhance the performance of scaffolds in biomed-
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cal applications. For example, the synthesis of a mace-like cellulose

anocrystal@Ag nanosystem via in situ growth demonstrated promis-

ng antibacterial activity when embedded in a poly L-lactide scaffold,

howing the ability of SLS to incorporate antibacterial properties [ 82 ].

dditionally, defect engineering of Fe-MoOv has been shown to syn-

rgistically boost the catalytic activity for antitumor therapy, further

emonstrating the potential of SLS in creating advanced, multifunc-

ional scaffolds for biomedical applications [ 83 ]. However, SLS parts

ave rough surfaces that can be smoothed by finishing. The process also

as a tendency for parts to warp or curl, owing to larger shrinkage rates

 84 ]. 

Moreover, recent advancements in the 3D printing of smart scaffolds

or bone tissue engineering have emphasized the growing capabilities

f SLS. A recent review highlighted how smart scaffolds, designed to

imic the natural bone environment, can significantly enhance bone

egeneration by incorporating bioactive materials and growth factors

 85 ]. In addition, SLS has proven to be an effective tool for fabricat-

ng scaffolds using 2D materials. In a recent study, graphene–CaSiO3 

caffolds were produced using SLS, which reduced the sintering time

o microseconds. These scaffolds exhibited enhanced mechanical prop-

rties, with fracture toughness and compressive strength increasing by

6% and 142%, respectively, at 0.5 wt% graphene [ 86 ]. Similarly, Gao

t al. utilized SLS to incorporate graphene into nano-58S bioactive glass

caffolds, achieving minimal graphene weight loss during sintering and

o alteration in the phase composition. This study reported a 105%

ncrease in compressive strength and a 38% improvement in fracture

oughness with 0.5 wt% graphene. Additionally, these scaffolds demon-

trated good bioactivity, forming a hydroxycarbonate apatite (HCA)

ayer with a Ca/P ratio of 1.69 after 7 days in SBF, and excellent bio-

ompatibility, as evidenced by MG-63 cell colonization and growth [ 87 ].

urthermore, SLS was used to fabricate PVDF/GO scaffolds, where an

lpha-to-beta phase transformation due to hydrogen bond interactions

mproved the electrical performance. The addition of 0.3 wt% GO in-

reased the tensile and compressive strengths by 24.5% and 97.9%, re-

pectively [ 88 ]. These results highlight the versatility and efficacy of

LS in creating graphene-enhanced scaffolds with improved mechanical

roperties and biocompatibility, making them promising candidates for

dvanced tissue-engineering applications. 

On the other hand, selective laser melting (SLM) technology has also

merged as a promising 3D printing process to design and fabricate scaf-

olds, exhibiting significant advancements in tissue engineering appli-

ations. SLM offers benefits such as fast production, high material effi-

iency, and the ability to create complex shapes with minimal postpro-

essing [ 89 ]. However, this is limited by the small number of available

eedstock powders, including only a few titanium alloys, with Ti–6Al–

V being the most commonly used. In a recent study, SLM-fabricated

itanium alloy scaffolds coated with composite graphene showed no-

ably increased surface roughness and enhanced biocompatibility. These

raphene-coated scaffolds supported the growth, proliferation, and ad-

esion of human adipose-derived stem cells (ADSCs) and successfully re-

aired rabbit mandibular defects, demonstrating their potential for clini-

al use in repairing oral and maxillofacial bone defects [ 90 ]. Li et al. fab-

icated a Ti-6Al-4V scaffold with a diamond-like structure and applied

 Ti3 C2 Tx /HAp composite coating. The composite demonstrated supe-

ior corrosion resistance compared with the Ti-6Al-4V substrate and CaP

oatings, benefiting from the reinforcement provided by the nanofiller.

oreover, Ti3 C2 Tx /HAp coatings promote MC3T3-E1 cell proliferation

nd spreading owing to enhanced hydroxyapatite formation, thereby

mproving bone induction and conduction properties [ 91 ]. Moreover,

e- x GO composites were fabricated via SLM by integrating GO into the

rain boundaries and the iron matrix. The addition of 0.8 wt% GO

mparted desirable properties to the composite, including maximum

orrosion resistance, density, hardness, and uniform grains. The SLM-

reated Fe- x GO composites allowed the MG63 cells to maintain their

ormal round and spindle shapes, indicating good cytocompatibility

 92 ]. 
256
. Role of 2D materials in tissue engineering 

.1. Mechanical reinforcement 

The mechanical properties of scaffolds play a pivotal role in tissue

ngineering, underpinning the success of regenerative strategies, and

haping the functional outcomes of engineered tissues [ 93 ]. Central to

his significance is the role of the scaffold as a structural support frame-

ork, akin to the scaffold of a building, which requires mechanical in-

egrity to withstand physiological loads and facilitate the unimpeded

evelopment of regenerating tissue [ 94 ]. Mimicking the intricate me-

hanical milieu of native tissues has prompted the exploration of novel

pproaches for mechanical enhancement. Among these, the integration

f 2D materials has garnered substantial interest owing to its potential

o revolutionize scaffold mechanics. 

2D graphene derivatives have an inherently high aspect ratio com-

ined with remarkable tensile strength and stiffness, making them

romising candidates for mechanical reinforcement [ 95 ]. For instance,

he incorporation of 0.1 and 0.3 wt% of GO increased the ultimate com-

ressive strength of the PVDF scaffold from 4.9 to 8.1 and 9.7 MPa,

espectively ( Fig. 2 (a)) [ 88 ]. This improvement can be attributed to

he inherent properties of GO, which acts as a crack inhibitor, effec-

ively impeding crack propagation. Nonetheless, increasing the GO con-

ent to 0.5 wt% led to agglomeration, consequently leading to a de-

line in the mechanical properties (5.6 MPa). In another report, in-

orporating GO or graphene into electrospun regenerated silk fibroin

RSF) mats improved their Young’s moduli by up to 605% and 590%,

espectively [ 96 ]. The extensive interaction surface between graphene

erivatives and the polymer matrix enhances mechanical interlocking.

onsequently, the load-bearing capacity of the scaffold is improved, as

raphene sheets effectively distribute stress throughout the matrix. 

Furthermore, the incorporation of 0.5 wt% rGO sheets into extru-

ion 3D printed PCL matrix managed to improve strength and stiffness

y 185% and 150%, respectively [ 102 ]. The PCL/rGO 3D printer fil-

ment was fabricated by solvent evaporation casting, which resulted

n a homogeneous distribution of rGO sheets. rGO exhibits enhanced

lectrical and mechanical properties owing to the restoration of some

p2 -hybridized carbon networks, which improves its load-bearing capac-

ty. An increase in the rGO concentration deteriorated the performance,

hich was caused by rGO restacking and aggregation, as confirmed by

AXS. Another report on polylactic acid and GO indicated a 30% in-

rease in Young’s modulus at 0.3 wt% GO incorporation [ 103 ]. 

In contrast, TMDs, such as MoS2 and WS2 have shown promising

esults in enhancing the mechanical properties of scaffolds. MoS2 pos-

esses the notable characteristics of an elevated Young’s modulus and

lasticity, making it an optimal strengthening agent in nanocomposites,

here polymers constitute the matrix [ 104 ]. The elongated aspect ratio

f exfoliated MoS2 , which increases its surface area and allows more

ffective interaction with polymer chains, significantly enhances stress

ransfer. Deliormanli et al. reported that the even dispersion of MoS2 

anoparticles within matrices of PCL and PLGA, coupled with the trans-

ission of stress between MoS2 nanoparticles and the polymer phases,

ontributed to the amplified compressive strength of bioactive glass-

ased composites coated with PCL and PLGA [ 99 ]. However, the ag-

regation of MoS2 at higher concentrations, owing to its layer number

nd strong van der Waals forces between sheets, can reduce the effi-

iency of load transfer, making the maintenance of nanosheet disper-

ion and controlling the aspect ratio critical factors. Yadav et al. utilized

oS2 nanosheets (MoS2 NSs) to reinforce a HAP-based nanocomposite

caffold. It is noting that increasing the MoS2 nanosheets up to 4 wt%

nhances the load-bearing capacity of scaffold from 258.2 to 454.36

Pa [ 105 ]. A similar report also showed a significant enhancement in

ield strength, ultimate strength, fracture modulation, and Young’s mod-

lus after the addition of MoS2 to silk fibroin nanofiber-based scaffolds

 106 ]. This improvement is beneficial for cardiac tissue scaffolds, as

he mechanical properties play a pivotal role in heart pumping [ 107 ].
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Fig. 2. (a) The compressive performance of PVDF/GO. Reproduced with per- 

mission from Ref. [ 88 ]. Copyright 2020, Elsevier (b) Rheological characteri- 

zation of MXene nanocomposite ink. Reproduced with permission from Ref. 

[ 97 ]. Copyright 2020, Royal Society of Chemistry. (c) Dependency of the sur- 

face roughness of Ti substrates coated with Graphene and with a nanofibrous 

PCL scaffold containing CHAP on the variation of the Graphene deposition 

time. Reproduced with permission from Ref. [ 98 ]. Copyright 2020, American 

Chemical of Society. (d) SEM micrographs of the 2 wt% MoS2 -containing PCL- 

coated and PLGA-coated bioactive glass scaffolds after immersion in SBF for 30 

days. Reproduced with permission from Ref. [ 99 ]. Copyright 2023, Elsevier. (e) 

Proliferation of MC3T3-E1 preosteoblasts incubated for 7 days in vitro (DIV) 

and Cell morphology of MC3T3-E1 preosteoblasts cultured on uncoated and 

BPND-coated substrates. Reproduced with permission from Ref. [ 100 ]. Copy- 

right 2021, Elsevier. (f) Schematic illustration of mechanical stimulation on 

piezoelectric scaffold in vivo. Reproduced with permission from Ref. [ 46 ]. Copy- 

right 2021, Elsevier. (g) Representative field-emission scanning electron mi- 

croscopy images of NSCs cultured on TCPS and Ti3 C2 Tx MXene film. Reproduced 

with permission from Ref. [ 101 ]. Copyright 2022, Elsevier. 
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S2 has also been used as a scaffold reinforcement. Ensoylu et al. re-

orted a substantial increase in scaffold compression strength (201% for

CL-coated and 178% for PCL/PLGA-coated scaffolds) after incorporat-

ng WS2 [ 108 ]. The enhancement of the mechanical characteristics was

ttributed to the presence of specific functional moieties, such as sul-

de and oxysulfide, along with the effective dispersion of WS2 within

he polymer matrix [ 109 ]. Chen et al. confirmed a significant increase

n the compressive strength of PCL/calcium silicate (CS) scaffolds after

S incorporation, highlighting their potential to enhance mechanical
2 

257
roperties and maintain biocompatibility [ 28 ]. The initial PCL/CS scaf-

old had a Young’s modulus of 32 MPa, whereas the composite showed

ubstantial advancement to a nearly 450% gain. The strengthening can

e attributed to the exfoliated sheet properties, which highlight excep-

ional dispersion in the biocompatible matrix [ 28 ]. In comparison, MoS2 

nd WS2 offer distinct advantages for scaffold reinforcement. MoS2 en-

ances mechanical strength and elasticity, albeit with challenges re-

ated to particle aggregation at higher concentrations. In contrast, WS2 

emonstrated significant improvements in compression strength and

aintained effective dispersion within the polymer matrices, contribut-

ng to its suitability for biocompatible scaffold applications. 

MXenes, which are known for their remarkable mechanical strength,

re promising for scaffold integration and enhanced load-bearing abil-

ty. This fortification supports scaffold durability against implantation

nd tissue maturation stresses [ 110 ]. For example, the incorporation of

Xene led to proportional increases in Young’s modulus and hardness,

nhancing elasticity and stiffness of biohybrid films (collagen type I-

ased) for cardiac scaffold. This addresses the inherent mechanical lim-

tations of native biological polymers [ 111 ]. Furthermore, the tensile

nd compressive strengths of PCL-based scaffolds fabricated using FDM

ere significantly enhanced with the strategic incorporation of Ti2 AlN

articles, a type of MXene [ 112 ]. Optimal outcomes were achieved with

he introduction of 5 wt% Ti2 AlN, yielding the highest tensile and com-

ressive strengths (1.21 and 1.14 times that of pure PCL, respectively).

his enhancement can be attributed to the high aspect ratio and 2D lay-

red structure of Ti2 AlN, which facilitates stress transfer across the ma-

rix by forming robust interfacial interactions with the polymer chains.

evertheless, exceeding the 5 wt% Ti2 AlN threshold resulted in a de-

line in both the tensile and compressive strengths. This reduction can

e attributed to the aggregation of Ti2 AlN particles, a phenomenon cor-

oborated by the SEM observations. Aggregation prevents the effective

tress transfer typically observed at lower concentrations, highlighting

he importance of maintaining an optimal dispersion of MXene particles

o fully enhance their mechanical reinforcement capabilities. 

Other 2D materials, including GCN and BP, have also demonstrated

otential for enhancing the mechanical properties of scaffolds. Awasthi

t al. reported that the introduction of g-C3 N4 nanosheets into a PCL

caffold resulted in an increased Young’s modulus [ 113 ]. Moreover, the

ensile strength of the PCL/g-C3 N4 composite scaffold was significantly

igher than that of the pristine PCL scaffold. This enhancement was also

vident in the stress breakpoint, which experienced a notable increase in

he composite scaffolds compared with the pristine PCL scaffold. Mean-

hile, the introduction of BP into gelatin scaffolds resulted in a nearly

50% increase in Young’s modulus from the baseline [ 114 ]. This im-

rovement underscores the ability of BP to enhance the mechanical re-

ilience of composite scaffolds. Notably, the mechanical characteristics

f these scaffolds aligned with the 1.8–7.0 kPa range, akin to the me-

hanical properties of native adipose tissue (2–4 kPa) [ 115 ]. 

.2. Rheology modifier 

Rheological modifiers are substances that are added to materials to

ontrol their flow and deformation properties. In the context of tissue

ngineering, these modifiers play a crucial role in shaping the charac-

eristics of scaffolds – the three-dimensional frameworks that support

he growth of cells and tissues. 

2D materials have emerged as crucial players and play a pivotal

ole as rheological modifiers. These materials consist of atomically thin

heets and exhibit excellent mechanical, electrical, and thermal proper-

ies. When integrated into scaffold formulations, 2D materials can finely

une the rheological behavior of the scaffold material. This implies that

hey can influence the material flow, spread, and response to mechan-

cal forces during fabrication [ 116 ]. Their unique characteristics make

hem invaluable for tailoring the rheological behavior of scaffold ink

ormulations, thereby enhancing the precision of 3D printing for scaf-

old production. The advent of 3D printing has revolutionized scaffold
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abrication, enabling the creation of intricate structures with unprece-

ented control and accuracy. However, the success of 3D printing relies

eavily on the rheological properties of the ink such as its flow behav-

or and viscosity [ 117 ]. This is where the 2D materials are deposited.

y incorporating carefully selected 2D materials into scaffold ink for-

ulations, researchers can finely tune ink rheology to ensure optimal

rintability and structural integrity. 

Graphene, a prominent 2D material, exemplifies this role in scaffold

abrication. Its exceptional mechanical strength and electrical conduc-

ivity make it an ideal candidate for enhancing the rheological proper-

ies of scaffold inks. When dispersed in the ink, graphene sheets not only

mprove its viscosity and shear-thinning behavior but also contribute

o the scaffold overall mechanical stability and conductivity [ 118 ].

eanwhile, GO, an atomic sheet abundant in functional groups (hy-

roxyl, epoxide, carbonyl), can also crucially enhances rheological prop-

rties. Increased GO concentration led to thinner structures in alginate-

ased scaffolds, due to interactions between GO’s (–OH, –COOH) groups

nd calcium alginate’s (–OH) groups. Abundant hydrogen bonding be-

ween GO and alginate markedly improved composite hydrogel rheol-

gy [ 119 ]. Similar report on PLGA and PEGDA bioinks demonstrated

hat 5% GO-PU bioinks exhibited enhanced shear thinning [ 120 ]. This

mproved printability, especially in extrusion printing. Notably, the rhe-

logical properties support complex printing, like gradient printing scaf-

olds, potentially enhancing mechanical properties [ 121 ]. 

Moreover, other 2D materials, such as MXene and BP, offer diverse

pportunities for scaffold enhancement. For instance, hydrogel bioinks

ontaining MXenes exhibit strong rheological properties, enabling the

reation of detailed 3D structures with shape preservation. The inks dis-

layed solid-like behavior at low shear stress ( G ’ > G ’’), transitioning

o liquid-like behavior past the yield stress and facilitating a controlled

ow through the nozzle, as shown in Fig. 2 (b) [ 97 ]. Conversely, the in-

orporation of BP induced a nonlinear rheological behavior in the com-

osite hydrogel scaffolds. As the amount of BP increased, both the stor-

ge modulus ( G ′ ) and loss modulus ( G ″ ) also rose accordingly. Through-

ut the entire frequency range, G ′ surpassed G ″ by roughly one order of

agnitude, underscoring the robust stability of the three-dimensional

etwork within the gel system [ 122 ]. 

In summary, 2D materials function as rheological modifiers in tissue

ngineering scaffolds by influencing the flow and deformation charac-

eristics of the scaffold materials. Their ability to fine-tune the viscos-

ty, shear-thinning behavior, and mechanical properties is invaluable for

recise scaffold fabrication and effective tissue regeneration strategies.

he intersection of materials science and tissue engineering holds great

romise for the creation of scaffolds that closely mimic native tissue

icroenvironments and promote successful tissue development. 

.3. Surface modification 

Surface properties play a vital role in shaping the behavior of cells

n scaffolds, particularly in tissue engineering. The integration of 2D

aterials presents a promising avenue for improving scaffold surfaces,

llowing precise adjustments of traits such as hydrophilicity, roughness,

nd conductivity [ 123 ]. Consequently, these adjustments play key roles

n influencing cell interactions and directing tissue growth, thereby af-

ecting adhesion and growth dynamics. Harnessing the distinctive prop-

rties of 2D materials enables the development of scaffold surfaces that

losely resemble natural tissues and facilitate the formation of fully func-

ional tissues owing to strong cell attachment. 

Graphene and its derivatives are prominent candidates for this pur-

ose. Graphene, composed of a single layer of carbon atoms, offers ex-

eptional mechanical strength and a large surface area. When integrated

nto scaffold surfaces, graphene enhances cellular adhesion, prolifera-

ion, and differentiation, thereby influencing tissue regeneration out-

omes [ 124 ]. Fathi et al. used graphene to alter hydroxyapatite-coated

i implant surfaces. The surface roughness correlated significantly with

he graphene deposition time and progressively increased with graphene
258
esolayer thickness, as shown in Fig. 2 (c). Increased surface roughness

lays a crucial role in enhancing cell adhesion, as it provides a larger

urface area and more surface features for cell attachment. This modifi-

ation influences polymeric nanofiber orientation and interlinking, pro-

oting a conducive environment for cell interaction. Human fibroblasts

dhered, spread, and proliferated effectively on all graphene-coated sub-

trates. The presence of graphene not only enhances the physical to-

ography of the surface, but also improves biochemical interactions.

raphene promotes focal adhesion by providing an ideal surface for in-

egrin binding, leading to enhanced activation of cell signaling path-

ays that facilitate cell proliferation and differentiation. Additionally,

he graphene coating improved Ti passivation in SBF [ 98 ]. Similarly,

ang et al. demonstrated that the presence of graphene in a scaffold

oosted protein adsorption, which was attributed to its unique struc-

ure [ 125 ]. Graphene-infused PCL scaffolds outperformed pure PCL in

erms of protein adhesion because of their larger graphene surface area

nd filament texture modifications. MC3T3 osteoblast tests validated

he cell-friendly nature of the PCL/graphene. Higher graphene levels

orrelate with increased cell proliferation driven by the surface area,

lastic modulus, and stiffness of graphene [ 126 ]. The increased surface

rea of graphene not only enhances protein adhesion but also facili-

ates improved cell signaling pathways associated with growth factors.

his results in a more favorable microenvironment for osteoblast growth

nd differentiation, leading to better integration of the scaffold with the

one tissue. However, graphene oxide (GO), a derivative of graphene,

ossesses hydrophilic functional groups that facilitate interactions with

iomolecules, making it valuable for delivery and controlled release of

ioactive molecules within the scaffold microenvironment [ 127 ]. More-

ver, the addition of GO increases PLLA-based scaffold degradation ow-

ng to enhanced hydrophilicity [ 128 ]. GO improved the surface wetta-

ility and formed more interfaces with the PLLA scaffold, aiding solu-

ion exchange. This architectural arrangement facilitates better aqueous

edium influx and promotes cell and matrix coverage. After seven days,

ells on PLLA/GO@PLLA appeared more mature, indicating improved

dhesion and spreading [ 129 ]. Another report by Su et al. indicated an

pward shift of the N 1s peak on the Ti-GO scaffold compared to the Ti-

DA scaffold, implying the formation of covalent N–O bonds between

he amine groups of dopamine and functional moieties of GO [ 130 ].

MSC viability on GO coatings over Ti-PDA and pure titanium within 5

ays indicated an enhanced cell proliferation potential. GO-coated sur-

aces expedite cell adhesion and spreading, likely facilitated by the π–π
ond’s ability to adsorb fibrinogen and vitronectin, forming a transient

atrix layer that aids initial cell adhesion and colonization [ 131 ]. 

Molybdenum disulfide (MoS2 ), which has a layered structure and

unable surface properties, is an alternative material for surface modifi-

ation in tissue engineering scaffolds. MoS2 ’s ability to undergo func-

ionalization allows for tailored surface chemistry, which can modu-

ate cell-surface interactions and improve biocompatibility [ 132 ]. For

nstance, the incorporation of MoS2 onto bioactive glass scaffold sur-

aces can expedite hydroxyapatite (HA) formation on scaffold surfaces

 Fig. 2 (d)). The heightened bioactivity of MoS2 -infused glass-based com-

osites can be attributed to increased surface roughness, leading to a

reater number of precipitation sites on the scaffolds [ 99 ]. This in-

reased surface roughness enhanced the nucleation of HA by providing

 larger surface area and structural features that facilitated the adsorp-

ion of calcium and phosphate ions from the surrounding environment.

oS2 nanoparticles not only create microstructural irregularities but

lso interact with the bioactive glass matrix, leading to the formation of

eactive functional groups on the surface. Another report suggested that

ombining MoS2 coatings with HA could enhance the hydrophilicity of

EEK implants, which boosts bone bonding [ 133 ]. PEEK scaffolds mod-

fied with these coatings demonstrated improved osteoinductivity and

herapeutic potential for bone-defect-related concerns, demonstrating

he effectiveness of MoS2 in scaffold surface modification. Taheri et al.

emonstrated the integration of a conductively coated cotton thread

ith 2D MoS2 , which exhibited flexibility, wettability, electrical con-
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l  
uctivity, and biocompatibility with neural cells. Notably, the perme-

bility of the MoS2 -thread aids fluid transport within the scaffold, which

s essential for nutrient exchange and waste removal in tissue engineer-

ng applications. This permeability is influenced by the porous structure

reated by the integration of MoS2 with the cotton thread, which allows

or the effective diffusion of biological fluids while maintaining mechan-

cal integrity. Biocompatibility tests confirmed its safety for PC12 and

G108–15 cells, highlighting the potential of MoS2 in scaffold surface

odification for improved neural tissue applications. 

Other 2D materials, such as boron nitride, which are characterized by

xcellent thermal stability and electrical insulation, offer unique oppor-

unities for surface modification. By functionalizing the surface of tissue-

ngineered scaffolds with boron nitride, the thermal conductivity can be

egulated to match specific tissue requirements. This property is partic-

larly valuable in scenarios where temperature regulation is crucial for

romoting favorable cellular responses. Yuan et al. developed a unique

oating technique by combining hydroxyapatite and black phosphorus

anosheets (BPNs) on metallic implants to target bone infections [ 134 ].

his composite demonstrated efficient photothermal conversion, reach-

ng 60 °C under 1 W/cm2 NIR light, with added anti-biofilm properties.

his remarkable heating capability is primarily due to BPNs’ high ab-

orption coefficient of the BPNs in the NIR region, which allows them to

ffectively absorb NIR light and convert it into thermal energy. Addition-

lly, their layered structure provides a large surface area that enhances

ight-matter interactions, maximizes energy absorption, and facilitates

fficient photothermal conversion. The collaboration between BP and

ydroxyapatite further enhanced the healing of infected fractures. This

nnovative approach holds promise for advancing bone infection treat-

ents and biomaterial development. Similar findings were reported by

eon et al., who investigated the effect of BP-coated microenvironments

n osteogenic cells. Their approach involved the application of BP coat-

ngs on glass substrates to generate supportive matrices that bolstered

steogenic cell survival, growth, and gene expression ( Fig. 2 (e)). The

pplication of BP coatings to inert surfaces augments material biocom-

atibility and osteogenic potential [ 100 ]. This enhanced cell adhesion

an be attributed to the unique surface chemistry and topography of BP.

he nanosheets promote the formation of a hydrophilic surface, which

ncreases wettability and facilitates protein adsorption. Moreover, the

resence of functional groups on the BP surface can further enhance cell-

urface interactions, promoting integrin binding and signaling pathways

hat lead to increased osteogenic differentiation. 

In summary, 2D materials play a vital role in surface modification

f scaffolds in tissue engineering. Their unique properties enable the

reation of scaffold surfaces with enhanced bioactivity, improved cel-

ular interactions, and controlled release capabilities. By harnessing the

otential of 2D materials, researchers can design scaffolds that closely

imic the native tissue microenvironment, ultimately advancing the

elds of regenerative medicine and tissue engineering. 

.4. Functionalization 

Functionalization of tissue-engineered scaffolds is a pivotal strategy

or enhancing their performance and tailoring their properties to meet

pecific biological and therapeutic requirements. Two-dimensional (2D)

aterials have emerged as versatile tools for functionalizing scaffolds,

ffering a range of functionalities that contribute to advanced tissue

ngineering applications. 

A significant role of 2D materials in scaffold functionalization is their

apacity to facilitate the controlled and localized delivery of bioactive

olecules. These materials can serve as carriers of growth factors, drugs,

nd signaling molecules. Controlled release profiles can be achieved by

oading these compounds onto 2D material-modified scaffolds. This tar-

eted delivery approach ensures that the cells receive the necessary cues

or growth and differentiation over time. This precise control of molec-

lar release is instrumental in guiding tissue regeneration and optimiz-

ng therapeutic outcomes. Heidari et al. observed that PCL/gelatin/drug
259
anofibers used for nerve tissue engineering released nearly 55% of TCH

ithin 4 h, stabilizing at 64% after 72 h [ 135 ]. However, the graphene-

ntegrated PCL/gelatin/drug nanofibers displayed a reduced initial burst

elease (29% over 4 h) and a gradual release to 44% within 72 h, in-

icating controlled release. Graphene’s incorporation enhanced scaffold

ydrophilicity, minimizing initial burst release, facilitated uniform drug

ispersion through its affinity with TCH, and enabled π–π stacking, pro-

oting higher drug loading and controlled, sustained release, highlight-

ng its potential to improve targeted drug delivery in nanofiber-based

ystems [ 136 ]. Graphene derivatives such as GO have substantial sur-

ace areas, demonstrating impressive adsorption abilities. Even a small

uantity (a few micrograms) effectively captured transforming growth

actor-beta 3 (TGF- 𝛽3) with 99% efficiency. This adsorption onto GO

emained robust, with a minimal release of 0.35% over 72 h. Addition-

lly, the adsorbed TGF- 𝛽3 retains a similar conformation to its free state,

ndicating enhanced stability. 

Additionally, 2D materials contribute to the creation of smart func-

ionalities in tissue-engineered scaffolds. Their inherent properties, such

s electrical conductivity, responsiveness to external stimuli, and sur-

ace interactions, have enabled the development of intelligent scaf-

olds. These materials can be integrated into scaffolds to provide elec-

rical cues that mimic natural signaling pathways and guide cell be-

avior and tissue development. For instance, graphene incorporation

nto 3D printed PCL scaffold for bone tissue engineering can increase

he formation of connective tissue after electrical stimulation (ES). The

CL/G + ES group exhibited a higher rate of new bone formation (7.1%).

y day 60, PCL/G + ES (41.2%) showed greater new tissue formation

han natural bone regeneration (NBR) (17.6%). In addition, PCL/G + ES

41.2% cumulative tissue formation) surpassed NBR + ES (26%) and PCL

26%) in terms of cumulative tissue volume. This can be attributed to

he expansive surface area of the graphene nanosheets and their impact

n the scaffold filament surface morphology augmented by the electri-

al properties of graphene, which collectively contribute to enhanced

rotein bonding. 

Other 2D materials such as boron nitride (BN) and MXene have also

hown interesting results for electrical stimulation. BN is a 2D piezo-

lectric ceramic with potential applications as a biofriendly material for

epairing electroactive tissues. In a study conducted by Qian et al., the

ddition of BN nanosheets to a PCL scaffold resulted in strong piezo-

lectric properties owing to the incorporation of BN nanosheet crystals

 46 ]. This property is essential for generating electric charges through

echanical stress, thus supporting neuronal activity ( Fig. 2 (f)). Schwann

ells within this scaffold showed a 2.8-fold increase in VEGF expression,

hich was attributed to the combined effects of electrical stimulation

nd immune modulation. 

These findings suggested that the BNNS-functionalized scaffold initi-

ted piezoelectric effects that influenced cell attachment, proliferation,

nd nutritional processes. Guo et al. revealed that neural stem cells

NSCs) cultured on a Ti3 C2 Tx MXene film with electrical stimulation (ES)

isplayed steady cell adhesion, extensive spreading, and abundant ter-

inal extensions in their processes ( Fig. 2 (g)) [ 101 ]. The EdU assay indi-

ated a higher number of EdU-positive cells (approximately 40%) on the

i3 C2 Tx MXene film with ES than on the Ti3 C2 Tx MXene film without ES

approximately 18%). Collectively, these findings suggest that the com-

ination of MXenes with ES facilitates the upregulation of proliferation-

elated genes. This, in turn, facilitates the entry of NSCs into the S phase,

onsequently promoting NSC proliferation. 

The responsiveness of 2D materials to changes in environmental con-

itions can facilitate the development of stimuli-responsive scaffolds

hat can adapt their properties to specific cues, further enhancing their

herapeutic potential. Owing to their superior biocompatibility com-

ared to other graphene forms, graphene-based materials, with a fo-

us on GO, have found extensive utility in stimuli-responsive applica-

ions [ 140 ]. To promote wound healing, Weng et al. devised a com-

osite called PDA-rGO-ZnO (PrZ), with dual responsiveness to yellow

ight and electrical stimulation [ 141 ]. This innovation involves merg-
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ng reduced GO and ZnO, which increases the conductivity of the ma-

erial. Electrical stimulation of PrZ resulted in swift sterilization, pro-

oked anti-inflammatory responses, encouraged cell proliferation, pro-

oted collagen synthesis, and facilitated the emergence of fresh blood

essels at the wound site. Interestingly, yellow light irradiation resulted

n an even more pronounced antibacterial effect. Li et al. employed a

istinct approach to fabricate hybrid nanosheets (SCN-Zn2 + @GO) with

ight-responsive characteristics [ 142 ]. This was achieved through the fu-

ion of Zn2 + -doped sheet-like g-C3 N4 and GO, a combination achieved

y capitalizing on electrostatic bonding and π–π stacking interactions.

hen employed in wound contexts, the composite nanosheets were ex-

osed to light at wavelengths of 660 and 808 nm. The outcome was

wofold: injured cells were treated and the bacterial populations were

uenched. MXenes, a class of two-dimensional materials, stand out for

heir capacity to effectively convert near-infrared (NIR) light into heat.

ang et al. leveraged this trait to create a versatile platform that loads

arious protein drugs and activates specific cell signaling pathways

o enhance skin wound healing and tumor treatment [ 143 ]. The MX-

ne@hydrogel/protein system offers precise "on/off" drug release con-

rol and adjustable release rates. Unlike conventional indicators (pH

nd enzymes), it relies on controllable NIR light and retains its efficacy

espite patient variations. With NIR deep tissue penetration, the MX-

ne@hydrogel/protein approach addressed surface wounds and deep

issue tumors, outperforming UV light-responsive hydrogels. 

In conclusion, 2D materials play a multifaceted role in the func-

ionalization of tissue-engineered scaffolds. Their ability to facilitate

ontrolled molecule delivery, enable smart functionalities, and enhance

caffold crosslinking underscores their potential to transform the scaf-

old performance for tissue regeneration. As researchers continue to ex-

lore the diverse applications of 2D materials in scaffold functionaliza-

ion, the field of tissue engineering is expected to develop more sophis-

icated and effective strategies for promoting tissue growth and regen-

rative therapies. 

. Applications 

.1. Bone 

Bone defects may arise as a result of trauma (e.g., traffic accidents

nd war injuries) or medical conditions that affect bones (e.g., osteosar-

oma and osteoporosis). Defects from trauma often cause sudden and

arge structural damage to specific bones, whereas the latter is more

radual in time and progressively worsens, sometimes spreading to

ther bones or other organs [ 1 ]. In both cases, bone dysfunction leads

o a severe decrease in the patient’s quality of life, often rendering them

nable to perform basic activities involving movements of specific body

arts. Although bone tissue possesses some degree of natural regenera-

ive capability, major defects that exceed a certain size threshold (typ-

cally > 2 cm) require external assistance for recovery [ 144 ]. The cur-

ent gold standard is the use of autografts or allogeneic bone grafts,

lthough problems of limited availability and possible complications

uch as donor site morbidity or disease transmission have been reported

 145 ]. The development of artificial bone scaffolds is necessary, as mil-

ions of bone-related surgeries are performed annually worldwide [ 146 ].

Unlike most organs in the human body, bones consist of a combina-

ion of organic (mainly collagen type I) and inorganic (mainly calcium

hosphate) phases in an extracellular matrix (ECM) [ 1 ]. As shown in

ig. 3 (a), this ECM is arranged in a hierarchical structure such that the

rosslinked collagen fibrils are arranged into fibers, which are further ar-

anged into sheets [ 137 ], with the inorganic phase situated both within

nd between the collagen fibrils [ 147 ]. The presence of inorganic min-

rals causes bone to possess a high elastic modulus and strength, while

rganic collagen fibers provide attachment media for cells and ions nec-

ssary for osteogenesis, while also providing high impact toughness to

he bone. An ideal bone scaffold should possess mechanical properties

imilar to those of natural bone and show good biocompatibility and
260
ioactivity. However, the typical elasticity modulus of metallic scaffolds

s much higher than natural bone, which is prone to cause “stress shield-

ng ” effect. Ceramic scaffolds are fragile and brittle, whereas polymer

caffolds are as elastic and weak as bone scaffolds. Furthermore, the

CM fibrillar arrangement creates anisotropic properties in the bone

nd affects the direction of bone tissue growth, adding additional chal-

enges for typical isotropic engineering materials in replicating natural

one properties. Clinical trials have highlighted issues with scaffold re-

orption rates and the potential for nonunion of bone fractures when us-

ng nonbiodegradable materials. Additionally, the regulatory pathways

or orthopedic implants require extensive mechanical testing and long-

erm biocompatibility studies, which can delay their clinical application

 148 ]. 

In dentistry, the use of 3D printing in bone tissue engineering

s the most clinically practiced and successful technique relative to

ther tissues [ 149 ]. 3D printing allows for the efficient creation of

nterconnected pores with regular sizes and distributions along the

caffold, which is difficult to achieve using traditional manufacturing

ethods. As seen in Fig. 3 (b) and (c). A shift of 60° for each subse-

uent layer (0/60/120 lay-down pattern) results in an interconnected

ore structure, which enhances cell viability and mechanical properties

 102 , 150 ]. Presence of such pores with ∼300 μm diameter is known to

romote bone cell adhesion/proliferation and vascularization, as well as

acilitate nutrient diffusion [ 151 ]. The 3D printing of 0D nanomaterials

in the form of fillers) offers benefits such as antimicrobial properties

 152 ], sustained drug/biomolecule release, and electroactivity [ 153 ].

hile 3D printing with 2D materials is still comparatively rare, existing

eports show excellent promise, particularly for enhancing osteogenic

apability and assisting cell differentiation [ 154 , 155 ]. For instance, Se-

eznev and Prinz demonstrated simultaneous 2D nanostructuring on 3D

rinted scaffold that was able to create grooves and canals on the order

f several micrometers, which is thought to assist in cell proliferation

 156 ]. Anisotropy in graphene/PMMA nanocomposites fabricated with

LA has also been reported, owing to the presence of aligned graphene

latelets, although the alignment appears to be relatively weak (10–30%

nisotropy, approximately 100 × lower than the maximum anisotropy

ossible) [ 157 ]. As with other sections of this review, this section focuses

n highlighting studies involving the incorporation of 2D materials into

D printed scaffold for bone scaffolds. 

Graphene and rGO display electrical conductivities that can be

sed to mimic the piezoelectricity of natural bones. By incorporating

GO into the hydroxyapatite hydrogel, a conductivity of approximately

.7 × 10− 3 S cm–1 could be obtained [ 158 ], which matches the cortical

one conductivity of 1.6–2.0 × 10− 3 S cm–1 [ 159 ]. Such conductivity

s also beneficial for assisting bone therapy using electrical stimulation.

olycaprolactone/graphene (PCL/G) scaffold fabricated with FDM 3D

rinting can facilitate cell migration and new tissue formation when mi-

ro electrical stimulation of 10 μA was used [ 125 ]. A subsequent study

emonstrated the quantitative in vivo efficacy of this scaffold in a rat

odel using gene expression, protein expression, and histological tissue

uantification. They reported that the PCL/G scaffold that was simu-

ated with an electric signal (PCL/G + ES) expressed 1.5 times higher

MP-2 and 5 times higher BMP-7 compared to PCL and PCL + ES [ 160 ].

n addition, PCL/G + ES shows almost 20 blood vessels / 8.5 × 105 

m2 area in 30 days and started the osteogenesis process. After 60 days,

CL/G + ES expressed the highest amount (20%) of mineralized tis-

ue, which then started to decrease, indicating a starting point for the

one modeling phase. Together, they concluded that PCL/G + ES facili-

ated rapid angiogenesis and the formation of more organized new bone

issue. 

Functional scaffolds can also be fabricated by incorporating 2D ma-

erials into the scaffold. For instance, the loading of drugs/bioactive

olecules is often explored due to a 2D material’s large surface area and

he presence of surface groups available for small molecule attachment.

onversely, the large surface area and the presence of surface groups

an also be used as sites for endogenous guest molecule attachment,
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Fig. 3. (a) Hierarchical structure of collagen protein materials. Reproduced with permission from Ref. [ 137 ]. Copyright 2011, American Chemical Society. (b) SEM 

images of the 3D printed PCL/rGO scaffolds. Reproduced with permission from Ref. [ 102 ]. Copyright 2020, Nature. (c) The compressive moduli and compressive 

strength of the 3D printed PCL/rGO scaffolds. Reproduced with permission from Ref. [ 102 ]. Copyright 2020, Nature. (d) Silver release from porous titanium implants 

after 28 days in PBS. Reproduced with permission from Ref. [ 138 ]. Copyright 2022, Multidisciplinary Digital Publishing Institute. (e) Inhibition zone images of porous 

titanium implants with reduced graphene oxide and silver nanoparticles against MRSA after 1 day. Reproduced with permission from Ref. [ 138 ]. Copyright 2022, 

Multidisciplinary Digital Publishing Institute. (f) Time-dependent tumor-growth curves of the mice after different treatments. Reproduced with permission from Ref. 

[ 139 ]. Copyright 2018, Wiley. (g) Quantitative analysis of P, O, and Ca elements on days 0 and 4. Reproduced with permission from Ref. [ 139 ]. Copyright 2018, 

Wiley. (h) TEM images of BP nanosheets dispersed in SBF. Reproduced with permission from Ref. [ 139 ]. Copyright 2018, Wiley. 
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hus promoting bioactivity without the need for external growth fac-

ors. The addition of GO nanosheets to gelatin methacrylate improved

he scaffold’s cell viability and osteogenic properties, as GO facilitated

he production and attachment of endogenous BMP, enabling enhanced

steogenesis without the need for exogenous introduction of growth fac-

ors, as shown by an in vivo study of a mouse subcutaneous implan-

ation model [ 169 ]. Although there are conflicting reports [ 170 ], de-

ending on the flake size and species of bacteria involved, this ease of

dhesion can also facilitate bacterial growth, which is a major problem

hat can cause complications and early failure of the implant after bone

urgery [ 171 ]. This negative effect can be mitigated by introducing an-

imicrobial agents that adhere to the graphene surface. For example,

ancomycin drug was able to be released in a sustained way owing to

he π–π interaction with graphene [ 172 ]. In another report, the adhesion

f silver nanoparticles to rGO in SLM 3D printed titanium implant was

hown to be effective in killing antibiotic-resistant bacteria ( Fig. 3 (d)

nd (e)) [ 138 ]. Importantly, in these studies, bone cell viability was not

ignificantly affected. 
261
Although uncommon, studies utilizing nongraphene 2D materials

ave been reported. Black phosphorus (BP) is an interesting bone scaf-

old because it is biodegradable under physiological conditions, pro-

ucing phosphate ions, which are a necessary component in bone de-

elopment [ 173 ]. This, along BP’s excellent photothermal performance

f BP, was exploited by Yang et al. to create a 2D BP-reinforced 3D

rinted scaffold for the localized treatment of osteosarcoma ( Figs. 3 (f)–

h)) [ 139 ]. The combination of GO to enhance initial cell adhesion us-

ng its well-known protein adsorption ability and BP to enhance long-

erm osteogenesis using its slow phosphate release and structural com-

lexity was demonstrated by Liu et al. on a 3D printed polypropylene

umarate scaffold [ 174 ]. The slow release of phosphate ions from BP

s thought to promote the formation of stretched cell shapes and fila-

ents, along with enhanced cell proliferation and biomineralization in

imulated body fluid. However, several challenges must be addressed

o achieve a wider adoption. The inherent instability and potential ox-

dation of BP in physiological environments raise concerns regarding

ong-term scaffold stability and functionality. Ensuring BP biocompat-
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bility over extended periods and achieving uniform dispersion within

caffolds without compromising the mechanical integrity are critical for

ptimizing scaffold performance. Moreover, navigating the regulatory

pproval processes for novel biomedical materials, such as BP, requires

omprehensive safety and efficacy assessments. 

MXenes are another emerging 2D material used in bone tissue en-

ineering. The rise of metal carbides or nitrides with structures similar

o graphene has all the advantages of graphene (high specific surface

rea, biocompatibility, mechanical strength, and conductivity), with the

dded benefits of tunable size, thickness, and properties by changing its

omponents [ 175 ]. Ti3 C2 MXenes exhibit high photothermal conver-

ion and can be used as a bone scaffold for osteosarcoma therapy by in-

ucing bone tumor ablation using near-infrared-triggered photothermal

yperthermia. When combined with 3D printed bioactive glass scaffold

TBGS), the scaffold was simultaneously able to achieve both bone tu-

or killing and bone tissue regeneration [ 43 ]. Quantitative in vivo stud-

es on Sprague–Dawley rats with critical cranial defects showed that the

one volume/tissue volume (BV/TV) and bone mineral density (BMD)

f TBGS were 51% and 18% higher than those of the bioactive glass scaf-

old (BGS), respectively, whereas the porosity (TOT) of TBGS was 32%

ower than that of BGS. In a similar study, Nb2 C was wrapped with S-

itrosothiol-grafted mesoporous silica [ 176 ]. The release of nitric oxide

rom nitrosothiol, along with photothermal hyperthermia from MXene,

nabled tumor ablation, with mesopores from the 3D printed scaffold fa-

ilitating nitric oxide diffusion from the scaffold. However, challenges

uch as optimizing MXene dispersion within scaffolds and controlling its

egradation kinetics under physiological conditions must be addressed

or reliable clinical applications. 

In summary, each 2D material offers unique advantages and chal-

enges in bone-tissue engineering. Graphene and rGO exhibit electrical

onductivity and mechanical reinforcement; GO enhances bioactivity

hrough drug loading and endogenous growth factor stimulation; BP

rovides biodegradability and essential ion release; and MXene com-

ines versatile properties for therapeutic and regenerative applications.

nderstanding these material-specific benefits and limitations allows

ailored approaches to design advanced scaffolds for bone tissue en-

ineering to address critical needs in biomedical research and clinical

pplications. 

.2. Skin and wound healing 

For skin regeneration, scaffolds must not only provide structural sup-

ort, but also facilitate the integration of various cell types, including

eratinocytes and fibroblasts. An inflammatory response to foreign ma-

erials can hinder healing, making the biocompatibility of biomateri-

ls a critical concern. Furthermore, regulatory approval processes for

kin grafts involve assessing both the safety and efficacy of materials in

romoting wound healing, which can be complicated by variability in

ound type and patient response [ 177 ]. Therefore, 2D materials have

merged as potential candidates for wound healing applications such

s photothermal therapy [ 178 ], photocatalytic disinfection [ 179 ], and

ontrolled drug delivery [ 180 ]. Various 2D materials, such as graphene

graphene, graphene oxide, and reduced graphene oxide) [ 181 ], MX-

nes [ 182 ], metal organic frameworks (MOFs) [ 183 ], transition metal

ichalcogenides (TMDs) [ 184 ], and graphitic carbon nitride (GCN) [ 19 ]

ave been employed in wound-healing applications, especially in human

kin [ 165 , 166 ]. 

Photothermal therapy is considered an effective method to treat in-

ected wounds because of the efficient destruction of bacterial cells.

ransition-metal dichalcogenides (TMDs) such as NbS2 possess good

hotothermal properties, as reported by Xu et al. [ 161 ]. In their work,

bS2 nanosheets (NbS2 NSs) was prepared via high-temperature reduc-

ion reactions. NbS2 NSs exhibited broad absorption in NIR biologi-

al window in which the temperature was increased to 63.2 °C under

08 nm light irradiation within 10 min. Moreover, an in vivo study us-

ng an animal model of abscess infection by subcutaneous injection of
262
taphylococcus aureus in mice showed that complete wound healing

as achieved within 12 days without obvious inflammation in the epi-

ermis or dermis. This indicates that the NbS2 has good biocompatibil-

ty and photothermal activity. The NbS2 fabrication and wound-healing

echanisms are shown in Fig. 4 (a). 

Multifunctional scaffolds for wound healing are in high demand

ecause wounds often suffer from high blood loss, infection by

ultidrug-resistant bacteria, and sluggish skin regeneration [ 185 ].

riven by this background, Zhou et al. fabricated multifunctional scaf-

olds based on Ti3 C2 Tx MXene nanosheets [ 162 ]. Scaffolds were fab-

icated by crosslinking branched poly(glycerol-ethylenimine) (PGE),

i3 C2 Tx MXene@polydopamine (MXene@PDA) nanosheets, and oxi-

ized hyaluronic acid (HCHO) (named HPEM scaffolds). Ti3 C2 Tx plays

n important role in the healing process by increasing the conductiv-

ty, thereby enhancing the cellular communication network. In vivo

tudy using a full-thickness MRSA-infected wound model showed that

he wound closure ratio is 96.31% on day 14, 5.5 times better antibac-

erial activity compared to the control group, and enhanced cell pro-

iferation during the healing period as suggested from high intensity

f immunofluorescence staining of 𝛼-smooth muscle actin ( 𝛼-SMC) and

D31. Overall, the HPEM scaffold exhibited good hemostatic and an-

ibacterial activities, enhanced angiogenesis, and stimulated cell migra-

ion. Fig. 4 (b) shows the fabrication and application of the HPEM scaf-

olds. 

A 2D structure with a large basal plane can be combined with other

D materials to form heterojunctions, which are beneficial for the sepa-

ation of photogenerated charge carriers. To achieve high antibacterial

ctivity, Guan et al. synthesized Cu-MOF-based photocatalysts by form-

ng a 2D/2D heterojunction between Ti3 C2 Tx MXene nanosheets and

u-tetrakis porphyrin (TCPP) nanosheets named TC/Cu-NS [ 163 ]. The

ntibacterial activity of the TC/Cu-NS against E. coli reached 99.97%

fter exposure to NIR light at 1.5 W/cm2 for 10 min. Therapeutic ap-

lication of S. aureus in Kunming mice showed that the wound area

ompletely decreased 14 days after scaffold implantation. Hematoxylin

nd eosin (H&E) staining was performed on various major visceral or-

ans, and no tissue lesions or inflammation were observed. 

Diabetic foot ulcers account for 20% of chronic wounds with high

isk of amputation [ 186 ]. Graphene oxide (GO) is known for its unique

roperties, such as high surface area, ease of combination with other

iomolecules, and non-toxicity at low doses; thus, it is applicable in var-

ous biomedical applications, including the healing of diabetes-induced

ounds [ 187 ]. Thangavel et al. have developed reduced graphene ox-

de (rGO)-isabgol nanocomposite dressings for enhanced vascularization

nd accelerated wound healing applications [ 188 ]. The scaffold was fab-

icated by chemical crosslinking followed by freeze-drying for 24 h. An

n vivo study measuring wound closure in normal Wistar rats showed

omplete diabetes-induced wound closure within 16 days. The reason

or this was further analyzed by CD31 and CD 68 staining to examine

ngiogenesis and the recruitment of macrophages. Both studies showed

hat the CD31 and CD68 positive cell were the highest in the rGO-isabgol

caffold, confirming that rGO addition promotes angiogenesis and an-

ibacterial activities. 

The photocatalytic disinfection approach is also a promising way to

chieve antibacterial activities of 2D metal-free graphitic carbon nitride

GCN) under visible-light radiation. However, owing to its insufficient

isible light absorption, elemental doping of GCN with phosphor and

ulfur is one solution for enhancing the light-absorption capability of

ristine GCN, as reported by Fang et al. [ 164 ]. The authors suggested

hat the high antibacterial activity of P and S co-doped carbon nitride

anosheets (PSCN) (99.2% disinfection within 2.5 h) is associated with

he abundant availability of active sites, accelerated electron transfer,

nd broad visible light absorption, which increase the generation of pho-

ocatalytic reactive oxygen species, which play a key role in killing the

acteria, as shown in Fig. 4 (d). Furthermore, the potential clinical ap-

lication evaluated in male Japanese big-eared rabbits showed that the

nimals treated with light-assisted PSCN exhibited no wound crust on
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Fig. 4. (a) Schematic mechanism on NbS2 nanosheets synthesis process and corresponding photothermal activity. Reproduced with permission from Ref. [ 161 ]. 

Copyright 2022, Elsevier. (b) The fabrication and application of HPEM scaffolds in multidrug-resistant bacteria infected wound healing. Reproduced with permission 

from Ref. [ 162 ]. Copyright 2021, Elsevier. (c) The photothermal and photocatalytic synergic mechanism to kill bacteria. Reproduced with permission from Ref. 

[ 163 ]. Copyright 2023, Elsevier. (d) Mechanism of the photocatalytic disinfection treated with PSCN under visible light irradiation. Reproduced with permission 

from Ref. [ 164 ]. Copyright 2022, Elsevier. (e) Schematic illustration of the function of NPNG membrane. Reproduced with permission from Ref. [ 165 ]. Copyright 

2021, American Chemical Society. (f) Schematic illustration for creating a bacterial infected trauma model and Joule heating therapy by the M-fabric and illustration 

of bacteria killing by generated heat. Reproduced with permission from Ref. [ 166 ]. Copyright 2020, American Chemical Society. (g) Schematic illustration of 

multifunctional 3D printed MXene and spidroin-based scaffold for efficient wound management. Reproduced with permission from Ref. [ 167 ]. Copyright 2022, 

Elsevier. (h) Preparation scheme of M-CSQ scaffolds and their applications for combinational photothermal therapy against OSCC cells and reconstruction of oral 

mucosal wound. Reproduced with permission from Ref. [ 168 ]. Copyright 2023, Elsevier. 
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ay 7, while histological assays indicated that light-assisted PSCN can

nduce a nearly normal healthy epidermis along with remodeling and a

egular arrangement of the connective tissue. 

A critical factor in wound dressing requirements is the appropri-

te permeability of water and air molecules to prevent dehydration of

he wound surface or the accumulation of wound exudates [ 189 ]. Liq-

id nitrocellulose bandages are commonly used for skin wound heal-

ng because they form a membrane on the skin surface. However,

he small pores of this membrane limit water and air permeability.

u et al. synthesized nanoporous graphene (NPG) and a nitrocellulose

omposite membrane (NPGN) to develop wound dressings with excel-

ent air permeability and non-antibiotic sterilization resulting from the

ighly porous structure and the SP3 carbon located at the edge of the

raphene, respectively [ 165 ]. In vivo evaluation was conducted using

ull-thickness wounds in male Kunming mice. Test results suggested that

he NPGN membrane containing 3 g/L NPG significantly improved the

peed of wound healing (93% wound closure within 7 days) and the

egree of skin tissue recovery through its enhanced air permeability,

xcellent non-antibiotic sterilization performance, and ability to reduce

he risk of infection. Moreover, histological analysis revealed that the

pithelium was formed in the 3 g/L group, suggesting that it enhanced

ound re-epithelialization. Fig. 4 (e) shows a schematic illustration of

he functions of the NPNG membrane, including its antibacterial activ-

ty, moderate air permeability, and accelerated wound healing. 

The enormous amount of research on high-technology devices in

he biomedical field has led researchers to develop smart multifunc-

ional wearable devices that integrate healthcare monitoring and med-

cal therapy [ 190 ]. Zhao et al. successfully developed a smart Ti3 C2 Tx 

Xene fabric that integrated an antibacterial wound dressing function

ith health-monitoring systems [ 166 ]. In his work, a commercial cel-

ulose fabric was decorated with MXene sheets by immersing the fabric

n MXene suspension (5 mg/ mL− 1 ) followed by vacuum-assisted dry-

ng at 60 °C. The MXene-decorated fabric is referred to as M-fabric.

he remarkable electrothermal properties of the M-fabric arise from

he 2D Ti3 C2 Tx . Furthermore, the fabric was used as a Joule-heating-

nduced wound dressing for the treatment of infectious skin wounds.

n in vivo experiment using a bacterial-infected trauma model showed

hat upon electrical current, the infected wound achieved 100% recov-

ry within 12 days, while without Joule heating therapy, 15% of the

ound area remained unrepaired and was still vulnerable to bacterial

nfection. Fig. 4 (f) shows a schematic illustration of the creation of a

acteria-infected trauma model followed by Joule heating therapy using

he M-fabric and the mechanism of bacterial disinfection by the gener-

ted heat. 

Interestingly, with the development of 3D printing technology, re-

earchers can embed 2D materials in the fabrication of 3D printed ma-

erials using various 3D printing techniques [ 192 , 193 ]. Oral wounds

an lead to oral cancer in the presence of oral squamous cell carcinoma

OSCC), which requires complex treatment. To overcome this complex-

ty, Luo et al. fabricated 3D printed scaffold that containing Ti3 C2 MX-

ne as a photothermal agent and quercetin to attack heat shock protein

0 (HSP70) that enhances photothermal therapy (PTT) efficacy [ 168 ]. In

heir study, 2D Ti3 C2 MXene, collagen, silk fibroin, and quercetin were

ombined to construct M-CSQ scaffolds using cryogenic 3D printing and

reeze-drying techniques to simultaneously kill OSCC cells and promote

ral mucosal regeneration, as shown in Fig. 4 (g). Two in vivo studies

ere conducted: photothermal tumor ablation experiments using SCC25

ells injected into a mouse, and wound healing of the oral mucosa by ex-

ising the buccal mucosa of one side of the cheek. In vivo photothermal

umor ablation showed that M-CSQs inhibited tumor growth, whereas

ound healing in an oral mucosal study revealed that M-CSQs exhibited

 higher wound healing rate. 

Another development in 3D printed 2D materials is the incorporation

f MXene into a spidroin-based microneedle scaffold using a 3D printing

echnique for wound management by Shao et al. [ 167 ]. The hydrogel

recursors consisted of biocompatible water-soluble polyurethane (PU),
264
loe vera gel (avGel), and recombinant spidroin doped with an MXene

olution. Temperature-responsive N-isopropylacrylamide (NIPAM) con-

aining mupirocin (an antibiotic) and human epidermal growth factor

hEGF) permeated the interstices of the microneedles. The resulting scaf-

old possesses multifunctional characteristics, such as light-responsive

rug release due to the photothermal properties of MXene, self-healing

ue to the Schiff base bond, and an anti-inflammatory response. An in

ivo study indicated that complete wound healing was achieved using

he scaffold within nine days of NIR irradiation. A schematic represen-

ation of the preparation and application of the multifunctional scaffold

s shown in Fig. 4 (h). 

The use of 2D materials shows promise for wound-healing appli-

ations such as photothermal therapy, photocatalytic disinfection, and

ontrolled drug delivery. However, several challenges must be over-

ome for these materials to be effectively utilized. To maintain their

ffectiveness, graphene-based materials must achieve stable dispersion

n biological settings. MXenes encounter difficulties in controlling their

egradation rates and ensuring long-term stability under physiological

onditions. However, MOFs face challenges owing to their potential tox-

city and compatibility with biological systems. TMDs require strategies

o achieve an even distribution within wound dressings or scaffolds.

hus, GCN require improvements in their photocatalytic efficiency and

tability in physiological environments. However, BP face issues related

o their inherent instability and susceptibility to oxidation in biologi-

al contexts. Addressing these challenges through surface modification,

omposite formation, and protective coatings is essential to harness the

ull potential of 2D materials for advanced wound-healing therapies. 

.3. Cartilage 

Wounded cartilage tissue has poor regenerative capacity; hence,

reatment is challenging. Additionally, engineered scaffolds often lack

he necessary mechanical strength to withstand stresses in load-bearing

reas such as the knees, which are critical for long-term functional-

ty. Another obstacle is ensuring proper cell differentiation within the

caffold, as maintaining correct chondrocyte (cartilage cell) formation,

hich is essential for the development of functional cartilage [ 197 ]. The

ifficulty of consistently achieving this in a clinical setting, where tis-

ue environments can vary greatly, further complicates the translation

f these technologies into effective treatments. To address this problem,

late-Moya et al. incorporated two-dimensional (2D) graphene oxide

GO) into alginate/gelatin/chondroitin sulfate ternary hydrogels (ALG-

EL-CS) [ 198 ]. 0.1 mg mL− 1 GO addition significantly improves the bi-

logical properties of the scaffold, such as high cell proliferation, small

ell aggregates, uniform cell distribution, and the capability to guide the

ell proliferation direction where anisotropic structures are required,

uch as tendons and muscle fibers. However, challenges remain in op-

imizing the GO dispersion and ensuring long-term stability within the

ydrogel matrix, which is critical for sustained cartilage tissue regener-

tion and functionality. 

Hydrogel-based materials have also been developed for cartilage

egeneration. However, the current procedure fails to treat damaged

yaline cartilage in various in vivo animal models because of its in-

ufficient ability to produce and secrete the matrix components re-

uired to maintain tissue function [ 199 ]. Driven by this problem, Lyu

t al. developed a graphene elastic hydrogel (GEH) scaffold via the

reeze-casting of a partially reduced graphene oxide suspension [ 200 ].

he obtained GEH provided an environment that supported chondro-

yte proliferation and remodeling of the cartilage matrix by enhanc-

ng the formation and cleavage of type II collagen. An in vivo study

valuated the implantation of the scaffold into the subcutaneous dor-

um sites of nude mice and showed no signs of toxicity during the 8

eeks following implantation. After eight weeks, cartilage-like tissue

ormation was observed, as evaluated by toluidine blue and safranin

 staining. In summary, the in vivo study showed that the enhanced

atrix remodeling in the GEH scaffold was well balanced and uni-
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Fig. 5. (a) Illustration of ZnCN-Bi2 S3 preparation process and (b) its antibacterial activity. Reproduced with permission from Ref. [ 191 ]. Copyright 2022, American 

Chemical Society. 
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ormly distributed. Despite these advancements, ongoing research is re-

uired to optimize the mechanical properties and degradation kinetics

f GEH scaffolds to match the dynamic requirements of cartilage tissue

ngineering. 

Tracheals, which comprise a cartilage ring, are an important part of

he human respiratory system. Tracheal injury often involves implanta-

ion of a tracheal scaffold, which is prone to bacterial infection. There-

ore, it is necessary to develop an antibacterial tracheal scaffold that

xhibits antibacterial activity and promotes tissue regeneration. Qian

t al. synthesized Zn–doped g-C3 N4 nanosheets/Bi2 S3 nanorod compos-

tes with antibacterial activity from Bi2 S3 enhanced by photothermal

herapies using g-C3 N4 and cartilage regeneration functions by Zn ion

elease [ 191 ]. The materials were incorporated into the PLLA matrix

o form the final scaffold named as ZnCN-Bi2 S3 /PLLA. In the presence

f near-infrared (NIR) light, ZnCN-Bi2 S3 /PLLA killed 98.5% S. aureus

nd 96.4% P. aeruginosa, indicating a strong antibacterial effect. More-

ver, a cartilage regeneration study showed that ZnCN-Bi2 S3 /PLLA has

igher chondrocyte differentiation activities owing to the release of

n ions from substitutionally doped Zn in g-C3 N4 . A schematic of the

reparation of ZnCN-Bi2 S3 and its antibacterial mechanism is shown in

ig. 5 . Despite these advancements, challenges remain in optimizing the

iocompatibility of the composite, ensuring sustained antibacterial effi-

acy, and maintaining cartilage regeneration capabilities over extended

eriods in vivo. 

.4. Cardiac 

According to the British Heart Foundation, approximately 620 mil-

ion people worldwide suffer from heart and circulatory diseases. The

ost common cardiovascular condition is myocardial ischemia (MI),

ith an estimated global prevalence of 200 million people in 2019.

ven after the elimination of plaque that builds inside veins and causes

I, the post-condition results in damaged cardiac tissue, which loses

ts electrical conductivity [ 201 ]. This loss increases the risk of arrhyth-

ias or inadequate electrical integration with the surrounding tissues,

hereby presenting significant challenges to recovery. Owing to the high-

isk nature of cardiac implants, stringent regulatory pathways demand

igorous preclinical and clinical evaluations to ensure their safety and

ffectiveness [ 202 ]. Therefore, replacing damaged tissue and restoring

ts conductivity are highly desirable for improving patient outcomes. 
265
This goal can be achieved by fabricating biocompatible and elec-

roconductive scaffolds for implantation into damaged tissues. 2D ma-

erials, such as graphene oxide (GO), reduced graphene oxide (rGO),

nd MXenes, are known for their biocompatibility and extraordinary

onductivity [ 174 , 203–205 ]. Therefore, researchers have attempted to

evelop composite scaffolds that mainly comprise a biocompatible ma-

rix with conductive 2D material fillers [ 206 ]. Stryjewska et al. showed

hat GO and rGO can be used to promote the differentiation of human

mbilical cord-derived mesenchymal stem cells (hUC-MSCs) into car-

iac tissue [ 207 ]. This study aims to identify the most suitable artifi-

ial niche for hUC-MSC growth. Conditions such as flake size, reduction

evel, reducing agent, and solvent were varied. It is found that GO or

GO layers of 10 μg/cm2 thickness, large flake size, and low reduction

evel is the most suitable surface for promoting cardiac tissue regen-

ration in vitro. The presence of functional groups (epoxide, hydroxyl,

nd carbonyl) on the GO or rGO surface allowed easy modification and

nhanced cell adhesion. The authors also suggested that GO and rGO

ay effectively induce hUC-MSC differentiation into cardiomyocyte-like

ells. 

Nanofibrous scaffolds are effective structural supports for tissue en-

ineering owing to their large surface areas, complex interface topolo-

ies, and ease of functionalization [ 208 ]. Shabankareh et al. synthesized

 polyurethane-based (PU)-based nanofibrous scaffold and incorporated

GO into the scaffold to obtain a conductive nanocomposite for cardiac

atch application [ 194 ]. To prepare the nanofibrous scaffold, a two-

ozzle electrospinning method was utilized, in which a homogenous PU

olution was electrospun while the rGO solution was electrosprayed. The

omposition of rGO in the scaffold was altered by controlling its spray

ate, and the prepared scaffold was sterilized prior to use. The electro-

onductivity study confirmed that the electrosprayed rGO successfully

ncreased PU conductivity by seven orders of magnitude. The authors

uggested that the PU/rGO scaffold with 15 wt% rGO did not cause cell

oxicity and was capable of promoting cell proliferation, as indicated by

ts high cell (HUVEC) viability ( Fig. 6 (a)). 

2D materials such as rGO and transition metal dichalcogenides

TMDs) are often employed as conductive materials. Nazari et al. studied

he effects of rGO and MoS2 incorporated-silk fibroin nanofibrous scaf-

olds on cardiac tissue engineering [ 106 ]. After rGO and MoS2 were suc-

essfully synthesized, both nanosheets were added to a homogeneous so-

ution of silk fibroin (SF) in a separate syringe, followed by electrospin-

ing to obtain the SF/rGO and SF/MoS scaffolds, respectively. SF/rGO
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Fig. 6. (a) HUVECs adhesion and morphology over PU/rGO15 scaffolds on 2 days post-seeding. Reproduced with permission from Ref. [ 194 ]. Copyright 2023, 

Elsevier. (b) CMs aligned cell contraction direction marked in red arrows on culture day 8. (c) the corresponding beating velocity of CMs on culture day 8. Reproduced 

with permission from Ref. [ 195 ]. Copyright 2021, Elsevier. (d) Schematic illustration of the AJP process on PEG hydrogel surface (e) MXene that has been printed 

on PEG hydrogel surface with Hilbert’s curve design. Reproduced with permission from Ref. [ 196 ]. Copyright 2022, Elsevier. 
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s more hydrophilic than SF/MoS2 and supports cell attachment. Both

caffolds showed improved electrical conductivity compared to SF, by

nly two orders of magnitude for rGO and one order of magnitude for

oS2 . Finally, the cardiac differentiation study revealed that SF/rGO

as lower expression of c-TnT and 𝛼-MHC (gene expression related to

ardiogenic differentiation) compared to SF/MoS2 . Overall, both scaf-

olds were biocompatible, supported cell attachment, and induced car-

iac differentiation. 

Hydrogel-based scaffolds have attracted considerable interest in car-

iac tissue regeneration [ 209 ]. The incorporation of rGO into biocom-

atible polymers is interesting; however, the hydrophobic characteris-

ics of rGO decrease its stability during long-term storage [ 195 ]. There-

ore, Li et al. utilized the autoxidation of dopamine into polydopamine

PDA) to reduce GO, resulting in polydopamine-reduced GO (PDA-rGO),

hich provides better dispersion and electrical conductivity than rGO,

hich is reduced with other chemical compounds [ 195 ]. PDA-rGO pow-

er was embedded in a gelatin methacrylate’s (GelMA) solution, fol-

owed by photocuring using UV irradiation. Successful GO reduction

sing PDA was confirmed by Fourier transform infrared (FTIR) and X-

ay photoelectron spectroscopy (XPS) characterization, which showed

ethylene peak and N 1s peak in PDA-rGO, respectively. The cardiomy-

cyte cells (CMs) prefer to attach to the hydrogel with 1 mg/mL PDA-

GO concentration due to the availability of various interaction mech-

nisms including electrostatic, π–π stacking, and hydrophobic interac-

ions. It has also been shown that the addition of PDA-rGO increases the

riental order parameter’s (OOP) value of the myocyte protein ( 𝛼-actinin

nd Cx43). High cell alignment was achieved with the incorporation of 1

g/mL PDA-rGO, as shown in Fig. 6 (b). Finally, the measurement of the

ontraction and relaxation velocities showed that the presence of PDA-

GO successfully increased the velocities, as shown in Fig. 6 (c), which

as attributed to the quick conduction of intercellular electrophysiolog-

cal signals caused by the increased conductivity of the hydrogel-based

caffold. 
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Chitosan (CS) is a biocompatible polymer with innate antibacterial

ctivities [ 186 ]. Jiang et al. constructed porous conductive scaffolds by

lending CS and GO and then seeded these structures with H92C cells

o examine their biological activities [ 210 ]. The addition of GO at a low

oncentration (150 mg/mL) is suitable for cardiac patch applications be-

ause it maintains high cell viability and increases the conductivity of

he scaffold by approximately three orders of magnitude compared with

ristine CS. The authors hypothesized that the presence of GO promotes

X-43 secretion, which participates in the transmission of electrical sig-

als between cells and scaffolds to increase the electrical conductivity

f cardiac myocytes to form a benign cycle. 

The combination of GO-gold nanosheets and chitosan scaffolds suc-

essfully improved ventricular contractility and function after Sarana-

an et al. fabricated a biodegradable scaffold by incorporating GO-Au

anosheets into a clinically approved natural polymer chitosan [ 211 ].

n a rat model subjected to coronary artery injury, studies showed that 5

eeks after implantation, cardiac contraction improved, as indicated by

 significant reduction in the QRS complex. Although this study did not

nvolve 3D materials, future studies could incorporate this material into

 biocompatible 3D polymer using additive manufacturing technology. 

Tissue damage due to myocardial vascular disease results in non-

onductive tissue, which can cause arrhythmias [ 212 ]. To combat this

roblem, Asaro et al. fabricate biocompatible electroconductive materi-

ls by combining collagen type I as the matrix and Ti3 C2 Tx as the con-

uctive filler for induced pluripotent stem cells-derived cardiomyocytes

iPSC-CMs) [ 111 ]. They found that the conductivity of the biohybrid

latforms was proportional to the MXene concentration and comparable

o that of native myocardium tissue. When stimulated using electricity,

PSC-CMs seeded on biohybrid platforms with 60 wt% MXene showed

ore mature adult cardiomyocytes than those on the control collagen

ubstrate (0 wt% MXene). Therefore, the authors concluded that the

ombination of both MXene substrates and electric field stimulation fa-

ilitates and enhances the attachment, elongation, and maturation of
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Table 2 

Summary of 3D printed 2D materials for tissue engineering. 

No 2D materials Matrix 3D Printing 

Type 

Mechanical 

Properties 

Cell 

type/Animal 

model tested 

Bioactivity/Biocompatibility Ref. 

1 Graphene PMMA SLA 50.2 ± 1.8 MPa - - [ 157 ] 

2 Graphene PCL Extrusion - Wistar Rats Enhanced BMP-2 and BMP-7 genes expression, 

compact and mineralized tissue (bone formation) 

after 30 days 

[ 160 ] 

3 Graphene PLA FDM - SH-SY5Y No significant neurite sprouting or elongation, 

Supports normal differentiation and cell 

proliferation 

[ 215 ] 

4 GO PLA FDM 39 MPa MG-63 cells readily proliferate on the scaffolds at 24 h, 

GO incorporation in the scaffold promotes 

two-fold mineralization 

[ 103 ] 

5 GO PCL Extrusion - HFF-1 S. epidermidis and E. coli were mostly dead 

(approximately 80%) after 24 h of contact with 

the scaffolds, cells metabolic activity was around 

100% after contact with all materials extracts 

[ 170 ] 

6 GO Alginate Extrusion 100 KPa hADMSC GO-containing scaffolds exhibited up to 3.6-fold 

higher fluorescence intensity as compared with 

pure ALG scaffolds 

[ 198 ] 

7 rGO PCL Extrusion 5.36 ± 0.59 MPa hADSC Almost no cell death even after 14 days [ 102 ] 

8 rGO GelMA Extrusion 174.26 KPa Sprague Dawley 

(SD) rats 

ordered arrangement of tissues formation without 

obvious inflammatory response, the transplanted 

stem cells expressed NGF, Runx2 and Col-1 

(markers of osteoblasts/Schwann cells) 8 weeks 

after implantation 

[ 216 ] 

9 MXene Collagen-Silk 

Fibroin 

Extrusion 20.92 ± 0.56 

KPa 

Nude mice No significant changes in white blood cell count, 

hemoglobin, or platelet levels after photothermal 

treatment, the relative wound healing ratios reach 

67.87% after 7 days with MXene addition 

[ 168 ] 

10 MXene PEG Aerosol Jet 

Printing 

- iCMs > 85% cell viability on day 2, increasing to 93% by 

day 7. Cells showed superior attachment, 

alignment, and increased protein expression. 

[ 196 ] 

11 MXene Hydroxyapatite 

and Sodium 

Alginate 

Extrusion 20 MPa In Vivo After 8 weeks, bone volume fraction (BV/TV) 

increased significantly (MXene: 42.5% vs HA/SA: 

30%, Control: 25%), Histological analysis showed 

scaffold degradation and substantial new bone 

formation 

[ 42 ] 

12 MoS2 PEEK FDM - Sprague Dawley 

(SD) rats 

After 4 weeks, the bone volume fraction (BV/TV) 

around the MoS2 -added scaffold was significantly 

higher than that around other scaffolds 

[ 133 ] 

13 MoS2 Akermanite DIW - Rabbit After 8 weeks, both MS-AKT and AKT scaffolds 

supported new bone growth, Micro-CT showed no 

significant difference in bone volume between the 

two groups 

[ 27 ] 

14 BP PLGA FDM 2.53 ± 0.12 MPa Rat M2 polarization of macrophages is effectively 

induce while inhibiting the inflammatory 

response, significant improvements in new bone 

formation in the 40BP group compared to control 

[ 217 ] 

15 MOF (ZIF-8) Methacrylated 

Gelatin 

Extrusion 699.92 MPa MC3T3-E1 No dead cells observed after 24 hours of 

co-culture, Enhanced alkaline phosphatase (ALP) 

staining and increased mineralized nodules in 

alizarin red S staining after 14 days 

[ 218 ] 

16 GCN Epoxy Acrylate SLA 75.56 MPa - - [ 219 ] 

17 BN PLA FDM 82.37 ± 3.39 

MPa 

BMSCs BMSCs spread more on 1BN scaffolds, while 4BN 

showed damaged cell membranes, After 28 days, 

multi-layer apatite depositions formed, exhibiting 

cauliflower-like morphology 

[ 220 ] 
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T  
PSC-CMs, and thus may be implanted into the damaged tissue to regain

ts electroconductive properties. A similar conductivity increase was ob-

erved when Ti3 C2 Tx was immobilized on an electrospun polycaprolac-

one (PCL) membrane, as reported by Diedkova et al., which strength-

ned the potential of MXene for cardiac patch applications [ 213 ]. 

In addition to conductivity, cell alignment is another important fac-

or to consider in cardiac tissue regeneration because the functionality of

ardiac tissue is highly dependent on the alignment of myofibrils [ 214 ].

asara et al. fabricated a conductive scaffold consisting of Ti3 C2 Tx MX-

ne as the filler and polyethylene glycol (PEG) as the matrix. To control

he alignment of myofibrils, they used the aerosol jet printing (AJP)

echnique, which enables the printing of nanomaterial-based inks on

onformal surfaces with high resolution, and finally seeded iPSC-MCs
267
n the composite constructs [ 196 ]. The results indicated that the seeded

ells preferred to attach to and grow on Ti3 C2 Tx with no cytotoxicity.

oreover, the AJP technique allows custom formation of Ti3 C2 Tx on the

EG hydrogel owing to its cell-resolution capability, thereby increasing

he pattern orientation. Finally, the utilization of Ti3 C2 Tx increased the

xpression of MYH7, TNNT2, and SERCA2, indicating the maturation of

PSC-MCs into adult myocytes. Fig. 6 (d) shows a schematic illustration

f the AJP technique for scaffold fabrication, and Fig. 6 (e) shows MX-

ne (black line) printed on the PEG hydrogel surface following Hilbert’s

urve pattern. 

To elucidate the advancements in the incorporation of 2D materials

nto 3D printing technologies, we present a comprehensive summary in

able 2 . This table summarizes critical data on various 2D materials,
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heir respective matrices, the types of 3D printing methods employed,

heir mechanical properties, bioactivity, biocompatibility, and the spe-

ific cell types or animal models tested. This overview provides a clear

nderstanding of the current status and potential applications of 2D ma-

erials. 

. Conclusions 

In this review, the recent progress in the advancement of various 2D

aterials in 3D printing is highlighted, particularly for bone scaffolds,

kin and wound healing, and cartilage and cardiac applications. Three-

imensional (3D) printing is the leading technique used in bone-scaffold

abrication for bone tissue engineering. This technique facilitates the

roduction of scaffolds with evenly distributed and uniformly sized in-

erconnected pores, which is challenging to achieve using traditional

ethods. The incorporation of 2D materials into 3D printed scaffold

lso enhances their mechanical strength, bioactivity, and osteoconduc-

ivity, leading to improved bone regeneration. The integration of 2D

aterials into 3D printing has resulted in tremendous multifunctional

apabilities in skin and wound healing, including enhanced antibacte-

ial properties, promotion of angiogenesis, improved blood supply to

ound sites, and accelerated healing processes. For cartilage applica-

ions, combining 2D materials with 3D printing techniques has resulted

n scaffolds that mimic the complex architecture of cartilage tissue, re-

ulting in improved mechanical properties and cellular responses. These

caffolds support chondrocyte growth and extracellular matrix (ECM)

roduction, making them highly effective for cartilage repair and re-

eneration. Similarly, for cardiac applications, 2D materials have been

ncorporated into 3D printed scaffolds to create scaffolds that support

ardiac tissue regeneration, enhance the electrical conductivity, and im-

rove the overall functionality of the cardiac tissue. These scaffolds pro-

ote the alignment and maturation of cardiomyocytes, while the electri-

al conductivity of certain 2D materials helps synchronize cardiac cell

ontractions, which are essential for restoring heart function after in-

uries such as myocardial infarction. 

The integration of 2D materials into 3D printed scaffolds represents

 major advancement in tissue engineering. These innovative scaffolds

an be customized and are multifunctional, closely mimicking the nat-

ral structure and functions of human tissues. With improved mechan-

cal strength, bioactivity, and electrical conductivity, these enhanced

caffolds provide better support for cell growth and tissue regeneration,

hereby promoting more effective healing processes. This progress opens

ew possibilities in regenerative medicine, allowing for more precise

nd efficient treatment of complex tissue injuries and diseases. 

. Challenges and future directions 

Although studies have highlighted the benefits of using 2D materi-

ls in 3D printing for tissue regeneration, many challenges remain. The

undamental concept of 3D printing itself, which requires a material to

ossess specific physical, chemical, and rheological properties to allow

rocessing, severely limits the number of materials that can be used.

hile the addition of 2D materials has been able to improve many prop-

rties (e.g., mechanical strength and electroactivity), materials that can

ully mimic the properties of a given natural tissue in multiple aspects

re still difficult to fabricate [ 221 ]. The combination of several filler

aterials and matrices may be considered to strike a fine balance in

chieving ideal material properties, although possible new matrix-filler

nteractions and filler–filler interactions must be carefully considered

 222 ]. Aside from the material standpoint, the tissue environment itself

as a very complex architecture, often involving hierarchical arrange-

ents that are difficult to replicate using current 3D printing technol-

gy, which often only prints a single type of material on a single-length

cale. Although rare, the concept of hierarchical 3D printing has recently

een demonstrated and has shown great promise [ 223 ]. 
268
Future studies in this field should consider adopting stimuli-

esponsive 3D printing (also known as 4D printing) to facilitate in situ

caffold creation. 4D printing using filler-less materials has been demon-

trated in scaffold fabrication and possesses several advantages, such as

inimal invasiveness during insertion and precise fitting of the scaffold

o its surrounding tissue environment [ 224 ]. Nevertheless, it is still con-

idered a novel approach and is very rarely demonstrated, as there not

any option for matrix that offers stimuli-responsive properties in the

ange of physiological conditions (i.e., transition temperature around 37

C), while still offering biocompatibility, sufficient mechanical proper-

ies, and printability. Furthermore, the filler 2D material is added to the

ixture, additional issues, such as dispersion of the filler during in situ

elation, must be considered. 

Finally, while 3D printing with conventional materials has begun

o shift to the use of materials that can gradually degrade inside the

ody, 3D printing with 2D materials still lags behind. While several

tudies have reported the biodegradability of polymeric matrices (e.g.,

CL and PLA) showing few adverse effects on cell survivability [ 52 ],

ost incorporated 2D materials (e.g., graphene, MXene, and TMDs) are

on-biodegradable, and their potential toxic long-term effects inside the

ody are still unknown. In addition, many of these biodegradable matri-

es utilize hydrolysis as the main degradation mechanism, in which the

egradation pattern can be random and difficult to predict [ 225 ]. This

ay result in the scaffold undergoing unwanted and possibly dangerous

arly failures during clinical use. Further studies should focus on the use

f a more predictable and controllable degradation mechanism. 

To support the successful clinical translation of these technologies,

t is crucial to address the regulatory challenges. The pathway for ob-

aining regulatory approval for new biomaterials and scaffolds can be

engthy and complex, and requires extensive preclinical and clinical

esting. Interdisciplinary collaboration among materials scientists, bi-

logists, and clinical practitioners is vital for overcoming these barriers

nd facilitating the transition of 3D printed scaffolds from research to

linical practice. 
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