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Abstract

MXene, as a new two-dimensional nanomaterial, is endowed with lots of particular

properties, such as large surface area, excellent conductivity, biocompatibility, biode-

gradability, hydrophilicity, antibacterial activity, and so on. In the past few years,

MXene nanomaterials have become a rising star in biomedical fields including biologi-

cal imaging, tumor diagnosis, biosensor, and tissue engineering. In this review, we

sum up the recent applications of MXene nanomaterials in the field of tissue engi-

neering and regeneration. First, we briefly introduced the synthesis and surface mod-

ification engineering of MXene. Then we focused on the application and

development of MXene and MXene-based composites in skin, bone, nerve and heart

tissue engineering. Uniquely, we also paid attention to some research on MXene with

few achievements at present but might become a new trend in tissue engineering

and regeneration in the future. Finally, this paper will also discuss several challenges

faced by MXene nanomaterials in the clinical application of tissue engineering.
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1 | INTRODUCTION

The traditional method of treating damaged tissue is organ transplantation,

including autograft, and allograft. However, autograft is not only expensive

but also risky, which is usually accompanied by side effects such as infec-

tion, inflammation and chronic pain; Allograft is limited by the lack of donor

organs and may cause serious immune response.1–3 The emergence of tis-

sue engineering and regenerative medicine has overcome these problems.4

As a branch of regenerative medicine, tissue engineering refers to the inte-

gration of materials science, chemistry, biology and engineering through

cells, scaffolds and/or signal molecules.5,6 At present, bone, skin, cardiovas-

cular, neural tissue engineering are widely studied. To fully restore themor-

phology and biological functions of the damaged tissue, the selection of

biomedical materials in tissue engineering is very significant.7 Ideal tissue

engineering materials can simulate the microenvironment of natural extra-

cellular matrix, so as to improve the capacities of adhesion, proliferation,

migration, differentiation and signal transmission of cells.8,9

In the last few years, the application of nanomaterials in the tissue

regeneration has attracted extensive research interest. Based on

nanotechnology, a variety of multifunctional biomaterials for tissue

engineering and regeneration have been explored and developed,

which can not only regulate cells growth as scaffolds, but monitor the

process of tissue regeneration, control the release of drug, coordinate

signal molecule transmission, and stimulate the mechanical properties

of natural tissue.10,11 Two-dimensional (2D) nanomaterial is the gen-

eral term of a class of materials, including graphene, black phosphorus,

MXene and so on, which has been extensively concerned since it was

discovered. Thanks to its outstanding physicochemical performance

(inherent optical property, unique 2D nanoplane and surface chemis-

try) and biological properties (excellent biocompatibility and biode-

gradability), the potential applications of a dozen of 2D materials in

tissue regeneration have been widely explored.2,12,13 In particular,

MXene is an emerging class of 2D nanomaterials with several atomic

layers and composed of transition metal carbides, nitrides or carboni-

trides. The typical chemical formula of MXene is Mn + 1XnTx, where M

represents transition metal and X is carbon and/or nitrogen atoms,

which are staggered with each other to form 2D nanoflakes. T indi-

cates the terminal chemical group ( OH, F, O, etc.) attached to
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the surface of M layer during the production of MXene by chemical

etching.14–16 This new 2D nanomaterial with both atomic layers and

abundant chemical functional groups, skillfully combining the metal

conductivity of transition metal nitrides and carbides with the hydro-

philicity terminal functional groups, is endowed with fascinating elec-

tronic, magnetic and optical properties.17 Thanks to these

performances, MXene has promptly become one of the high-profile

materials in energy,18 electronics,19 environment20 and other research

fields, and many research groups have systematically reviewed and

summarized it from different angles.21–24 Currently, in the biomedical

fields, compared with the research achievements of MXene nanoma-

terials and MXene-based composites in cancer treatment and diagno-

sis, biological imaging, sensing and drug delivery, their potential

applications in tissue engineering are ignored.25 As we know, MXene

and MXene-based nanoplatforms possess excellent biocompatibility,

biodegradability, photothermal property, antibacterial activity, tar-

geted therapeutic performance, and electrical signal transmission abil-

ity, and are especially suitable for tissue engineering and regeneration.

F IGURE 1 The properties of MXene (internal ring: antibacterial, photodynamic performance, photothermal performance, osteogenesis,
hydrophilicity, biodegradability, surface chemistry, conductivity, immunomodulation, biocompatibility, and photocatalysis) and its applications in
tissue engineering (outer ring: skin tissue engineering, bone tissue engineering, neural tissue engineering and cardiac tissue engineering).

ZHONG ET AL. 1841

 15524965, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.a.37438 by E
gyptian N

ational Sti. N
etw

ork (E
nstinet), W

iley O
nline L

ibrary on [08/11/2022]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Herein, we reviewed the application and development of MXene

nanomaterials in tissue engineering in this work. First, the synthesis

methods and surface modification of MXene were briefly introduced

in the first part of the review. Second, we highlighted the recent appli-

cation of MXene nanomaterials and their composites in tissue engi-

neering such as skin wound healing, bone defect repair, neural tissue

regeneration and myocardial tissue reconstruction, as illustrated in

Figure 1. Then, we paid special attention to the new trends of MXene

in tissue regeneration. In the end, the future prospects and challenges

of MXene and MXene-based materials in the field of tissue engineer-

ing and regeneration were discussed. Compared with the previous

publications,25,26 this review clearly summarized the application and

challenges of MXene in tissue engineering according to the different

types of tissue. At the same time, we put forward the research hot-

spots and trends of MXene in the field of tissue regeneration with

foresight.

2 | PREPARATION AND SURFACE
MODIFICATION OF MXENE
NANOMATERIALS

To date, there are many methods to synthesize 2D materials, including

chemical vapor deposition,27 hydrothermal syntheses,28 electrochemi-

cal fabrication,29 and molten salt etching.30 In general, the synthesis

of MXene can be categorized into top-down and bottom-up

strategies.31,32 Furthermore, most of the current preparation methods

can endow MXene nanomaterials with abundant hydrophilic terminal

groups such as OH, F, O on the surface. Therefore, MXene dis-

plays excellent hydrophilicity, and appropriate surface modification

can enhance its biocompatibility, stability, recyclability, loading capac-

ity, biodegradability and other properties, undoubtedly increasing the

application range of MXene-based materials in tissue regeneration.

2.1 | Synthesis of MXene

Top-down etching technology is a common approach for fabricating

MXene, which involves the stripping of A layer in precursor MAX

phase ceramics (Figure 2A,B).33,34 This method is usually divided into

two steps: (a) Etching MAX phase to acquire multilayer stacked

MXene; In 2011, the use of hydrofluoric acid (HF) to manufacture

MXene nanosheets was first discovered and reported in the research

article of Gogotsi et al35 Fluorine ions selectively and strongly com-

bined with element A of MAX phase, destroying M-A bonds and

resulting in the shedding of element A layer from MAX phase.16 How-

ever, the fabrication of MXene with HF will cause irreversible damage

to human body and environment, since high concentration of HF is

strong corrosive. Instead of using relatively dangerous HF, some

researchers etched Ti3AlC2 adopting a mild mixed solution of LiF and

HCl at 40�C and successfully prepared Ti3C2Tx MXene.36 In another

study, Halim et al. used 1 mol/L NH4HF2 as an etchant to etch Ti3AlC2

F IGURE 2 (A) The chemical elements that make upMXenes. Adapted with permission from Reference 34; (B, C) Schematic illustration of the
synthesis methods of MXenes: (B) Top-downMXene synthesis process (acid exfoliation method); (C) Bottom-up methods (chemical vapor deposition).
Adapted with permission from Reference 33; (D–F) Schematic illustrations of surface modification of MXenes: (D) Organic modification (SP modification
of Ti3C2), Adapted with permission from Reference 45; (E) Inorganic modification (Fe3O4 modification of Ti3C2), Adapted with permission from Reference
49; (F) Organic–inorganic hybrid modification (IONP-SP modification of Ta4C3), Adapted with permission from Reference 55

1842 ZHONG ET AL.
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films at room temperature, and also obtained Ti3C2Tx nanosheets.
37 In

recent years, a major breakthrough has been made in the preparation

of MXene without fluorine. Some new technologies have sprung up,

including hydrothermal method, electrochemical etching and molten

salt synthesis. Li et al. proposed a technique for fabricating MXene

nanomaterials by alkali assisted hydrothermal method.28 They delight-

edly observed that multilayer Ti3C2Tx could be produced by etching

with sodium hydroxide solution at a high temperature of 270�C. Sun

et al. successfully obtained Ti2CTx MXene with Cl, O and OH as

terminal groups by electrochemical etching of Al from porous Ti2AlC

electrodes in dilute HCl.29 In addition, researchers also reported for

the first time that exclusive Cl-terminated MXenes were obtained via

placing Max phase precursors in Lewis acid molten salts (ZnCl2).
38

(b) Delaminating multilayer stacked MXene to obtain MXene

nanosheets; The distances between MXene films can be increased by

introducing insertion agents such as dimethyl sulfoxide, tetramethy-

lammonium hydroxide and tetrabutylammonium hydroxide or sonica-

tion, making it easier to separate from each other, so as to gain few or

single layered MXene nanoflakes.33 Moreover, researchers success-

fully manufactured fluorine-free Ti3C2Tx quantum dots by employing

tetrabutylammonium hydroxide insertion agent and ultrasonic

technology.39

Bottom-up technology is to control crystal growth at the atomic

level to form 2D nanomaterials. The common bottom-up method is

chemical vapor deposition (CVD). In the case of methane gas as raw

material and Cu/Mo foil as substrate, ultrathin molybdenum carbide

(MoC2) was synthesized by CVD at 1085�C (Figure 2C).27 In addition

to CVD, template method and plasma enhanced pulsed laser deposi-

tion (PEPLD) also demonstrated great potential in the synthesis of 2D

nanosheets. Joshi et al. prepared 2D hexagonal MoN nanosheets by

using 2D MoO3 as template in the heated NH3 (800�C). They found

that the obtained MoN perfectly reappeared the morphology of

MoO3.
40 Some scholars adopted PEPLD (using CH4 plasma as carbon

source, heating sapphire substrate to 700�C, and reacting with Mo

vapor generated by pulsed laser) to form high-quality Mo2C thin

films.41,42 Although compared with the traditional top-down technol-

ogy, bottom-up technology is a simpler method to fabricate various

high-quality ultrathin 2D materials, the bottom-up technology

requires higher temperature conditions, coupled with the complex

atomic morphology and structure of MXene nanomaterial, the

bottom-up technology to generate MXene is still full of chal-

lenge.33,43,44 In addition, no functional groups linked to the surface of

MXene prepared by bottom-up technology, which limits the applica-

tion of MXene in biomedical field.27 In conclusion, how to use

bottom-up technology to manufacture MXene nanomaterials safely

and effectively still needs further study.

2.2 | Surface modification and functionalization of
MXene

According to the category of modifier, there are three ways of surface

modification/multi-functionalization of MXene nanomaterials:

1. Organic modification: The organic matter directly interacts with the

surface structure of MXene and introduces new chemical func-

tional groups after the reaction, effectively improving the disper-

sion stability, biocompatibility and reaction activity of MXene. The

natural polymer soybean phospholipid (SP) can be bonded to the

surface of MXene by physical adsorption (Figure 2D). The stability

of modified MXene nanomaterial in dispersion is significantly

enhanced, and it shows a long blood circulation time in mice.45

Polyethylene glycol (PEG) is also adopted for modifying the surface

of MXene. The addition of PEG can effectively improve the water

dispersion of MXene materials.46 Zhang et al. developed a honey-

comb structure nanocomposite hydrogel consisting of polyacryl-

amide and Ti3C2, which contributed to drug delivery and release.47

2. Inorganic modification: Inorganic modification usually selects inor-

ganic nanomaterials to functionalize MXene. On the one hand, the

modification method can availably prevent the stacking of MXene

nanoflakes, on the other hand, it can endow MXene nanomaterials

with unique optical, electrical, magnetic and other properties. Zhu

et al. explored the electrochemical responses of MXene doped

with metal ions to coexisting CD+, Pb+, Hg+, and found that its

sensitivity was better than most previous reports.48 In one investi-

gation, scholars synthesized the Fe3O4/Ti3C2 MXene composite

via a facile method, of which the hybrid was confirmed possesses

outstanding nonlinear optical properties (Figure 2E).49 Further-

more, Ti3C2@Au composite was obtained by in-situ growth, which

realized the dual imaging function of photoacoustic (PA) imaging

and computed tomography (CT).50 Dai et al. loaded MnOx nano-

particles on Ta4C3 MXene. Due to the high light conversion effi-

ciency of Ta4C3Tx and the MRI characteristics brought by MnOx,

the composite can be used as a trimodal imaging MR-CT-PA nano-

platform to guide tumor photothermal therapy in NIR- I window.51

3. Organic–inorganic hybrid modification: The organic–inorganic hybrid

modification method absorbs the advantages of organic and inor-

ganic modifications, and possess greater flexibility in the surface

modification engineering of MXene nanomaterials and make

MXene surface more functional, enriching the properties of

MXene. Liu and his colleagues integrated DOX into Ti3C2-Co com-

posite, achieving accurate drug release controlled by magnetic tar-

geting and thermal response.52 A study reported a metal–organic

framework composed of MXene/carbon nanohorns/β-cyclodex-

trin. They found that the material could be used as an electro-

chemical sensor to detect carbendazim pesticide residues in

food.53 Ta4C3-IONP-SPs nanocomposite can accumulate in cancer

cells, thereby, it can serve as a contrast agent for imaging technol-

ogy (Figure 2F).54,55

3 | APPLICATIONS OF MXENE
NANOMATERIALS IN TISSUE ENGINEERING
AND REGENERATION

After surface modification and functionalization, MXene has been

endowed with more excellent physical and chemical characteristics,

ZHONG ET AL. 1843
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and has been extensively studied in the biomedical field. In the follow-

ing, we will focus on the application of MXene in skin, bone, nerve,

and myocardial tissue engineering.

3.1 | MXene nanomaterials for skin tissue
engineering and regeneration

Skin trauma is the destruction of skin integrity under the action of exter-

nal mechanical forces and other factors, resulting in skin tissue discon-

nection or defect. Wound healing, containing three stages of

inflammation, proliferation and remodeling, is a continuous and complex

dynamic repair process, which will often be affected by infection.56,57

When the wound is infected, a large number of toxins and enzymes are

secreted by bacteria to dissolve the matrix and cellulose in the skin tis-

sue, aggravating the tissue damage.58,59 Hence, the prevention and

treatment of infection is the key step to accelerate wound healing.

Currently, researchers have been exploring the antibacterial activ-

ity of MXene nanomaterials. Some scholars studied the antibacterial

performance of Ti3C2Tx MXene against Escherichia coli and Bacillus

subtilis, and discovered that it had good antibacterial effects on both

bacteria.60 In another study, researchers revealed that the antibacter-

ial efficacy of Ti3C2Tx MXene against E. coli and B. subtilis depends on

their size and exposure time.61 Also, several scholars added Ti3C2Tx

MXene to the chitosan-hyaluronate matrix and they observed the

nanocomposites containing 5 and 10 wt% MXene visually inhibited

the growth of Staphylococcus aureus and E. coli.62 Mayerberger et al.

introduced a method of preparing electrospun Ti3C2Tx MXene/

chitosan nanofibers as an infectious wound bandage.63 The results of

antibacterial experiment in vitro demonstrated that the E. coli and

S. aureus colonies in culture dishes were reduced by 95% and 62%

respectively, which suggested that MXene/chitosan nanofiber was a

very ideal candidate for wound dressing. Zhou et al. constructed a

multifunctional scaffold platform with outstanding self-healing ability

and conductivity using Ti3C2Tx MXene nanosheets as the key compo-

nent, which can especially restrain the survival of multidrug-resistant

bacteria (MRSA) and destroy cell membrane.64 In addition, different

MXene materials exhibit different bactericidal abilities. Through com-

paring the antibacterial properties of Ti2C and Ti3C2 against E. coli, the

researchers noticed that Ti3C2 MXene had an evidently effect on bac-

terial activity, yet there was no significant antibacterial activity for

Ti2C MXene.65

In light of the excellent antibacterial effect of MXene nanomaterials,

it is a very promising strategy to use them for skin tissue engineering. In

the following, we will summarize the research on the MXene to facilitate

wound healing in recent years from different perspectives.

3.1.1 | MXene acts as a photodynamic agent for
wound healing

Photodynamic therapy is an emerging method to treat infectious

wounds.66,67 It uses photosensitizer to produce reactive oxygen

species (ROS) through photodynamic reaction to disrupt the cell mem-

brane structure to achieve the purpose of antibacterial.68 Considering

the outstanding photocatalytic efficiency of MXene, some scholars

bound MoS2 and Ti3C2 MXene together to form a special 2D bio-

heterojunction (bio-HJ) that can accelerate the separation of electrons

and holes and generate a large number of ROS inside and outside bac-

teria.69 Remarkably, Ti3C2 MXene/MoS2 2D bio-heterojunction was

demonstrated to promote fibroblast migration and had excellent anti-

inflammatory, angiogenesis and re-epithelization capacities. A MZ-8/

PLA electrospun membrane with photothermal and photodynamic

properties was reported by Zhang's group. Coincidentally, this multi-

functional platform can provoke the emergence of ROS to accelerate

the closure of bacterial invasive wounds, and its bactericidal rates to

E. coli and MRSA reached 99.9% and 99.8% respectively.70 Undeni-

ably, normal skin tissue may also be damaged by a large amount of

ROS. A polyvinylpyrrolidone (PVP)-functionalized Nb2C nanosheet

(Nb2C-PVP NSs) was reported in a recent study. Scientists noted that

the Nb2C-PVP composite was endowed with satisfactory antioxidant

properties, which could reduce the amount of ROS, and increase the

activity of normal cells.71 Yang et al. decorated the MXene-based

composite structure with fibroblast growth factor-21 to improve its

biosafety, which prevented the continuous damage of ROS produced

by the structure to normal tissues and facilitated the reconstruction

and regeneration of infectious skin damaged tissue.69

3.1.2 | MXene acts as a photothermal agent for
wound healing

Under the stimulation of thermotherapy, bacteria are cleaved and the

development of a variety of pathogenic microorganisms is hindered.

Simultaneously, mild heating can facilitate cell proliferation and angio-

genesis, which is conducive to repairing and remodeling damaged tis-

sues.72 In particular, MXene nanomaterial acts out efficient

photothermal conversion with the near-infrared laser irradiation.

Herein, the development of photothermal agent based on MXene to

facilitate the healing of infected wounds has attracted more and more

attention. Remarkably, the integration of silver nanoparticles (Ag NPs)

and Ti3C2Tx MXene demonstrates a synergistic antibacterial effect.73

The novel composite with NIR irradiation had a brilliant killing effect

on S. aureus and E. coli, suggesting that Ag/ Ti3C2Tx can be used as a

prominent photothermal antibacterial treatment platform to control

wound infection and quickly narrow the damage scope

(Figure 3A–C).73 Xu et al. mixed amoxicillin (AMX), MXene and polyvi-

nyl alcohol (PVA) and electrospun them into MXene-AMX-PVA nano-

fiber membrane as wound dressing for antibiotic and photothermal

synergistic antimicrobial to recover infectious wounds.74 Under NIR

irradiation, the heat generated by MXene can suppress bacterial pro-

liferation and facilitate the release of AMX, which enormously

improve the healing rate of infectious wounds in mice.74 Li et al. pro-

pose a muscle-inspired MXene/PVA hydrogel with high toughness

and photothermal effect. The MXene/PVA hydrogel can obviously

accelerate the proliferation of fibroblasts. When exposed to NIR

1844 ZHONG ET AL.
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irradiation, this composite hydrogel could accelerate granulation tis-

sue formation, collagen deposition, and scar free tissue formation.75 A

wearable wound dressing was designed via depositing a layer of

Ti3C2Tx nanosheet coating on cellulose fiber nonwoven fabric.76

When it was applied to the wound skin tissue of rats, the immunohis-

tochemical results manifested that the bacteria in the infected wound

F IGURE 3 (A) Temperature changes of suspensions containing different concentrations of (I) Ti3C2Tx and (ii) Ag/Ti3C2Tx and the thermal
images of (iii) Ti3C2Tx and (iv) Ag/Ti3C2Tx under 808 nm NIR irradiation, separately; (B) Optical photos of bacterial colonies formed without/with
808 nm NIR irradiation; (C) Wound healing characteristics. (i) Photographs of wound healing on days 0, 3, 7, 10, 12, 15. (ii) The wound area curves
of different groups during Day 0–15. (iii) The wound size of different groups on Day 7 and Day 15 (*p < .05, **p < .01, ***p < .001); Adapted with
permission from Reference 73; (D) Schematic illustration of MXene-integrated microneedle patches with adenosine encapsulation for wound
healing; (E) The cumulative release of adenosine from PBA-integrated hydrogel with/without 10 cycles of NIR irradiation;
(F) Immunofluorescence staining showing the neovascularization situation and the quantification of vascular structures. CD31+ structures (green)
and α-smooth muscle Actin-positive cells (red). (*p < .05, **p < .01, ***p < .001). Adapted with permission from Reference 81.
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area disappeared, the inflammation was weakened, the injury was

gradually repaired, and no obvious toxicity to the lungs and kidneys of

rats was noticed.

Drug intervention is also one of the methods to accelerate wound

healing. Via taking full advantage of the photothermal effect of

MXene, the controllable release of drugs can be realized. Jin et al. fab-

ricated temperature responsive MXene nanobelts carrying vitamin E,

which can facilitate vitamin E release to accelerate wound healing

under NIR irradiation.77 Analogously, Yang et al. presented a MXene-

based hydrogel as intelligent drug delivery system. With the splendid

NIR absorption capacity, the Ag NPs in the hydrogel can be released

to the depth of the wound to reduce inflammatory responses and

boost the formation of new blood vessels.78 Moreover, microneedle,

as a painless and noninvasive drug delivery system, has been widely

studied and applied in skin tissue regeneration.79,80 Sun et al. matches

MXene and microneedle patch to form a multifunctional platform

(Figure 3D–F), which realizes the active and controllable release of

drugs (adenosine) in the microneedle system via taking advantage of

the photothermal effect of MXene to promote angiogenesis in skin

wound.81.

3.1.3 | MXene acts as a conductive material for
wound healing

Previous studies have proved that electrical stimulation can promote

angiogenesis, improve blood circulation, regulate cell proliferation and

differentiation, and arouse tissue remodeling in the process of trauma

recovery.82–84 Owing to the distinct conductivity of MXene, there are

grounds to believe MXene-based nanomaterials can actively adjust

the growth of skin cells and drive skin tissue regeneration. Mao et al.

proposed to synthesize MXene and regenerated bacterial cellulose

(rBC) into composite hydrogels as wound dressings through physical

and chemical dual cross-linking.85 In the rat full-thickness skin defect

model, rBC/MXene showed better wound healing ability than the

existing dressings. Remarkably, under the electrical stimulation,

rBC/MXene composites can inhibit inflammation, up-regulate

the expression of VEGF and other related genes, induce

re-epithelialization of skin wound, drive collagen synthesis, promote

blood vessel growth, motivate granulation tissue formation, and accel-

erate wound closure.85 A multifunctional scaffold with Ti3C2Tx

MXene nanosheets as important raw materials was developed by

Zhou's team, which has splendid tissue adhesion and electrical con-

ductivity.64 They evaluated the healing ability of the scaffold on

MRSA-infected wounds. Under its influence, the infection range of

MRSA at the wound is reduced, the collagen deposition is increased,

and the differentiation of vascular endothelium is enhanced, which

greatly shortens the time of MRSA infected wound healing. Further-

more, the scaffold is endowed with good hemostatic ability specifi-

cally manifested in the notable reduction of bleeding volume and

coagulation time, suggesting that the MXene-based scaffold can

quickly stop bleeding and form blood clots in the early stage of wound

healing, so as to restore the wound.64 Conductive MXene

nanomaterials are also used for the management and supervision of

wound areas. Some researchers have integrated MXene based-

electronics into microneedle dressing to constantly monitor the move-

ment of the wound area, consequently, to remind patients to avoid

the risk of long-term difficult-to-heal wounds caused by frequent

muscle stretching.86

3.2 | MXene nanomaterials for bone tissue
engineering and regeneration

Trauma, tumor resection, infection, and congenital malformation are

the primary factors causing bone defect.87–89 However, it is difficult

to reconstruct large bone defects due to the limited ability of human

bone tissue repair, herein bone regeneration or replacement has been

verified to be an effective method of current treatment of bone loss

or defects.90 In recent 10 years, although some biomedical materials

such as beta-tricalcium phosphate (β-TCP), hydroxyapatite (HA) and

their composites have made great progress in bone tissue

engineering,91 while their shortages in bearing capacity, osteogenesis,

osteoconductivity, osteoinductivity, and biodegradability still need to

be improved.

As a member of the 2D material family with splendid properties,

MXene has great potential in bone tissue engineering. To date, many

scholars have made numerous efforts in MXene nanomaterials medi-

ating the proliferation and early differentiation of cells. Researchers

assessed the osteogenic activity of MXene on human Mesenchymal

Stem Cells (hMSCs) with cell culture medium containing different con-

centrations of MXene.92 When the concentration was <20 μg/ml,

hMSCs showed distinct proliferation and osteogenic differentiation

activity. Moreover, the rising expression of early osteogenic genes

RUNX2 and OPN and late osteogenic gene BSP was also observed

under the stimulation of MXene. As we know, cell spheroids provide a

3D cell culture environment that mimics the in vivo microenvironment

to strengthen the vitality and function of the cells in the spher-

oids.93,94 At present, this kind of cell spheroid has attracted extensive

attention in the field of tissue engineering. Jang et al. ingeniously used

MXene nanoparticles as cell adhesive to quickly form hMSC spher-

oids. It was found that the spheroids could promote the osteogenic

differentiation of hMSCs, and showed significant ALP activity and

active mineralization without osteogenic medium.95 Zhang et al.

reported that a multilayer MXene film improved the adhesion, prolif-

eration and osteogenic differentiation of mouse preosteoblasts

(MC3T3-E1) in vitro.96 In another study, polycaprolactone MXene

(PCL-MXene) composite electrospun fibers were synthesized for the

first time,97 on which MC3T3-E1 showed great cell viability. Further-

more, calcium phosphate minerals conducive to osteogenesis can pre-

cipitate qualitatively and quantitatively on the composite fibers, which

may be due to the wettability of MXene nanomaterials. Huang et al.

invented Ti3C2 MXene/poly(L-lactic acid) composite nanofibers for

BMSCs culture.98 Similarly, the nanofibers could also facilitate the

growth and extension of BMSCs and facilitate the differentiation of

BMSCs into osteoblasts to improve the osteogenic effect. Yin et al.
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adopted MXene-based composite as substrates to culture MC3T3-E1

to recognize whether MXene possess the potential to promote bone

formation.99 It was found that the expression of ALP increased after

14 days, indicating that osteogenic potential of MC3T3-E1 was acti-

vated. Subsequently, calcium nodules were gradually densely distrib-

uted on the surface of the complex, manifesting that the cells had

reached the late stage of bone differentiation and the extracellular

matrix was mineralized.99

How does MXene promote the adhesion and growth of

osteogenic-related cells through the cell-material interaction and the

potential biological mechanism? (1) Improve the physical and chemical

properties of the substrate material surface. It was found that the mate-

rial surface with good hydrophilicity has a significant stimulating effect

on the biological behavior of cells, such as adhesion and proliferation.100

The composite nanofibers doped with Ti3C2 MXene can supply the

hydrophilic functional groups required for the adhesion of BMSCs.97,98

Furthermore, the coating modified by 2D graphene could increase the

roughness of the original substrate, and the wrinkled nanotopography

provided more attachment sites for cell adhesion.101 (2) Adsorb the sur-

rounding proteins. The large surface area and negatively charged

oxygen-containing groups of 2D nanomaterials can absorb the proteins

with positive charge through strong electrostatic reactions. On the one

hand, proteins can increase the hydrophilicity of the material surface.

On the other hand, the RGD sequence of proteins (arginine glycine

aspartate sequence) can be as ligands to specifically bind to the integrin

of the filamentous pseudopodia of cells, thereby promoting the adhe-

sion and anchoring of cells on the material surface.102–104 (3) Regulate

the signaling pathways. An experiment showed that the Wnt/β-catenin

signaling pathway was involved in the process of 2D material graphene

promoting BMSC proliferation and osteogenic differentiation.105 In

another study, Ti3C2Tx MXene nanoflakes can facilitate the osteogenic

differentiation of hPDLC, thereby accelerating the regeneration of peri-

odontal tissue. It was further found that its potential mechanism may

involve the regulation of HIF-1α/Wnt signaling pathway.106 Moreover,

researchers also observed that 2D nanomaterial graphene oxide can

enhance the phosphorylation level of Erk1/2, which can stimulate the

expression of downstream VEGF and BMP ⁃ 2, thereby promoting

angiogenesis and new bone formation.107

Taken together, MXene has great potential in mediating cells into

osteogenic differentiation. Therefore, the addition of MXene nanoma-

terials can further improve the osteogenic properties of existing sub-

strate materials. At present, numerous scholars have sedulously used

MXene as scaffold material, coating material, barrier membrane and

so on to around bone regeneration in vivo (Table 1), and has achieved

satisfactory results in these fields.

3.2.1 | MXene nanomaterials as a coating

The close integration between implants and surrounding bone tissue

is the key to the success of implant surgery. Osseointegration is con-

stantly influenced by the physicochemical properties of the implant

surface.108–111 Owing to the eye-catching biocompatibility of titanium

(Ti) and its alloys, they are widely applied in bone tissue engineer-

ing.112 However, the fly in the ointment is that pure Ti lacks the ability

to stimulate osteogenesis and mainly relies on mechanical locking with

alveolar bone to provide retention. The introduction of coating can

change the surface physicochemical properties of implants and

enhance and improve the interaction between implants and bone tis-

sue. Jang's group evenly wrapped Ti3C2 MXene on the titanium sur-

face adopting electrophoretic deposition technique.113 Their

experimental results exhibited the osteoinductive capacity and the

osteogenic differentiation activity were notably strengthened due to

the MXene coating layer. In addition to enhancing osteogenic capac-

ity, MXene can also inhibit osteolysis. The fragments and particles

caused by implant would accumulate in the bone-implant interface,

resulting in the aseptic loosening of implant.114,115 A recent study

reported an antioxidant based on few-layered Nb2C MXene.116 By

scavenging ROS, few-layered Nb2C MXene effectively prevents the

emergence of inflammatory factors and the activation of osteoclasts.

The osteolytic bone resorption on the skull surface decreased appar-

ently in the mouse model after being injected few-layered

Nb2C. These results prompted few-layered Nb2C MXene may be a

promising implant coating material to prevent the appearance of oste-

oclasts and per-implant osteolysis. Moreover, a momentous point is

that peri-implant infection would postpone osteointegration and lead

to aggressive bone resorption by provoking excessive pro-

inflammatory cascade reactions.117–119 Avoiding implant area from

infection therefore is essential, and adding a layer of antibacterial

coating on the implant surface is a good choice to resolve the prob-

lem. A medical Ti plate coated with Nb2C MXene nanosheets

(Nb2C@TP) has been designed to control pre-implant infection,120 in

which Nb2C MXene plays the role against bacteria and biofilm due to

its inherent bactericidal and photothermal effect. Nb2C MXe-

neNb2C@TP can down-regulate the energy metabolism related path-

ways of bacteria and inhibit the formation of bacterial biofilm.

Furthermore, in the mouse infection model, Nb2C@TP not only elimi-

nated bacteria, but also significantly reduced the generation of ROS in

inflammatory responses under the irradiation of NIR, which remark-

ably accelerated angiogenesis and tissue remodeling of the infected

areas.120 Yin et al. prepared a multifunctional coating on insert ortho-

pedic material, which was composed of tobramycin (TOB)-laden Ti3C2

MXene and gelatin methacrylate (GelMA) hydrogels.99 In this compos-

ite coating, Ti3C2Tx-based MXene nanosheets can inhibit bacterial

growth through direct contact. At the same time, Ti3C2 has a large

surface with lots of negatively charged terminal groups ( F, OH,

and O), which can adsorb the antibacterial agent TOB through elec-

trostatic binding and continuously release it in the lesion area. Taken

together, the synergistic bactericidal effect of Ti3C2 nanosheets and

TOB provides a sterile environment for postoperative bone tissue

reconstruction. Moreover, osteoblasts displayed cell adhesion, spread-

ing capacity and ALP activity on the coating. When introducing the

multifunctional coating into Sprague–Dawley rats with femoral con-

dyle defect model, more bone deposition and new bone formation

around the implant were detected, revealing its marvelous ability of

osteoinductivity and osteointegration.99
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3.2.2 | MXene as a guided bone membrane

Guided bone regeneration (GBR) is most primary mean to solve peri-

odontal bone loss and the defects of bone around implants.121,122 The

ideal GBR would form a bioactive barrier between soft tissue and

bone defect to create a closed environment, so that osteogenic pre-

cursor cells can enter the bone defect areas first, grow preferentially

and regenerate bone tissue.122 Currently, biodegradable membrane

has been a common GBR membrane since it can avoid the secondary

surgery and reduce the risk of patients' pain and postoperative com-

plications. However, the shortcomings of rapid degradation, poor anti-

bacterial effect and weak mechanical properties restrict the further

application of biodegradable membrane.123 In view of the superior

physicochemical properties and biological characteristics of MXene

nanomaterials, developing a guided bone regeneration membrane

based on MXene with superior mechanical properties, biocompatibil-

ity, biodegradability, and osteoinductive potential is a hotspot at pre-

sent. Zhang et al. carried out the study of multilayered Ti3C2Tx

MXene films for GBR.96 They found that the GBR membrane adhered

well to the tissue around bone defect area because of the splendid

hydrophilic surface of MXene films. After MXene membrane was

implanted subcutaneously in rats with skull defects for 4 weeks, the

defect spaces under MXene membrane were almost filled with uni-

form and continuous new bone without obvious inflammatory reac-

tions, meaning that MXene membrane has excellent osteoinductivity

and osteogenesis (Figure 4). A nanocomposite film was prepared by

embedding Ti3C2Tx nanosheets into PLA matrix.124 Compared with

pure PLA membrane, the introduction of Ti3C2Tx MXene not only

increased the mechanical properties of the composite membrane, but

also improved the in vitro adhesion, proliferation and osteogenic dif-

ferentiation of MC3T3-E1. Fu et al. have studied the potential of

nanocomposite membrane consisting of Ti3C2Tx nanosheets and

ultralong hydroxyapatite nanowires (UHAPNWs) to induce bone

regeneration.125 The results of animal experiments showed there was

no distinct fibrous tissue around UHAPNWs/MXene composite mem-

brane, and the whole of skull defect area was full of layered bone

formed of vascular channels and bone cavities. Furthermore, severe

periodontitis can cause alveolar bone absorption and defect, resulting

in tooth loosening and loss.126,127 Because the reconstruction of alve-

olar bone depends on the proliferation and differentiation of

F IGURE 4 (A) Surgical operation to create rat calvarial defect model and to cover the bone defects with MXene films. (B) Micro-CT
reconstruction images of bone defect samples including interior, superficial, coronal and sagittal views at the 4th and 8th week after surgery.
(C) Bone volume fraction (BVF) at 4 and 8 weeks after surgery. (**p < .01, ***p < .001, and ****p < .0001). (D) Undecalcified histological sections
of calvarial samples 4 and 8 weeks after surgery following Van Gieson's staining. Adapted with permission from Reference 96.
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periodontal ligament cells (PDLCs),128 some scholars have researched

the impact of Ti3C2Tx MXene nanoflakes on PDLCs.106 The applica-

tion of Ti3C2Tx MXene nanoflakes facilitated the osteogenic differen-

tiation of PDLCs by up-regulating the expression of osteogenic

related genes such as RUNX-2, ALP, and OPN. In the rats with peri-

odontal fenestration defects model, Ti3C2Tx-treated hPDLCs inhibited

osteoclastic activity and accelerated alveolar bone regeneration,

which might be via regulating the metabolic reprogramming-related

HIF-1α/WNT signaling pathway.106

3.2.3 | MXene nanomaterials as a scaffold

Three-dimensional biodegradable scaffold is the most common strat-

egy in bone tissue engineering to restore the mechanical integrity of

bone defects and provide space to simulate the natural process of

bone reconstruction.129 This scaffold can create an ideal microenvi-

ronment via imitating extracellular matrix, which can be adopted for

the attachment, proliferation, migration and differentiation of osteo-

blasts and as the carrier of growth factors.130 Owing to the outstand-

ing mechanical and biological properties, more and more studies focus

on using MXene as a scaffold or a reinforcement material in scaffold

to repair large bone defects.

Bone cancers occur in the bone or originate from various bone

tissue components, presenting as severe pain and pathological frac-

tures.131,132 Nowadays, the main and widely used mean to eliminate

bone tumors is surgical resection, supplemented by radiotherapy and

chemotherapy.133–135 However, surgery has two main shortcomings

that lead to failure: One is that the eradication of bone tumors is not

complete and the risk of recurrence is high; The other is that surgical

F IGURE 5 (A) The fabrication process of TBGS. (B) Schematic illustrating TBGSs for photothermal therapy and the corresponding in vivo
thermal images in BGS + laser group (upper) and TBGS + laser group (bottom). (C) Temperature elevations at tumor sites of mice in different
groups. (D) Time-dependent tumor-growth curves after different treatments. (E) Photographs of tumor-bearing mice on 14th day after different
treatments, and the tumor tissues stained by H&E, TUNEL (apoptosis), and Ki-67 (proliferation) in 1 day after different treatments. (F) 3D
reconstruction of circular defects at 24 weeks after scaffolds implantation. (G) Value of BV/TV, BMD, and TOT in newborn osseous tissue
(*p < .05, **p < .01, ***p < .001); (H) Histology staining of craniums of rats implanted with BGS/TBGS at week 24. Implanted scaffolds that were
not biodegraded completely (black asterisks). Newborn osseous tissue (yellow triangles). Adapted with permission from Reference 136.

1850 ZHONG ET AL.

 15524965, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.a.37438 by E
gyptian N

ational Sti. N
etw

ork (E
nstinet), W

iley O
nline L

ibrary on [08/11/2022]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



resection would cause large bone defects. The traditional therapy

relies on the implantation orthopedic materials to pad the bone defect

space, but it could not eliminate the residual tumor cells. Hence, it is

fully essential to fabricate a treatment platform that can effectively

clear up bone tumors and promote bone reconstruction at the same

time. Pan et al. reported a 2D Ti3C2 MXene-integrated 3D-printing

bioactive glass scaffold,136 assembling photothermal properties and

osteogenic potential of MXene nanomaterials (Figure 5A). With NIR

laser irradiation, the latent malignant tumor cells were ablated at high

temperature, and no cancer recurrence was observed in rats after

2 weeks (Figure 5B–E). Moreover, the addition of MXene, compared

with a pure bioactive glass scaffold, markedly excited in vivo forma-

tion and growth of new bone (Figure 5F–H). In the process of bone

tumor elimination and postoperative bone reconstruction, Ti3C2

MXene nanoflakes in the composite scaffold will gradually be biode-

gradable into Ti based species, thereby accelerating the formation of

new bone. In one investigation, researchers assembled a novel multi-

functional composite scaffold platform with controllable NO release

and efficient photothermal conversion performance through modify-

ing 2D Nb2C MXene materials, which supplies an innovative way of

synergistic gas therapy and photothermal therapy for eradicating

residual tumor cells and repairing bone defect.137 Specifically, the sur-

face of Nb2C MXene is coated with a mesoporous silica layer, which

enables the NO donor S-nitrosothiol to be effectively loaded on the

surface of MXene. On the one hand, the high photothermal conver-

sion efficiency of 2D MXene and the release of high concentration

NO can eliminate tumors. On the other hand, low concentration of

NO in the later stage can promote bone regeneration. In addition,

angiogenesis is pivotal link of bone development and growth.138,139

Blood vessels transport essential nutrients, oxygen and BMSCs for

bone regeneration in bone defect area after osteosarcoma resection.

Several scholars noted that Nb2C MXene in the 3D scaffolds observ-

ably accelerated the migration of human umbilical endothelial vein

cells (HUVECs), facilitate the growth of honeycomb tube, and pro-

mote the expression of angiogenesis related genes.140 When the scaf-

fold integrated Nb2C MXene was implanted into the animal model for

3 weeks, a dense new blood vessel network was displayed around the

scaffold, which greatly promoted the growth of new bone. Further-

more, malignant tumor cells such as breast cancer cells and lung can-

cer cells are often transferred to bone tissue.141,142 Compared with

removing primary tumors, eliminating metastatic bone tumor is more

challenging. Currently, Immunotherapy can eradicate metastatic

tumors by awakening the systemic immune system.143–145 He et al.

herein designed a Nb2C MXene nanosheets loaded with immune adju-

vant (R837)and integrated them on BG scaffolds.146 Studies has dem-

onstrated that Nb2C MXene can not only destroy tumors through

photothermal effect, but also act as a drug delivery system to carry

and release R837 which can drive dendritic cells to mature and active

the immune responses of antitumor. Furthermore, Nb-based species

form the Nb2C MXene can facilitate bone regeneration and recon-

struction. In the animal experiment, the density and volume fraction

of new bone in the Nb2C incorporated-scaffold group increased more

than that in the control group.

3.3 | MXene nanomaterials for neural tissue
engineering and regeneration

Owing to the complexity of nervous system, repairing and regenerating

neural tissue is still a major challenge in clinical treatment.147 The tradi-

tional approaches for repairing never injuries include microsurgical neu-

rorrhaphy, autografts or allografts, nevertheless, these means still have

several flaws such as surgical trauma and subsequent complications,

immunological responses and donor site morbidity.2 Neural tissue engi-

neering is deemed as an ideal solution strategy for repairing and recon-

structing injured neural tissue. Over the past few years, 2D

nanomaterials containing MXene have broad application prospects in the

field of neural tissue engineering and regeneration, attributing to their

fascinating biocompatibility, biodegradability, especially conductivity.

Guo et al. evaluated the effect of Ti3C2Tx MXene nanomaterials on

neural stem cells (NSCs).148 Their work confirmed that the MXene films

was biocompatibility with NSCs. Growing on Ti3C2Tx MXene substrates,

the ability of the differentiation of NSCs into neurons was enhanced,

which was manifested the increase of neuron percentage, length of lon-

gest neurites and numbers of branch points (Figure 6). Also, the MXene

films coupled electrical stimulation could significantly enhance the

expression of proliferation-associated genes PCNA and Ki67, thereby

promoting the proliferation of NSCs. Several scientists have reported a

particular graphene oxide-MXene (rGO-MXene) hydrogel with porous

structure.149 The existence of MXene endows the hydrogel with better

hydrophilicity and stiffness. The cells represent superior adhesion and

migration ability on the surface and can grow along the netlike path of

rGO-MXene based hydrogel to form a cell network. In addition, NSCs

cultured on MXene substrates emerged strong neural network activities

such as synaptic transmission and vesicle delivery, addicting Ti3C2Tx

MXene nanomaterials could improve the functional activity of NSCs.148

A study showed that neuros could adhere to the Ti3C2 MXene neural

interface, subsequently grow axons and form corresponding neural net-

works.150 Fu et al. fabricated a fiber with conductive Ti3C2Tx MXene as

sheath and alginate as core (MXene@A fibers).151 Due to the high sur-

face area, rich functional groups, and hydrophilic property of MXene,

the composite MXene@A fibers can act as a bio-interface to adsorb

plenty of poly-L-lysine and protein via hydrogen bonding, thus offering a

proper microenvironment for guiding the attachment, differentiation

and directional migration of neural steam/progenitor cells. Further

detection observe that MXene@A fibers drive the functional maturation

of neurons through accelerating the formation and growth of synapses.

Understanding the basic mechanism of neural circuit and how neural

activities change in disease or injury is conducive to further explore the

causes of nervous system diseases and develop relevant therapy

methods.152 According to the ultrathin conductive Ti3C2 MXene micro-

patterns, researchers simply and efficiently fabricated a field-effect tran-

sistor for detecting dopamine sensitively and monitoring the peak

activities of hippocampal neurons.153 Besides, high-resolution neural

interfaces are also crucial tools for researching and regulating neural cir-

cuits. With splendid electrical properties and high specific surface area,

Ti3C2 MXene has become a promising neural interface material for

recording brain signals.
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3.4 | MXene nanomaterials for cardiac tissue
engineering and regeneration

At present, cardiovascular disease is still one of the leading causes of

death in the whole world.154,155 The loss of myocardial blood supply

caused by myocardial infarction (MI) leads to the injury and necrosis

of heart tissue. Most of the damaged or necrotic cardiac tissue areas

will be gradually replaced by fibrotic scar tissue, which would change

the electrophysiological and systolic function of the myocardial field,

and may eventually lead to fatal arrhythmia.156 Heart transplantation

is the ultimate solution to late MI. However, due to the lack of cardiac

donors and the complications related to immunosuppressive therapy,

scientists and surgeons have been looking for new strategies to treat

the damaged heart.157,158 The presence of cardiac tissue engineering

may play a crucial role in replacing and maintaining the function of

infarcted myocardial tissue and saving the lives of patients.159,160

Given that the heart needs electrical synaptic interaction between

cells to perform physiological function, the biomedical materials used

for cardiac tissue engineering must support bioelectric signal conduc-

tion and mediate communication between cardiomyocytes (CMs) to

realize the synchronous beating of the heart.8 As a burgeoning 2D

nanomaterial with attractive electrical conductivity, hydrophilicity and

biocompatibility, MXene is an ideal candidate for cardiac tissue engi-

neering. In one investigation, through the technology of aerosol jet

printing, the authors assembled a composite material composed of

Ti3C2Tx MXene nanoflakes and polyethylene glycol (PEG) hydrogels

as an engineering human cardiac patch. The integration of MXene

gives the hydrogel excellent conductivity, which is conducive to

improving the synchronous beating of human induced pluripotent

stem cell derived cardiomyocytes (iCMs) and the electrophysiological

coupling between the patch and the infarcted area.161 This composite

also realistically imitated the structural arrangement and electrophysi-

ological characteristics of cardiomyocytes in natural heart tissue, and

promoted the maturation of ICMs. In another study, researchers pre-

pared a novel engineering human cardiac muscle patch by introducing

Ti2C MXene nanoparticles into cryogel (Figure 7A).162 When cardio-

myocytes were cultured in Ti2C-cryogel for 7 days, clear Z-line struc-

tures and packed strong sarcomeres and desmosomes which are key

signs of myocardial maturation were observed under transmission

electron microscopy (TEM) (Figure 7B). Remarkably, it was found that

the infarct area was reduced (Figure 7C,D), the inflammatory response

was weakened, the immunological microenvironment conducive to

myocardial tissue repair was established, the dense micro-vessels

were formed, and the myocardial function was distinctly improved

when the heart patch was implanted into the rat model with MI for

4 weeks.162

4 | FUTURE TRENDS OF MXENE IN TISSUE
ENGINEERING AND REGENERATION

MXene have been listed above as excellent nanomaterials in various

tissue engineering fields. Currently, with the continuous optimization

and development of manufacturing technology and nanotechnology,

F IGURE 6 (A) Representative field-emission scanning electron microscopy images of NSCs cultured on TCPS and Ti3C2Tx MXene film.
(B) Representative fluorescent images of NSC progeny cultured on Ti3C2Tx MXene film and TCPS substrate after NSCs were induced to
differentiate for 7 days. βIII-tubulin (red), and nuclei (blue). (C–E) Histograms of the neuron percentage (C), the length of the longest neurites (D),
the number of branch points (E). Adapted with permission from Reference 148.
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the application of some new types of MXene nanomaterials in tissue

engineering and regeneration is also worthy of our expectation.

In particular, the invention of ultra-small size MXene quantum

dots (MQDs) enriches the application of MXene nanomaterials in bio-

medical field such as bioimaging,163,164 biosensing165 and tumor ther-

apy.166 However, few studies have noticed on the application of

MQDs in tissue engineering. Ti3C2 MQDs are endowed with salient

immunomodulatory performance.167 It was found that MQDs could

inhibit the proliferation of various pro-inflammatory immune cells and

further hinder the recruitment of immune cells into the damaged

area.168 Moreover, MQDs have good biocompatibility with BMSCs

and induced pluripotent stem cell-derived fibroblasts. The above evi-

dence suggests that MQDs can be used as a new immunomodulatory

platform to improve the immune tolerance of transplanted cells, facili-

tate the survival and proliferation of stem cells, decreased the

inflammatory responses and promote the remodeling after tissue

injury. As we all know, the immune responses of grafts directly affect

the effect of tissue regeneration. Excessive foreign body reaction

would prolong the time of tissue healing, increase the formation of

scar tissue. In the process of bone defect repair, the final osteogenic

effect of bone substitute materials was influenced by bone immune

microenvironment. Thus, future study can combine MQDs with exist-

ing biomaterials to explore new application prospects of MXene in tis-

sue engineering from the perspective of immunomodulation.

By combining 3D printing technology with tissue engineering

technology, 3D bioprinting technology can take biomaterials and/or

cells as printing materials and print out in vitro 3D biological func-

tional objects with complex physiological structure and function

according to the requirements of bionic morphology, biological func-

tion and cell microenvironment to repair and reconstruct bone,

F IGURE 7 (A) Schematic illustration of the formation of Ti2C-cryogel and its application in a rat MI model. (B) Ultrastructure of the CMs
cultured on the different groups on day 7 of culture. Sarcomeres (SA), Z-lines (Z), mitochondria (Mito) and desmosomes (DS). (C) Masson's
trichrome staining for multiple heart sections in different groups (fibrous tissue [blue] and myocardium [red]). (D) Quantitative analysis of wall
thickness and infarct area of left ventricular anterior wall based on the images of Masson's trichrome staining. (*p < .05, **p < .01, ***p < .001).
Adapted with permission from Reference 162.
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cartilage, blood vessels and nerve tissues.7,112,169 Bioinks, as the

material of biological 3D printing technology, play a vital role in this

process. Ideal bioinks need to have good bioactivity and formability.

Rastin's group first introduced MXene nanosheets into 3D bioprinting

as a raw material of bioinks.170 They prepared a new class of electro-

conductive bioinks by evenly dispersed Ti3C2 MXene nanosheets in

hyaluronic acid/alginate hydrogel. It is found that the complex 3D

structure printed with the composite bioinks has higher shape fidelity

and resolution. Besides, MXene nanosheets also gives the ink higher

conductivity, making it more compatible with the physicochemical

characteristics of the tissue. The results of cell experiment illustrated

that the encapsulated Human Embryonic Kidney 293 (HEK-293) cells

showed high cell viability (>95%) in the 3D bioprinting structure, indi-

cating that MXene nanocomposite bioinks had excellent biocompati-

bility.170 Therefore, MXene nanocomposite bioinks with splendid

biocompatibility, biodegradability and electrical conductivity is an

optimal choice in 3D printing technology and can expand some new

application modes in neural engineering.

Furthermore, due to the particular layered structure, hydrophilic

properties, and plentiful terminal groups on the surface of MXene

nanomaterials, water, organic molecules, and metal cations thus can

be easily inserted into the layered structure of MXene nanomaterials,

making it a potential adsorbent.171–174 At present, MXene nanosheets

have been reported as adsorbents for the regeneration of dialysate.

Meng et al. noted that when the initial concentration of urea was

30 mg/dl, the removal rate of urea in aqueous solution and dialysate

by Ti3C2Tx MXene as adsorbent separately reached 99% and 94%

respectively. At 37�C, the maximum urea adsorption ability of MXene

nanosheets is 21.7 mg/g.175 In another study, the researchers found

that the maximum adsorption ability of Ti3C2Tx MXene nanomaterial

for creatinine and uric acid from aqueous solution and dialysate

reached 45.7 and 17.0 mg/g, respectively.176 Compared with the tra-

ditional activated carbon adsorbent, the interlayer structure and

hydrophilic end of MXene material have higher adsorption density, so

as to reduce the use of dialysate, which is undoubtedly a great gospel

for patients with end-stage renal disease. Even so, further surface

modification may give MXene nanomaterials stronger adsorption

capacity, which needs special consideration in future study.

5 | CONCLUSIONS AND CHALLENGES

Focusing on MXene, a rookie in the 2D nanomaterial family, this review

summarizes its preparation and surface modification methods, then

respectively emphasizes its application in skin, bone, neural and cardiac

tissue engineering, and finally briefly introduces the emerging research

trend of MXene in the field of tissue engineering and regeneration. As

we all know, stem cells, supporting materials and growth factors are the

three key elements of tissue engineering. Thanks to the unique physico-

chemical and biological properties of MXene nanomaterials, they have

great application potential in tissue regeneration (Figure 8).

MXene can promote the proliferation, differentiation, adhesion

and migration of a variety of tissue engineering stem cells without

obvious cytotoxicity; Its excellent antibacterial properties make it

eliminate bacteria and conducive to the healing of infected wounds

and prevent the occurrence of peri-implant infections; MXene is

endowed with high specific surface area and conductivity, which pro-

vides favorable conditions for the interaction and transmission of bio-

electric signals between cells, making it possible for the synchronous

beating of repaired heart tissue and the functional integrity of regen-

erated neural tissue; Moreover, the superior photothermal and photo-

dynamic properties make MXene nanomaterials not only ablate tumor

cells, but also facilitate the proliferation of related cells. For example,

it has enormous potential in the repair of bone defects after bone can-

cer resection. In view of splendid hydrophilicity, biodegradability and

biocompatibility of MXene, it is a potential component of tissue engi-

neering scaffolds, membranes and coatings. First of all, MXene can

form a scaffold composite with hydrogel or bioactive glass, simulate

the extracellular matrix environment, induce stereotaxic growth of

cells, reduce inflammation and promote angiogenesis. Second, the bio-

active barrier prepared by MXene as GBR membrane can prevent the

infiltration of surrounding soft tissue into the bone defect area and

accelerate the reconstruction of bone tissue on the side of bone

defect. When the damaged tissue is repaired, the MXene-based scaf-

fold and membrane are also absorbed by biodegradation. As a coating,

the implant surface wrapped by MXene significantly promotes the

osseointegration ability of the implant and makes it more stable and

firmer. In addition, strong antibacterial performance would be pre-

sented when the wound dressing is covered with a layer of Ti3C2Tx.

At present, scaffold complex, membrane and coating made of MXene

have been well used in hard and soft tissue engineering. MXene sur-

face has rich functional groups, which can be modified flexibly.

Attaching growth factors such as TGF-β and FGF to the surface of

MXene nanosheets can regulate the growth and differentiation of

F IGURE 8 The role of MXene nanomaterials in tissue engineering
analyzed from three aspects.
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seed cells. Certainly, the surface of MXene nanomaterials can also be

modified to load some drugs to strengthen its antibacterial, anti-

inflammatory and tissue repair effects.

Although MXene and MXene-based nanomaterials have made

many brilliant scientific research achievements in the application of tis-

sue engineering in the past years, the present study still focuses on the

repair and remodeling of skin and bone tissue, and pays less attention to

neural and cardiac tissue engineering. Moreover, most studies are still in

the initial stage of laboratory exploration, so there still exist several

problems needed to resolved before MXene nanomaterials enter clinical

and practical application. (1) The content, size, thickness and morphol-

ogy of MXene have a crucial impact on the overall properties of bioma-

terials. The effects of MXene nanomaterials with specific structure on

different tissues and cells need to be further studied, which will contrib-

ute to better apply MXene to strengthen the function of composite

materials to promote tissue repair and regeneration. (2) At present, we

know little about the potential mechanisms and signal transduction

pathways related to cell proliferation and differentiation involved in

MXene. Further understanding and exploring these molecular mecha-

nisms can open up a new way for the development of MXene-based

scaffolds and GBR membranes for tissue engineering. (3) The biosafety

research of MXene materials cannot be ignored. Although most studies

show that MXene is endowed with good biocompatibility and degrad-

ability, there is still a lack of systematic analysis and evaluation of the

long-term biosafety of MXene nanomaterial and its degradation prod-

ucts. In the future, researchers need to make a lot of efforts to under-

stand the long-term toxicity, immunogenicity, pharmacokinetics and

biological distribution of MXene nanomaterials in animal models.

(4) How to make rational use of various excellent properties of MXene

in tissue engineering to produce synergistic effects to accelerate the

repair and reconstruction of injured tissues also needs further research

and exploration. A comprehensive assessment of in vivo repair and

regeneration performance, corresponding mechanism and time depen-

dence of MXene and MXene-based composites can provide a basis for

its future improvement and clinical application. (5) Safe and large-scale

production is a key step to realize the clinical application of MXene. Cur-

rently, the fabrication of MXene nanomaterials by fluorine-containing

technology is relatively dangerous and inefficient. It is particularly neces-

sary to develop safer, more efficient, simpler and more environmentally

friendly low fluorine or fluorine-free preparation methods and find more

stable surface modification technologies. Moreover, under high temper-

ature or oxygen-containing environment, MXene has poor stability and

is easy to be oxidized, and its performance will change accordingly.

Therefore, how to prevent MXene oxidation in the process of produc-

tion and storage is particularly significant. It is believed that with the

development of manufacturing technology and biomaterial science and

the unremitting efforts of scientists, MXene nanomaterials will give full

play to its unique advantages in the field of tissue engineering and

regeneration.
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