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Abstract: Bone regeneration remains a great clinical challenge. Two-dimensional materials,

especially graphene and its derivative graphene oxide, have been widely used for bone

regeneration. Since its discovery in 2014, black phosphorus (BP) nanomaterials including

BP nanosheets and BP quantum dots have attracted considerable scientific attention and are

considered as prospective graphene substitutes. BP nanomaterials exhibit numerous advan-

tages such as excellent optical and mechanical properties, electrical conductivity, excellent

biocompatibility, and good biodegradation, all of which make them particularly attractive in

biomedicine. In this review, we comprehensively summarize recent advances of BP-based

nanomaterials in bone regeneration. The advantages are reviewed, the different synthesis

methods of BP are summarized, and the applications to promote bone regeneration are

highlighted. Finally, the existing challenges and perspectives of BP in bone regeneration

are briefly discussed.
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Introduction
Bone regeneration has been a major challenge in clinical surgery owing to condi-

tions such as trauma, tumors and diseases (eg, osteomyelitis and osteitis).1 Many

therapeutic strategies such as autografts, allografts, and artificial bone scaffolds

have been employed.2,3 Autografts are considered as the gold standard in clinical

practice, but they pose significant limitations, including limited bone mass, size

mismatch, low availability, and donor site damage.4,5 Allografts also frequently

carry potential risks such as disease transmission, contamination, and immune

response.6,7 Thus, development of an artificial bone substitute with excellent osteo-

conduction, osteoinduction, and osteointegration is urgently needed.8–10

Black phosphorus (BP) nanomaterials, also called phosphorene, a novel member

of the two-dimensional (2D) materials family, have sparked considerable research

interest since BP nanosheets were first exfoliated from bulk BP in 2014.11 Since

then, BP nanomaterials including BP nanosheets and BP quantum dots (BPQDs)

have been extensively investigated.12–15 Compared with other 2D nanomaterials,

BP nanomaterials exhibit puckered structures along the armchair direction and its

bilayer configuration along the zigzag direction.16 This structural anisotropy leads

to some unique properties of BP, such as electronic conductivity, optical, thermo-

electric, and topological features, and unusual mechanical behavior.17–19 Due to

their excellent properties, BP nanomaterials have attracted attention for a variety of

biomedical applications such as photothermal therapy (PTT), photodynamic therapy
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(PDT), drug delivery, and bioimaging.20–22 Especially,

there are several advantages of BP nanomaterials for

bone regeneration according to recent studies. Firstly,

compared to other 2D materials, they offer good biocom-

patibility and are biodegradable in the physiological

environment.23 The degradation product of BP is nontoxic

phosphate anions, which are a component of bone tissue

and can be used for mineralization.24 Wang et al demon-

strated that BP incorporated hydrogels can induce miner-

alization and enhance osteogenic cell differentiation and

bone regeneration.25 Other studies showed that BP-based

materials in bone defects can produce local mild heat and

accelerate bone regeneration.24,26 BP nanomaterials also

exhibit excellent PTT and PDT effects, which can be used

to enhance bone regeneration, even under disease condi-

tions such as tumors and infections. For instance, Yang

et al designed BP-reinforced, 3D-printed scaffolds, and the

intra-scaffold BP enabled both photothermal ablation of

osteosarcoma and subsequent material-guided bone

regeneration.27 Finally, compared to other 2D materials,

BP nanomaterials have good drug-delivery capacity, and

various drugs, biomolecules, and nanoparticles can be

loaded on BP.28,29 Considering these advantages, BP nano-

materials could have promising applications in bone

regeneration.

To date, the biomedical uses of BP nanomaterials,

especially for anti-tumor therapy, have been well

reviewed.14,19,30,31 However, their use for bone regenera-

tion has not been extensively described. In this review, we

systematically summarize the latest advances of BP nano-

materials in bone repair and regeneration. First, the com-

position of bone tissue and the requirements of scaffolds

for bone regeneration are discussed. Second, the advan-

tages of BP nanomaterials in bone regeneration are

reviewed. Thirdly, different synthesis methods of BP are

summarized. Lastly, the applications of BP nanomaterials

to improve bone regeneration are highlighted. The existing

challenges and opportunities of BP in bone regeneration

are also discussed.

Bone Regeneration Strategies
Bone is composed of different cell types including osteo-

cytes, osteoblasts, and osteoclasts embedded in a highly

complex microenvironment.32 Osteoblasts and osteocytes

play key roles in bone formation, while osteoclasts are

involved in the reabsorption of existing bone tissue and

regeneration.10 The structure of bone is mainly composed

of organic type I collagen and the inorganic minerals

calcium (Ca2+) and phosphate (PO4
3-), which provide

a platform effectively promote cell proliferation and

differentiation.33 Although bone tissue normally exhibits

some degree of self-healing ability, it is limited when the

bone defect exceeds a critical value (2 cm) or the defect is

due to orthopedic diseases such as tumor or infection.34–36

Failure of bone healing will result in nonunion of the bone

due to ischemia, osteonecrosis, and bone loss.37 To prevent

these problems, additional treatments are required to stimu-

late bone regeneration. In the past few decades, there has

been great success in artificial bone substitutes with excel-

lent osteoconduction, osteoinduction, and osteointegration.

Strategies to promote bone regeneration can be divided into

four categories (Figure 1): (1) biomaterials, (2) biomole-

cules, (3) cells, and (4) external stimuli.38 They can be used

separately or in combination to design scaffolds that mimic

bone extracellular matrix (ECM) to promote regeneration.

The designed scaffolds should meet four requirements. (1)

Biocompatibility: the scaffolds can support cellular activity

and molecular signaling without causing inflammatory reac-

tions or toxic effects.39 (2) Mechanical properties: the scaf-

fold should satisfy the mechanical strength needs and

provide transfer properties.40 (3) Vesicular structure: inter-

connectedness, volume, and pore size are thought to provide

space for bone growth.41 (4) Bioabsorbability: this provides

space for new tissue ingrowth.42 An ideal scaffold should be

degraded in vivo with a controllable rate, and the degrada-

tion products must be non-cytotoxic.43 Numerous strategies

have been applied to construct biomimetic scaffold plat-

forms for bone regeneration. For instance, graphene oxide

(GO) loaded with micro-RNAs can be introduced to a silk

fibroin/hydroxyapatite scaffold.44 Without loading osteo-

blast cells, this scaffold can increase osteogenic differentia-

tion and mineralized bone formation in defects. Despite

some success, the design of multi-scale porous scaffolds

with ideal composition, loaded biomolecules, appropriate

mechanical properties, and good bioresorbability still faces

many challenges.

TheAdvantages of BPNanomaterials
for Bone Regeneration
BP nanomaterials, an emerging two-dimensional metal-free

layered material, has been sparked enormous research inter-

est since discovery in 2014.11 It exhibit numerous superior

properties, such as distinct pleated structures in layers, an

adjustable direct band gap, high carrier mobility, and many

interesting in-layer anisotropies.45 Thus, it has been applied
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in many fields including batteries, field-effect transistors,

electronics, and nanomedicine in recent years.46,47 Notably,

BP nanomaterials exhibit excellent biocompatibility, biode-

gradability, PTT and PDT effects, and high drug-loading

capacity, which meet the above requirements and are ben-

eficial for bone regeneration (Figure 2).

Biocompatibility and Biodegradability
Biocompatibility is a basic requirement in biomedicine. In

general, the biocompatibility of 2D nanomaterials is material,

size, dose, and cell dependent.48 A previous study demon-

strated that BP showed less cytotoxicity than graphene, but

more cytotoxicity than molybdenum disulfide and tungsten

diselenide.49 BP with larger lateral size (884.0 ± 102.2 nm)

and thickness (91.9 ± 32.0 nm) has higher cytotoxicity than

small BP (lateral size: 208.5 ± 46.9 nm, thickness: 17.4 ± 9.1

nm).50 BP nanosheets can induce cytotoxicity at a high con-

centration (>50 μg/mL), but smaller BPQDs (<10 nm) were

considered nontoxic up to the concentration of

1000 µg/mL.51 Thus, for further biomedical application,

parameters of BP nanomaterials such as size and dose need

to be optimized.

Due to its high reactivitywith both oxygen andwater, BP is

easily degraded in the physiological environment, which may

limit its application in some aspects.52–55 However, biodegrad-

ability limits the cytotoxicity caused by material accumulation

in the body. Thus, compared to other 2D materials, this

shortcoming is an advantage for biomedical applications.

Moreover, the final degradation product of BP is nontoxic

PO4
3-, which is a component of bone tissue and is safe to the

human body and can be a resource for mineralization.23,56 In

short, BP nanomaterials have good biocompatibility and bio-

degradability and are suitable for biomedical applications.

Phototherapy Effect
Previous researches suggested that PTT and PDT effect

can be used to anti-tumor,57 anti–infection,58 and improve

tissue regeneration.59 Sun et al showed that ultrasmall

BPQDs exhibited an excellent near-infrared (NIR) photo-

thermal performance with a large extinction coefficient of

14.8 L g(−1) cm (−1) at 808 nm, and photothermal conver-

sion efficiency up to 28.4%.13 This indicates that BP is an

effective photothermal agent. Recently, BP nanomaterials

have been widely used for anti-tumor therapies through

PTT effect. For instance, BPQDs were loaded into poly

(lactic-co-glycolic acid) (PLGA) with additional conjuga-

tion of the chemotherapeutic agent docetaxel.60 This sys-

tem exhibits outstanding controllable chemo-photothermal

combinatory therapeutics that synergistically incurs apop-

tosis-dependent cell death, resulting in the elimination of

lung metastases. Polymer encapsulation has also been used

to improve the stability of BP nanosheets in the ambient

environment. Zeng et al adopted a polydopamine (PDA)

modification to enhance the stability and photothermal

Biomaterials Biomolecules

Cells External
stimulus

noitarenegerenoBtcefedenoB

Figure 1 Strategies for bone regeneration that can be used separately or in combination to design scaffolds that mimic bone extracellular matrix and promote bone

regeneration.
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performance of bare BP nanosheets.61 The rise of 27.1 °C

in temperature for BP@PDA was higher than that for bare

BP (temperature change of 24.1 °C).

Besides PTT ability, BP also exerts PDT effects.

Compared to other PDT agents, BP nanosheets are bio-

compatible and have higher singlet oxygen generation

efficiency; they produce singlet oxygen with a quantum

yield up to 9.1 and show notable cancer therapy

ability.62 To enhance the penetration depth of the irra-

diation wavelength in the visible light region, upconver-

sion nanoparticles (UCNP)-conjugated BP nanosheets

(UCNP-BPs) were proposed, and different laser

irradiations (650, 808, and 980 nm wavelength) were

applied to explore PDT performance. Both in vitro and

in vivo experiments revealed that the group pretreated

with UCNP-BP composites, 808-nm NIR light irradia-

tion generated the largest amount of reactive oxygen

species (ROS) and exerted the strongest tumor inhibition

effect. Similar to BP nanosheets, BPQDs (5.4 nm) with

rapid renal clearance showed excellent PDT effects

under light irradiation and could effectively generate

ROS to kill cancer cells.63

Based on the above analysis, the excellent PTT and

PDT abilities of BP nanomaterials make it a promising

Biocompatibility

BP nanosheets BP quantum dots

Biodegradability Drug loading

Photodynamic effect Photothermal effect

Figure 2 The advantages of BP nanomaterials for bone regeneration, including biocompatibility,101 biodegradability,25 drug loading,71 and photothermal26 and photodynamic

effects.55,68 Reproduced with permission from Liu X, Miller AL, II, Park S, et al. Two-Dimensional Black Phosphorus and Graphene Oxide Nanosheets Synergistically Enhance

Cell Proliferation and Osteogenesis on 3D Printed Scaffolds. Acs Appl Mater Inter. 2019;11(26):23558–23572. Copyright 2019, ACS publications.101 Reproduced with

permission Wang ZM, Zhao, Tang WZ et al Multifunctional Nanoengineered Hydrogels Consisting of Black Phosphorus Nanosheets Upregulate Bone Formation. Small.
2019;15(41). Copyright 2019, Wiley-VCH.25 Reproduced with permission from Chen L, Chen C, Chen W. et al Biodegradable Black Phosphorus Nanosheets Mediate

Specific Delivery of hTERT siRNA for Synergistic Cancer Therapy. ACS Appl Mater Interfaces. 2018;10(25):21137–21148. Copyright 2018, ACS publications.71 Reproduced

with permission from Chen W, Ouyang J, Liu H. et al. Black Phosphorus Nanosheet-Based Drug Delivery System for Synergistic Photodynamic/Photothermal/Chemotherapy

of Cancer. Adv Mater. 2017;29(5). Copyright 2017, Wiley-VCH,68 Reproduced with permission from Xie HH, Shao JD, Ma YF et al. Biodegradable near-infrared-

photoresponsive shape memory implants based on black phosphorus nanofillers. Biomaterials. 2018;164:11–21. Copyright 2018, Elsevier.55 Reproduced from Wang, Y.,

Hu, X., Zhang, L. et al. Bioinspired extracellular vesicles embedded with black phosphorus for molecular recognition-guided biomineralization. Nat Commun.10, 2829 (2019).

This is an open access article distributed under the terms of the Creative Commons CC BY license, which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.26

Abbreviation: BP, black phosphorus.
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application for promoting bone regeneration, especially in

disease conditions such as cancer and infection.

Drug-Loading Capacity
2D nanomaterials for drug delivery systems have been

extensively studied due to their high specific surface area

and unique surface chemistry functions.64,65 The surface

of BP is negatively charged and can bond with positively

charge drugs.66 Various functional biomolecules and nano-

particles can be adsorbed onto the surface of BP

nanomaterials.30 For example, after modification with

positively charged polyethylene glycol (PEG) to enhance

physiological stability and biocompatibility, the che-

motherapy drug doxorubicin (DOX) can be loaded on BP

nanosheets.28 In combination with chemotherapy and PTT,

DOX-loaded BP nanosheets induced significant tumor cell

death. Moreover, compared to other 2D materials (eg,

graphene), BP has a higher surface-to-volume ratio due

to its puckered lattice configuration, which allows for

effective drug loading.67 BP can hold higher amounts of

DOX on the sheet surface (950% in weight), which is far

superior to other reported 2D materials.68 In another study,

iron oxide nanoparticles and Au nanoparticles were

assembled on BP sheets.20 This novel composite is highly

biocompatible and exhibits excellent tumor inhibition effi-

cacy due to synergistic PTT and PDT induced by NIR laser

treatment. In addition to chemotherapeutic drugs and

nanoparticles, BP can also carry biomolecules such as

small interfering RNA (siRNA) that can regulate the

expression of specific genes by degrading messenger

RNA after transcription.69 Wang et al designed

a survivin siRNA delivery system based on PEG functio-

nalized BP nanosheets, which showed excellent anti-tumor

effects through synergistic PTT and gene therapy.70 In

another study, Chen et al presented a drug delivery system

based on BP nanosheets.71 After functionalization with

PEG and polyethylenimine, the BP nanosheets exhibited

high siRNA loading capacity. This delivery system effi-

ciently inhibited tumor growth and metastasis due to the

synergistic combination of specific gene therapy, PDT, and

PTT.71 In summary, BP is an excellent drug delivery plat-

form as reflected by its strong drug-loading capacity and

photo-responsive drug release properties.

Synthesis of BP Nanomaterials
The fabrication of thin 2D nanostructures can be categorized

into “top-down methods” (mechanical exfoliation, liquid

phase exfoliation, plasma etching, etc.) and “bottom-up

methods” (chemical vapor deposition [CVD], wet-chemistry,

etc.).72 In this section, we summarize the methods used for

preparing BP, particularly the most commonly used

approaches of liquid phase exfoliation and mechanical

exfoliation.

Liquid Phase Exfoliation
Liquid phase exfoliation is the most popular method for

manufacturing BP nanomaterials and is based on the

balanced surface energy between the exfoliation solvent

and layer material.73,74 The most commonly used solvent is

N-methyl-2-pyrrolidone (NMP);75 other solvents including

N-vinyl pyrrolidone (NVP),76 dimethyl formamide (DMF),77

dimethyl sulfoxide (DMSO),78 and isopropyl alcohol (IPA)79

are also employed to prepare BP nanomaterials. In 2014,

Brent et al80 first reported liquid-phase exfoliation, BP was

exfoliated in NMP using bath ultrasonication, and both 3- to

5-layered phosphorene and smaller 1- to 3-layered phosphor-

ene were obtained. Ultrasonic waves produced large

amounts of cavitation bubbles that collapse into high-

energy jets, destructing the weak van der Waals interaction

between adjacent sheets of bulk BP to induce the formation

of monolayer or few-layered BP.47 Guo et al81 added NaOH

into NMP during the exfoliation process, which enhanced

the dispersion ability and long-term stability of BP in water

(Figure 3A). According to atomic force microscope and

transmission electron microscope results, phosphorene

obtained by centrifugation at 12,000 rpm had an average

diameter of about 670 nm and a thickness of 5.3 ± 2.0 nm

(Figure 3B and D). Smaller phosphorene with an average

diameter of around 210 nm and a thickness of 2.8 ± 1.5 nm

can be obtained via centrifugation at 18,000 rpm (Figure 3C

and E). To avoid the potential reaction of BP with oxygen

during preparation, a novel sealed-tip ultrasonication system

was adopted.82 High-powered tip ultrasonication can greatly

improve the efficiency of liquid phase exfoliation.

BPQDs can also be synthesized using the liquid exfolia-

tion method. Zhang et al first synthesized BPQDs with

a median size of 4.9 ± 1.6 nm and a thickness of 1.9 ± 0.9

nm by liquid phase ultrasonic exfoliation.83 The BP solution

obtained after probe sonication treatment was more conve-

nient for the subsequent bath sonication. Through combining

probe and water bath sonication, Sun et al obtained BPQDs

with a median size of 2.6 nm and a medial thickness of

1.5 nm.13 Moreover, a higher sonication power and extended

sonication time can promote monodispersity of BPQDs.
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Mechanical Exfoliation
Mechanical exfoliation is another commonmethod to prepare

thin-layer materials. Compared with other 2D materials, BP

can be easily exfoliated and layered by mechanical exfolia-

tion due to its weak interlayer van der Waals

force.45Mechanical exfoliation, also called Scotch-tape dela-

mination, usually with the aid of some adhesive tape (Scotch

tape/blue Nitto tape).84 A single-layer BP nanosheet with

a thickness of 0.85 nm is created with adhesive tape.85 Then

BP nanosheets are transferred onto a silicon-based substrate

and cleaned with alcohol to remove the residual adhesive

tape. However, the normal “Scotch-tape” method has some

drawbacks such as low yield and inability to control the

shape, size, and thickness. Polydimethylsiloxane (PDMS)

substrates and tape can be used together to strip BP to obtain

nano BPwith high yield.86 Transferring the stripped BP from

A

F
1.

4.

2.

5.

3.

6.

B

C

D

E

Figure 3 (A) Schematic illustration of the fabrication process of basic-NMP-exfoliated phosphorene.81 (B–E) Characterization of phosphorene obtained by centrifugation of

phosphorene dispersion at different speeds.81 Height-mode AFM images and TEM images: (B, D) centrifugation at 12,000 rpm, (C, E) centrifugation at 18,000 rpm. (F)
Illustration of the metal-assisted exfoliation progress for few-layered BP.88 Reproduced with permission from Guo ZN, Zhang H, Lu SB, et al. From Black Phosphorus to

Phosphorene: Basic Solvent Exfoliation, Evolution of Raman Scattering, and Applications to Ultrafast Photonics. Adv Funct Mater. 2015;25(45):6996–7002. Copyright 2017,
Wiley-VCH.81 Reproduced with permission from Guan L, Xing BR, Niu XY, et al. Metal-assisted exfoliation of few-layer black phosphorus with high yield. Chem
Commun. 2018;54(6):595–598. Copyright 2015, Royal Society of Chemistry.88

Abbreviation: NMP, N-methyl-2-pyrrolidone.
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PDMS substrates with fully dry transfer technology can solve

the problem of adhesive residue.87 Recently, metal-assisted

mechanical exfoliation was introduced to prepare few-layer

BP with a lateral size >50 μm and an area 100× larger than

those exfoliated using the normal “Scotch-tape” technique

(Figure 3F).88 Although some success has been achieved, the

low yield and uncontrollable morphology of BP still need to

be addressed.

Other Synthetic Methods
Electrochemical exfoliation is a liquid exfoliation technique

that can also be used to synthesize BP nanomaterial.89 In

this method, a bulk BP crystal was used as a working

electrode while a platinum wire was used as a counter

electrode.84 By applying a positive bias on the working

electrode, water molecules were oxidized to generate •OH

and •O radicals that accumulate around the BP crystal.90

When the free radical was oxidized to generate oxygen, BP

nanosheets were successfully peeled off from the bulk BP.

Plasma etching can be used to prepare BP nanomaterial

by thermal ablation. Jia et al suggested that modulating the

etching time can effectively control the thickness of

layered BP.91 The BP nanomaterials maintained excellent

crystallinity with this plasma etching technique. In another

study, the use of oxygen plasma dry etching can fabricate

air-stable, high-quality BP films with a designated number

of layers from a few down to a monolayer.92

CVD growth is another effective strategy for synthesiz-

ing high-quality 2D materials with superior electro-optical

performance.93 When performed on a given substrate with

precursors at high temperature, it is possible to obtain

ultrathin nanomaterial with a large surface area, tunable

size and thickness, and excellent crystal quality.94 Jiang

et al reported that they directly grew BP on an aluminum

foil matrix with a novel thermal-vaporization transforma-

tion approach.95 This method can produce BP in various

forms including BP thin film and BP particles on supports.

TheApplication of BPNanomaterials
for Bone Regeneration
Owing to the aforementioned advantages, BP nanomater-

ial-based scaffolds to stimulate bone regeneration have

been widely investigated in past 2 years. The mechanism

of BP to promote bone regeneration can be classified as

the effects of PO4
3-, PTT, and PDT.

Firstly, phosphorus is a vital elements in the human body

and accounts for approximately 1% of the total body weight

as a bone constituent.56 It is known that BP can moderate

oxidation and degradation in ambient conditions, and the

major degradation product is PO4
3-, which is nontoxic.52 In

addition, PO4
3- is the resource for mineralization, it can

capture Ca2+ in vivo to form calcium phosphate (CaP) depos-

its that accelerate bone repair.96,97 Various studies have

demonstrated that phosphorus-rich materials can stimulate

mineralization and bone regeneration.98,99 Wang et al intro-

duced ultrathin BP nanosheets into double network hydro-

gels to induce tissue regeneration.25 From the electron

microscopy and X-ray diffraction results, the incorporated

BP nanosheets in the hydrogel exhibit intrinsic properties for

induced CaP crystal particle formation after soaked in simu-

lated body fluid solution (Figure 4A). Thus, this platform

provides a favorable ECM microenvironment to promote

greater osteogenic cell differentiation and bone regeneration.

Huang et al fabricated BP-based hydrogel scaffolds and

showed that the introduction of BP nanosheets enhanced

hydrogel mechanical performance.100 These hydrogels not

only accelerated biomineralization in bone defects by the

degraded phosphorus ion from BP nanosheets to capture

Ca2+, they also stimulated osteogenic differentiation of

stem cells via the bone morphogenic protein-2 pathway.

Similar results were reported by Liu and colleagues, who

constructed a composite of GO and BP on 3D scaffolds to

stimulate bone regeneration.101 The introduced GO

nanosheets enhance cell attachment at the initial stage and

wrap BP to achieve continuous PO4
3- release that stimulates

cell osteogenesis toward new bone formation.

Previous researches have demonstrated that mild loca-

lized heat can efficiently stimulate cell proliferation and

induce rapid in situ bone regeneration in vivo.102–104 BP

nanomaterials have high photothermal conversion efficiency.

This property of BP nanomaterials can be used for both anti-

tumor and tissue regeneration applications. Tong et al assed

the osteogenetic performances of BP@PLGA osteoimplant

with NIR light irradiation.24 BP@PLGAwith only 0.2 wt%

BP show the highly-efficient NIR photothermal response

even when being covered by a biological tissue as thick as

7 mm. Under NIR irradiation, the BP@PLGA generate mild

heat (40–42 °C) which up-regulate the expression of heat

shock proteins (HSPs) and stimulate bone regeneration

(Figure 4B). In another interesting study, Wang et al synthe-

sized bioinspired matrix vesicles (MVs) by encapsulating

BPQDs into a PLGA nanosphere and functionalizing with

an osteoblast-specific aptamer.26 The aptamer directs bioin-

spired MVs to targeted cells, and the increasing local PO4
3-

concentration facilitates cell biomineralization. Then, the
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photothermal effect of BPQDs can promote bone regenera-

tion by up-regulating expression of HSPs and alkaline phos-

phatase (Figure 4C). It is well known that bioactive ions such

as strontium (Sr2+), magnesium, and silicon can significantly

stimulate osteoblast differentiation and bone formation, and

they have been widely used for tissue regeneration.7,105-107

BP exhibits high drug-loading capacity. Wang et al

incorporated BP and SrCl2 into PLGA microspheres, and

local Sr2+ release was controlled by NIR irradiation.108 The

synergistic effect of Sr2+ and PO4
3- can significantly promote

bone regeneration.

BP also exhibits excellent PTT and PDT effects, so

they can be used to stimulate bone regeneration even

under disease conditions such as tumor and infection. It
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Figure 4 (A) The introduction of BP nanosheets to double network hydrogels could facilitate inorganic matrix formation: SEM (A1, A2) and (A3) XRD results.25 (B)
Photothermal stimulation of bone regeneration: (B1) illustration the progress of rat tibia implantation and subsequent NIR irradiation; (B2) infrared thermo-graphic maps in
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Reproduced with permission from Tong LP, Liao Q, Zhao YT et al. Near-infrared light control of bone regeneration with biodegradable photothermal osteoimplant.
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is well known that bone is one of the most frequent sites

of metastasis.109 The treatment of bone metastatic can-

cer or bone tumor usually causes significant damage to

surrounding bone tissue.110 Thus, a multifunctional plat-

form which can not only to eliminate the tumor but also

promote the bone regeneration is strongly needed.111 As

the schematic illustration in Figure 5A, Yang et al inte-

grating BP nanosheets into 3D printed bioglass (BG)

scaffold, this bifunctional BP-BG scaffold enables both

against osteosarcoma and enhance bone regeneration.27

Under NIR irradiation, tumors on mice of BP-BG scaf-

fold group were eliminated completely, without reoccur-

rence in the observation period of 14 d (Figure 5B and

C). In addition, the micro-CT results confirmed that BG-

BP scaffolds showed significantly better repairing out-

come for bone defects than pure BG scaffolds (Figure

5D and E). In another research, Raucci et al demon-

strated that BP nanosheets exerted opposite effects on

tumor cells and osteoblasts; BP nanosheets inhibited the

metabolic activity of osteosarcoma cells, but induced

both the proliferation and osteogenic differentiation of

human preosteoblast cells.112 Therefore, BP can serve as

a promising candidate for bone regenerative and antic-

ancer applications.

Implant-related infection is a common postoperative

complication of orthopedic surgery which often causing

A B

C

D

E

Figure 5 BP-based scaffolds can eliminate osteosarcoma and enhance bone regeneration. (A) Schematic illustration of the fabrication process for BP-BG scaffolds and the

stepwise therapeutic strategy. (B) Time-dependent tumor-growth curves of the mice after different treatments as described in the figure. (C) Photographs of osteosarcoma-

bearing mice after different treatments on day 14, the yellow circle and black arrow indicate the location of the tumor. (D) Micro-CT images of the cranium based on the

density variations of osseous tissue. (E) The percentage of newborn osseous tissue volume over the entire defect space (*p < 0.05). Reproduced with permission from Yang

B, Yin J, Chen Y. et al. 2D-Black-Phosphorus-Reinforced 3D-Printed Scaffolds:A Stepwise Countermeasure for Osteosarcoma. Adv Mater. 2018;30(10). Copyright 2018,
Wiley-VCH.27

Abbreviations: BG, bioglass; BP, black phosphorus; BV, bone volume; CaP, calcium phosphate; NIR, near-infrared; TV, tissue volume.
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serious problems.113 BP nanosheets showed antibiotic-like

behavior against both Gram negative Escherichia coli and

Gram-positive Bacillus subtilis. With time- and concentra-

tion-dependent antibacterial behavior, the maximum bacter-

icidal efficiency of BP nanosheets against E. coli and

B. subtilis was 91.65% and 99.69%, respectively.114 What’s

more, through generate amount ROS, BP nanosheets can

effectively fight bacterial infections without causing antibio-

tic resistance.115 To simultaneously combat infection and

improve bone regeneration, a multi-functional, therapeutic,

BP-based hydrogel nanocomposite was designed.116 Upon

NIR irradiation, the nanocomposite hydrogel demonstrated

efficient photothermal antibacterial features (Figure 6A

and B). What’s more, this nanocomposite hydrogel can pro-

mote osteogenesis in the absence of osteoinductive factors

in vitro, and in the meantime induce newborn cranial bone

tissue formation (Figure 6C). In short, as an emerging mate-

rial, BP nanomaterials offers new perspectives for future

bone regeneration.

Conclusion and Outlook
In conclusion, this review provides a comprehensive sum-

mary on recent progress regarding the use of BP nanoma-

terials for bone regeneration, including their advantages,

synthesis methods, and applications. The fascinating prop-

erties of BP nanomaterials (eg, biocompatibility, biode-

gradability, PTT and PDT abilities, and high drug-loading

capacity) play key roles in bone regeneration application.

Therefore, BP could be considered an ideal candidate to

promote bone regeneration.
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Figure 6 (A, B) Photothermal antibacterial performance: optical images and bacterial viability of different groups (***p <0.001). (C) Micro-CT images of the harvested

cranium obtained from rats at different times. Reproduced with permission from Miao YL, Shi XT, Li QT, et al. Engineering natural matrices with black phosphorus

nanosheets to generate multi-functional therapeutic nanocomposite hydrogels. Biomater Sci. 2019;7(10):4046–4059. Copyright 2019, Royal Society of Chemistry.116

Abbreviations: BP, black phosphorus; NIR, near-infrared.
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Despite the above-described progress, the application of

BP nanomaterials in bone regeneration from basic research to

clinical application still faces many challenges. Compared to

other well-explored 2D nanomaterials, BP is still in its infancy.

Liquid phase exfoliation andmechanical exfoliation arewidely

used to prepare BP nanomaterials, but both methods offer low

yields. It is therefore urgent to explore effective approaches to

obtain high-quality BP nanomaterials. While the biodegrad-

ability of BP can hamper its PTTeffect, it is beneficial to bone

regeneration. Physical encapsulation with PLGA or PDA has

been applied to protect BP from degradation. Future studies

should assess strategies to optimize the balance between stabi-

lity and biodegradability to achieve the best therapeutic effects.

As a candidate agent, BP is commonly encapsulated into

polymers or introduced onto scaffolds via immersion to pro-

mote bone regeneration. These approaches are less efficient,

and other options should be explored. In addition, more drugs,

biomolecules and nanoparticles should be loaded on to BP

nanomaterials to achieve synergistic therapy of bone regenera-

tion. The application of BP in bone regeneration is still in its

initial stage.Withmore scientist participate in the research, the

application of BP nanomaterials will definitely promote to

a higher level.

Abbreviations
BG, bioglass; BP, black phosphorus; BPQD, black phosphorus

quantum dots; Ca2+, calcium; CaP, calcium phosphate; CVD,

chemical vapor deposition; DMF, dimethyl formamide;

DMSO, dimethyl sulfoxide; DOX, doxorubicin; ECM, extra-

cellular matrix; GO, graphene oxide; HSP, heat shock protein;

IPA, isopropyl alcohol; MV, matrix vessel; NIR, near-infrared;

NMP, N-methyl-2-pyrrolidone; NVP, N-vinyl pyrrolidone;

PDA, polydopamine; PDMS, polydimethylsiloxane; PDT,

photodynamic therapy; PEG, polyethylene glycol; PLGA,

poly(lactic-co-glycolic acid); PO4
3-, phosphate; PTT, photo-

thermal therapy; ROS, reactive oxygen species; siRNA, small

interfering RNA; Sr2+, strontium; UCNP, upconversion

nanoparticles.
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