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1 Introduction 

In recent years, two-dimensional (2D) materials have attracted significant interest due to their 

optical, catalytic, and tunable electronic and electrochemical properties [1–5]. For example, since 

graphene was successfully synthesized in 2004, it has become one of the most extensively studied 

2D materials [6,7]. Graphene has excellent properties beneficial for optoelectronic and electronic 

applications; it also has a large surface area ideally suitable for drug delivery in biomedicine [8,9]. 

The success of graphene has inspired the development of many other 2D materials, such as silicene 

[10] transition-metal dichalcogenides (MoSe2, WSe2 and MoS2), transition-metal oxides [11–13], 

and black phosphorus (BP) [14,15]. Notably, BP distinguishes itself from all other 2D materials, as 

it exhibits exclusive properties relevant to diverse fields, particularly biomedicine [16]. 

For instance, BP exhibits excellent adsorption capacity due to its unique structure. Single-layer 

BP is composed of one P atom bonded to two neighboring intraplanar P atoms and another P atom 

in an adjacent interplane via p-orbitals (Figs. 1(a) and 1(b)) [17]. Each BP layer is held together by 

relatively weak van der Waals (vdWs) forces; thus, layered BP can be achieved by bulk BP 

exfoliation [18,19]. Furthermore, the puckered honeycomb lattice-layered structure of BP provides 

a large surface area for improved drug-loading efficiency [20]. In addition to the non-covalent 

bonding with drugs, fluorescent molecules, bioactive molecules, and metal atoms, positively 

charged particles can be tightly bonded to the negatively charged BP through electrostatic 

interactions [21–24]. These unique properties make layered BP a versatile platform for extensive 

biomedical applications, such as targeted drug delivery, biomolecule detection, and cell imaging. 

Moreover, the strong interactions between electromagnetic waves (such as visible and near-

infrared (NIR) light) and BP can be effectively regulated in a layer-dependent manner from the 

ultraviolet to the NIR regions, due to the tunable bandgap of BP (0.3–2.0 eV). This appealing 

property endows BP with promising optical potentials, such as photoredox capability and a large 

extinction coefficient [16]. Such a layer-dependent band gap property is a prerequisite for various 

applications in photonic devices and electronics, such as biosensors [25–28], which can be used to 

detect target microRNA in concentrations as low as 0.3 pmol/L [29]. Moreover, BP nanosheets 

(BPNSs) can be applied as photoacoustic (PA) contrast and photothermal agents for noninvasive 

PA imaging [30] and photothermal therapy (PTT), respectively, because of their large extinction 

coefficients and high photothermal conversion efficiency [31,32]. In particular, BPNSs can generate 

toxic single oxygen (1O2) when exposed to external laser irradiations; therefore, they can act as 

photosensitizers in photodynamic therapy (PDT) [33,34]. 

Finally, compared with other popular 2D nanomaterials such as graphene, layered BP has 

negligible cytotoxicity and excellent biodegradability, which is ideal for in vivo applications [35]. 

The high biodegradability of BP in vivo makes it safe for use in the human body, particularly because 

its biodegradation produces nontoxic intermediate products, such as phosphate, phosphite, and other 

PxOy products [36,37]. 

Therefore, BPNSs could be an almighty nanoplatform for multidisciplinary biomedical 

applications [14,38,39]. In this review, we summarize the synthesis methods of BPNSs and discuss 

their properties; we also discuss BPNS-based multifunctional nanomaterials and their application 
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for disease diagnosis and therapy in detail. Last, future research directions and potential applications 

are envisioned. 

2 Preparation of layered BP 

Various methods for preparing layered BP have been reported, which can be categorized into “top-

down” and “bottom-up” approaches (Fig. 1(c)) [40–42]. The top-down approach usually involves 

exfoliating the bulk material into single or several layers of nanosheets by driving forces, such as 

mechanical exfoliation and liquid exfoliation (Figs. 1(d) and 1(e)). The bottom-up approach 

involves preparing nanomaterials directly from specific precursors by chemical reactions, such as 

chemical vapor deposition (CVD) (Fig. 1(f)) [43]. These methods are summarized in Table 1. 

 

Fig. 1 Schematic illustration of the atomic structure of 2D BP. (a) Top view. (b) 3D view. Reproduced from Ref. 

[17]. (c) Schematic illustration of the 2D layered-BP preparation methods. (d) Schematic illustration of mechanical 

exfoliation. (e) Schematic illustration of liquid-phase exfoliation. (f) Schematic illustration of the CVD method 

2.1 Preparation of BP bulk crystal 

The preparation of BP bulk crystal is a prerequisite for the “top-down” preparation approach for 

layered BP. In 1914, Bridgeman first synthesized BP bulk crystals using white P at a temperature 

of 200°C and pressure of 1.2 GPa for 5–30 min [44]. Red phosphorus (RP) has also been used to 

produce BP at high pressure and low cost [45,46]. Later, some improved methods (e.g., catalysis, 

recrystallization, and flux methods) were used to prepare BP to achieve relatively stable formation, 

enhanced quality, and a simple process, although these methods had drawbacks, including high 

toxicity and many by-products [47–49]. Recently, some new methods were introduced to further 

simplify the process and increase the yield [50–52]. For example, in 2014, Köpf et al. screened the 

additives in the traditional process of preparing BP from RP and found that removing Au from the 

reactants can significantly reduce the number of by-products [50]. 
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2.2 Mechanical exfoliation of BP 

Generally, mechanical exfoliation and liquid-phase stripping are the most used techniques in BPNS 

synthesis. Mechanical exfoliation, also known as “peeling,” has been widely applied [53]. BP 

crystals are composed of vertically overlaid layers under the weak vdWs forces; this layered 

structure can be micromechanically cleaved to achieve atom-thick BP layers [54,55]. Although 

large-scale production of BPNSs is still in the preliminary stage, mechanical cleavage is still one of 

the most effective and commercially available methods for producing small-scale and high-quality 

BPNSs [56]. The principle of this method is to make BP layers flake off and thin by repeated 

bonding/separation using adhesive tapes. Thereafter, BP is usually purified with methanol, acetone, 

and isopropanol to remove the tape residues after transferring onto the SiO2/Si substrate. The 

residual solvent is removed by a 180°C postbake process [57,58]. Note that preparing layered BP 

on SiO2/Si substrates requires optimal environmental conditions, and the yield is extremely low 

because of the weak adhesive force. Later, Guan et al. found that the existence of an Ag or Au thin 

layer on the SiO2/Si substrates can significantly increase the yield of layered BP [59]. Moreover, by 

switching to a viscoelastic polydimethylsiloxane substrate, the exfoliation process can be optimized 

to have increased yield and less contamination from the tape [19]. Nevertheless, this mechanical 

exfoliation method is not suitable for mass production and can only be used in the laboratory. 

Another drawback is that the thickness and size of the resultant sheets cannot be systematically 

controlled. In 2014, Lu et al. first proposed the combination of the mechanical cleavage method 

with a highly controllable Ar+ plasma thinning process to thin down the phosphorene to 

homogeneous mono-layered phosphorene [60]. However, the thinner the BP, the more unstable it 

is; as such, it can easily be oxidized during the plasma thinning process, which makes the product 

uncontrollable. In 2016, Pei et al. used a new method to refine the thick-exfoliated phosphorene 

flakes layer by layer through oxygen plasma etching; subsequently, they passivated them with Al2O3 

to produce a controlled and high-quality phosphorene with a designed number of air-stable layers 

[61]. 

2.3 Liquid exfoliation of BP 

Liquid-phase stripping methods are auspicious for obtaining a large quantity of exfoliated 

phosphorene nanosheets in various sizes [62,63]. A typical protocol starts with the immersion of a 

BP bulk crystal in diverse solvents (e.g., water, alcohols, ketones, chloro-organic solvents, cumyl 

hydroperoxide, and pyrrolidones) to permit the ions to embed and expand the distance between 

adjacent BP layers [64,65]. The interlayer vdWs attraction breaks down, and the process is 

accelerated under sonication. Polar and aprotic solvents, such as N,N-dimethylformamide (DMF) 

and dimethyl sulfoxide (DMSO), could be adopted to prepare crystal BPNSs with a controllable 

thickness. The thickness of >20% of the exfoliated nanosheets in DMF is <5 nm, whereas the 

thickness in DMSO is between 15 and 20 nm [66]. Woomer et al. surveyed and compared the ability 

of 18 solvents for BP exfoliation. An average concentration of 0.11 ± 0.02 mg/mL in benzonitrile 

was suggested to be the best solvent. In addition, they demonstrated that one essential condition for 

preparing phosphorene is that it must be sonicated and manipulated under an inert atmosphere. In 

2015, a simple and scalable approach involving the combination of shear mixing and bath sonication 

was first used, and it yielded a highly concentrated suspension of few-layered BP [67]. Liquid 
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exfoliation permits the large-scale production of diverse BP nanostructures, such as quantum dots 

and nanosheets. Such a low cost and simple method allows for applications in solar cells, printable 

electronics, sensing, phototherapy, and bioimaging [65]. 

Further, the use of plasma in liquid exfoliation should be discussed. Plasma is a partly ionized 

gas composed of a variety of active substances, such as high-energy electrons, free radicals, ions, 

photons, and excited metastable states, and it is used in deposition, surface etching, and material 

modifications [68,69]. In nanomaterial preparation, the plasma–liquid phase interaction is appealing 

because a series of reactions can be initiated by the active materials transferred in the plasma–liquid 

phase [70,71]. In a recent study, plasma–liquid exfoliation was used to prepare layered P, achieving 

an efficiency of 63% at a concentration of ~300 µg/mL [72]. During exfoliation, due to the strong 

interaction between the active species in the solution and plasma, the DMF decomposes into cationic 

species. These cationic species (e.g., C2H8N+, C3H8N+, C2H6N+, H+, and C2H4N+) migrate to the 

cathodic BP bulk crystal under an electric field and insert themselves into the layered space. 

Afterward, they accept electrons and form gases (e.g., H2, C2H7N, and C3H9N) to expand the space 

in the BP crystal, facilitating the exfoliation process. Compared with traditional liquid stripping, 

plasma-based liquid exfoliation is more effective because it can produce uniform few-layered P with 

thicknesses <10 nm rapidly (in 5 min). Comparably, over 10 h is needed in traditional liquid 

stripping. In addition, plasma–liquid exfoliation is more suitable for large-scale production with a 

low cost [73]. 

Table 1 Summary of the popular synthesis methods 

synthesis method description advantages disadvantages 

top-

down 

mechanical 

exfoliation 

making BP layers flake off and 

thin from BP bulk crystal by 

repeatedly bonding/separating 

with the help of adhesive tapes 

or plasma etching 

• high quality BPNSs • not suitable for large-

scale production of 

BPNSs 

• hard to control the 

thickness and size of 

BPNSs 

liquid exfoliation BP bulk crystal is immersed 

into solvents and the ions 

weaken and break the interlayer 

attractions between BP layers 

under sonication 

• large-scale production 

• Diverse BP 

nanostructures (e.g., 

BPQDs and BPNSs) 

• controllable size and 

thickness of final 

product 

• low cost 

• hard to produce large 

area phosphorene. 

• lower purity 

bottom-

up 

chemical vapor 

deposition (CVD) 

forming BP thin films by 

doping phosphorus atoms in the 

vacuum 

• suitable for large area 

BPNSs production 

• high cost 

• produce by-products 
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2.4 Direct growth of layered-BP thin films 

The aforementioned methods have shown promising progress thus far. However, they experience 

challenges regarding the preparation of large-area phosphorene, which is amenable to the device 

fabrication process. In this regard, a wafer-scale synthesis method via CVD has been developed for 

large-area graphene fabrication, which is a breakthrough for large-area layered-BP production 

[74,75]. In 2015, Li et al. vaporized RP powder on a flexible polyester substrate and synthesized 

large-area BPNSs (diameters of up to 4 mm) with a thickness of ~40 nm at room temperature. 

Transistors incorporating such thin BPNSs deliver a field-effect mobility of ~0.5 cm2/(V·s) [76]. In 

2016, Smith et al. mass-produced BP thin films with large areas (above 100 m2) and tens of 

nanometers in thickness directly on a silicon substrate [77]. However, the crystalline size and 

mobility of the converted BP were still limited. In 2018, Li et al. synthesized highly crystalline 

BPNSs on sapphire substrates by converting RP to BP at a pressure of 1.5 GPa and temperature of 

700°C. The crystal domain size of the prepared polycrystalline BPNSs could reach as high as 70 m 

with an average thickness of 50 nm. The field‐ effect mobility of the prepared BPNS is 

~160 cm2/(V·s) along the armchair direction at room temperature; however, it reaches 

~200 cm2/(V·s) at 90 K, assuring its performance in the electronic system [78]. Their work is a vital 

step toward achieving high-quality, large-scale BP circuits and devices in the future. 
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Table 2: Biomedical applications of layered black phosphorus-based platforms in disease diagnosis and treatment 

 

Material Application Disease Highlight of the research Ref. 

TiL4@BPQDs Photoacoustic 

imaging (PAI) 

MCF-7 tumor It demonstrates that BP-based PA agents are stable and can be used for efficient bioimaging of 

cancer; the performance is superior to that of gold nanoparticles (AuNPs). 

[1] 

BP-DEX/PEI-FA PAI and 

Photothermal therapy 

(PTT) 

BP-DEX/PEI-

FA 

The biocompatible and water-soluble BP nanoparticles exhibit high photothermal conversion 

efficacy for PAI and photothermal therapy of cancer.  

[2] 

BP@lipid-PEG PAI/NIR-II optical 

imaging 

 It first reports that the BPNSs modified with cholesterol display strong NIR-II fluorescence and can 

be capsulated with the PEGylated lipid into BP@lipid-PEG nanoparticles for NIR-II optical imaging. 

[3] 

BPNS@TA-Mn  PAI/MRI/PTT HeLa tumor It applies PAI/MRI dual-mode imaging for guided PTT. [4] 

MUCNPs@BPNs-

Ce6 

MRI/PAI/ultrasound 

/fluorescence/ 

PTT/ photodynamic 

(PDT) 

HeLa tumor  

 

The multi-functional layered-BP platform can simultaneously implement four imaging modalities 

and two treatment schemes; the agent has strong absorption of NIR light for deep tissue applications. 

[5] 

NB@BPs PTT MCF7 breast 

tumor  

A Nile Blue (NB) diazonium tetrafluoroborate salt is covalently doped with BPs, enhancing the 

stability.  

[6] 

NIR-II-CD/BP  PTT  4T1 tumor NIR-II-CD/BP show remarkably enhanced photothermal conversion efficacy and antitumor 

efficiency in NIR-II region, the most suitable optical window for clinical use.  

[7] 

MTP-BP-al-PEG  PTT 4T1 tumor  

 

Targeting to higher potential membrane and mitochondria of cancer cells greatly boost the PTT 

efficiency.  

[8] 

BPQDs/GA/PLLA

-PEG-PLLA 

PAI/PTT T47D tumor Gambogic acid inhibits heat shock protein expression conducing a better PTT effect.  [9] 

PEGylated BPQDs PDT S180 tumor It demonstrates the good stability, no cytotoxicity and PDT potential of BP. [10] 

Cy5-dHeme-

BPNS-FA 

PDT HeLa tumors The excessive intracellular H2O2 were catalyzed with passivated BP-based nanoplatform to 

generate O2 that is essential for PDT, leading to significant enhancement of PDT efficacy for tumor 

treatment. 

[11] 

BP-DOX PDT/PTT/Chemothe

rapy 

4T1 tumor The drug loading rate of layered-BP is increased by up to 9.5 folds. [12] 
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BP@hydrogel Chemotherapy  MDA-MB-231 

tumors 

By loading DOX in the layered-BP modified with hydrogel, laser exposure can be regulated to 

release drugs to treat cancer.  

[13] 

BP-DOX@PDA-

PEG-FA 

PTT/Chemotherapy Hela tumor BP-DOX@PDA-PEG-FA combined with laser irradiation yields dramatic synergistic antitumor 

effects, inducing no acute side effects. 

[14] 

BP-R-D@PDA-

PEG-Apt 

genetherapy/ 

Chemotherapy/PTT 

MCF-7 tumor BP can be used in targeted chemo, PTT, and gene against multidrug-resistant cancer. [15] 

BSPTD Chemotherapy/PTT/ 

Fluorescence 

4T1 tumor  It can specifically target the tumor site, and inhibit metastasis during the targeting chemo-

photothermal therapy, benefiting from the secondary drug delivery facilitated by photothermal 

degradation. 

[16] 

RV/CAT-

BP@MFL  

Fluorescence/PTT/ 

PDT/Chemotherapy 

MCF-7 tumor It displays folate receptor-targeted delivery, tumor hypoxia relief, and synergistic suppression of 

tumorous cell propagation.  

[17] 

BPNVs-CpG  PDT/immunotherapy

/PAI 

4T1-tumor It enhances deeper tumor penetration synergized immunotherapy induced by CpG, yielding an 

excellent cancer therapy effect.  

[18] 

R-MnO2-FBP MRI/Fluorescence/P

DT 

HeLa tumor It demonstrates a dual-mode of fluorescence imaging and MR imaging for guided PDT. [19] 

NE hydrogel  Osteanagenesis Calvarial 

defect 

It demonstrates BP nanosheets-based nanoengineered hydrogels can increase biological 

mineralization and promote bone osteogenic cell differentiation and bone regeneration.  

[20] 

BPNs/Chitosan/PR

P 

Osteanagenesis/PTT/

PDT 

Rheumatoid 

arthritis 

Platelet-rich plasma-chitosan was combined with BP which induced calcium-extracted 

biomineralization and phototherapy, getting a better curative effect of rheumatoid arthritis. 

[21] 

BP@PDA‐

incorporated GelMA 

scaffold 

MSC differentiation  It can significantly promote the differentiation of mesenchymal stem cells (MSC) into neural‐like 

cells under the synergistic electrical stimulation.   

[22] 

BP nanosheets Cu2+ regulation Neurodegenera

tive disorder 

BP nanosheets are promising neuroprotective nanodrug for NDs because they process preeminent 

photothermal effect, increasing its blood–brain barrier permeability and subsequently act as a chelator 

to regulate Cu2+ concentration. 

[23] 
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PEG-LK7@BP Cu2+ regulation 

/Chemotherapy 

Alzheimer’s 

disease 

BP can efficiently bind with the peptide inhibitor LK7 to inhibit amyloid formation.  [24] 

BP nanosheets  Antioxidative 

therapy 

Acute kidney 

injury 

BP nanosheets are easily to be oxidized into phosphorus oxides which can act as promising 

antioxidative agents for consuming excess cytotoxic reactive oxygen species. 

[25] 
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3 Functionalized layered-BP nanoparticles and their applications 

Phosphonate and phosphate, both being nontoxic, are the final products of BP degradation. BP 

nanoparticles have admirable biocompatibility and distinguished photothermal performance; hence, 

they are promising for biomedical applications. A wide variety of nanomaterials based on the 

layered-BP platform have been developed for the diagnosis and treatment of various diseases 

(summarized in Table 2). Notably, BPNSs are good absorbents for PA imaging (PAI) and PTT 

because they can convert light into heat effectively. BP can also effectively produce reactive oxygen 

species (ROS) after absorbing light, making it a good candidate agent for PDT. In addition, BPNS 

has the potential for drug-loading applications due to its comparatively large surface area. It is also 

used to load therapeutic agents in chemotherapy and combinations of different treatments, such as 

chemotherapy, PTT, and gene PDT. Such combined therapies exhibit advantages of relatively few 

side effects and high therapeutic efficacy. Although immense progress has been made, a major 

obstacle to the application of layered BP is the material degradation under long-time exposure in 

the natural environment. The main reason for the degradation is the POx produced by oxygen 

reaction with the lone pair electrons perpendicular to the BP surface. To overcome this obstacle and 

improve the performance of layered BP, various strategies have been designed, such as vdW, 

covalency, and electrostatic functionalization. Ideal functionalization can strengthen the stability of 

layered BP and maintain or enhance its particularity for long-term use [18]. In 2017, Tao et al. 

designed a layered-BP-based theranostic delivery platform (Fig. 2(a)) and investigated its biological 

activities by tracing the endocytosis pathways in tumor cells for the first time; their study 

demonstrated the potentials of BP-based delivery platforms in cancer diagnosis and therapy [32]. 

Further, the layered BP was synthesized by mechanical cleavage, followed by functionalization with 

positively charged polyethylene glycol-amine (PEG–NH2) by electrostatic adsorption to enhance 

the physiologic stability and biocompatibility. The team revealed that the PEGylated layered BP 

was taken up by cells via caveolae-dependent endocytosis, particularly the macropinocytosis 

pathway (Fig. 2(b)). Finally, they were degraded in lysosomes by classic endocytosis pathways or 

autophagy. This PEGylated layered BP can be used to efficiently load heat-soluble drugs, such as 

doxorubicin (DOX) for chemotherapy and cyanide (Cy7) for in vivo NIR imaging. 
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Fig. 2 (a) Preparation of the PEGylated BP theranostic delivery platform. 1: PEG–NH
2
 (surface modification), 2: 

DOX (therapeutic agents), 3: Cy7–NH2 (NIR imaging agents), 4: FA–PEG–NH
2
 (targeting agents), 5: FITC–PEG–

NH2 (fluorescent imaging agents). (b) Screening and summary of the endocytosis pathways and the biological 

activities of PEGylated BPNSs in cancer cells. Reproduced from Ref. [32] 

3.1 Multifunctional layered-BP nanoparticles for diagnostic imaging 

Achieving precise diagnosis and effective treatment of tumors is a key and urgent problem in 

biomedicine [79]. After the combination with metallic elements, metal phosphates/phosphate 

nanomaterials are particularly suitable for tumor imaging based on modalities (e.g., magnetic 

resonance imaging (MRI), fluorescence imaging (FI), and PAI). Among them, PAI has many proven 

advantages over traditional optical imaging modalities, e.g., depth-resolved 3D imaging, higher 

sensitivity and image contrast, and higher spatial resolution with depths of up to a few centimeters 

[80,81]. BP is inherently promising for boosting PAI-based diagnosis, due to its innate strong and 

wide absorption property [82]. Moreover, surface modifications, e.g., with titanium ligand or PEG, 

can stabilize BP in aqueous dispersions. It has been reported that PA signals of TiL4@BPQDs at a 
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concentration of as low as 22.0 10−6 are nearly 7.29 times higher than those of Au nanoparticles at 

a concentration of 79.8 10−6, adequately demonstrating the excellent performance of 

TiL4@BPQDs [30]. In another work, BP was modified with branched poly(ethyleneimine) (PEI) 

and dextran (DEX) to achieve biocompatibility, as well as with folic acid (FA) for tumor targeting 

[83]. These biocompatible and water-soluble BPNPs (BP-DEX/PEI-FA) can improve the in vivo 

PA signals of tumor imaging to 3.1 times higher than those of pre-contrast images (Figs. 3(a) and 

3(b)). BP also exhibits potentials in the second NIR (NIR-II) FI that yields lower autofluorescence 

and deeper penetration (due to the lower optical scattering and absorption in biological tissues) than 

NIR-I FI [84,85]. In 2019, Xu et al. first demonstrated that layered BP modified with cholesterol 

and encapsulated with PEGylated lipid into nanospheres (BP@lipid-PEG) shows strong 

fluorescence for NIR-II imaging [86]. After the injection of BP@lipid-PEG nanospheres, the 

surficial blood vessels and liver could be readily observed (Fig. 3(c)), and even tiny branched vessels 

marked with the yellow dotted lines could be observed under the images at 30 s post-injection with 

1250 and 1400 nm optical filters (Fig. 3(d)). 

 

Fig. 3 (a) and (b) Targeted imaging of tumors with BP-DEX/PEI-FA nanoparticles. (a) In vivo PA images of the 

4T1 tumor-bearing mice before and after tail vein injection of BP-DEX/PEI and BP-DEX/PEI-FA nanoparticles 

(2 mg/mL) at different time points. (b) PA signal intensities of the tumors from the 4T1 tumor-bearing mice collected 

at different time points after tail vein injection of BP-DEX/PEI and BP-DEX/PEI-FA nanoparticles. (c) In vivo NIR-

II fluorescence images of a mouse collected at different time intervals using a 1400-nm optical filter after intravenous 
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injection of BP@lipid-PEG nanosphere aqueous solutions. (d) Enlargement of the image acquired at 30 s post-

injection with different optical filters (1400 and 1250 nm, respectively). Scale bar = 5 mm. Reproduced from Ref. 

[84,86] 

Note that the single-mode imaging method is often inadequate and does not meet the requirements 

of specificity and targeting. Thus, molecular probes are required for multimode molecular imaging, 

which can overcome the limitation of single-mode imaging, achieve complementary functions, and 

broaden the applications. The multimode imaging probes can be developed via various methods. 

For example, using facile tannic acid as the chelating agent, paramagnetic Mn2+ can be added to the 

layered BP to achieve high-resolution PAI/MRI dual-mode imaging that enables deep-tissue 

penetration for tumor detection [87]. In 2019, a multimodal imaging agent suitable for MRI, PAI, 

fluorescence, and ultrasonic imaging was fabricated by modifying layered BP with chlorin e6 (Ce6) 

and Fe3O4@MnO2-doped NaYF4:Yb/Er/Nd upconversion nanoparticles (UCNPs) [88]. By 

absorbing long-wavelength photons (considerably deep-tissue penetration), the UCNPs can emit 

high-energy short-wavelength light for photosensitizer activation, thereby promoting the success 

rate of the therapy [89]. The preparation of such BP-based nanoplatforms is illustrated in Fig. 4. As 

shown, layered BP is first obtained by liquid exfoliation. To obtain hydrophilic magnetic UCNPs 

(MUCNPs), layered BP is modified with strong coordinated poly(acrylic acid). Thereafter, it is 

coated with polylysine by electrostatic interaction for enhanced stability and combined with 

MUCNPs via chemical-bond cross-linking. Last, Ce6 is loaded on the nanoplatform to improve the 

sensitizing efficacy. The obtained MUCNPs@BPNs-Ce6 demonstrates remarkable light-conversion 

efficiency, imaging properties, and biocompatibility. Moreover, the layered-BP-based nanoparticles 

can be used not only for diagnosis before treatment but also for monitoring during treatment and 

evaluation after treatment. 

 

Fig. 4 Schematic illustration of the fabrication of BP-based nanoplatforms (MUCNPs@BPNs-Ce6). Reproduced 

from Ref. [89] 
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3.2 Multifunctional layered-BP nanoparticles for PTT 

With varying layer-dependent bandgap, layered BP exhibits broadband absorption even in infrared 

regions, making it a promising platform for PTT. For example, in 2017, Zhao et al. covalently 

modified layered BP with an NB diazonium tetrafluoroborate salt (NB–D) to prevent rapid 

degradation (Fig. 5(a)) [90]. The stability of NB–D covered layered BP (NB@BP) was obviously 

higher than that of bare layered BP, regardless of the morphological changes, absorbance intensity, 

temperature rise, or emission intensity ratio (Figs. 5(b) and 5(c)). The peak-absorbance intensity of 

NB@BP decreased by only 3% after 3 days of dispersion in water and exposure to air (Fig. 5(d)). 

Under the premise of maintaining stability, the effect of PTT in vivo is satisfactory as expected; the 

tumors shrink gradually, and complete recovery is achieved within 16 days of treatment (Fig. 5(e)). 

 

Fig. 5 (a) Schematic illustration of the fabrication of NB@BPs. (b)–(f) Material stability examinations. Time-

dependent variations in the (b) absorption ratios at the respective peak wavelength (A/A
0
) and (c) increase in the 

temperature of the bare BPs and NB@BPs in water under 808 nm and 1.0 W/cm2 laser irradiations for 10 min. (d) 

Time-dependent variations of the fluorescence intensity of NB@BPs in water. Optical images of micro-sized (e) 

bare BPs and (f) NB@BPs exposed under ambient conditions for different dispersion time lengths. Reproduced from 

Ref. [90] 

In 2019, Geng et al. designed a hybrid photothermal agent by loading a carbon dot, which is 

responsive to NIR-II light (NIR-II-CD), on the surface of layered BP, thereby achieving eminent 

photothermal conversion efficiencies of 77.3% and 61.4% in the NIR-I and NIR-II windows, 

respectively [91]. This is important for clinical applications because the NIR-I region (700–

1000 nm) and NIR-II region (1000–1350 nm) can be used to selectively destruct deep tumors 

without damaging neighboring normal tissues [92,93]. By covering the NIR-II-CD/BP nanoparticle 

with a piece of chicken breast tissue of varying thicknesses (2–10 mm), its PTT effectiveness in 
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deep tissue was evaluated using an 808- or 1064-nm laser (Fig. 6(a)). Under the 1064-nm laser 

irradiation, reduced attenuation of temperature and increased Tmax of the NIR-II-CD/BP 

nanoparticles were achieved (Figs. 6(b) and 6(c)). Notably, the temperature of the NIR-II-CDs/BP 

nanoparticle increased by 22.0°C under the 1064-nm laser irradiation when the tissue depth was 

10 mm, whereas it only increased by 12.5°C under the 808-nm laser irradiation (Fig. 6(d)). The in 

vivo experiments verified that the 4T1 tumor-bearing mice can be cured after 18 days of PTT under 

1064 nm laser irradiation, even though chicken breast tissue was covering the tumor sites. 

 

Fig. 6 (a) Schematic illustration of in vitro deep-tissue PTT. (b) and (c) Temperature change of the NIR-II-CD/BP 

solution irradiated by an 808- or 1064-nm laser in the presence of varied thicknesses of additional tissue. (d) Fitted 

temperature change exponential decay of NIR-II-CD/BP hybrids upon 808- and 1064-nm laser irradiations. 

Reproduced from Ref. [91] 

Recently, a strategy for the specific identification of cancer cells to improve PTT efficiency was 

developed. Layered BP was functionalized with a mitochondria-targeting peptide because 

mitochondria are more abundant in cancer cells than in normal cells [94]. Mitochondria injuring 

could induce multiple regulatory processes including cell death would be triggered by caspase-3 

proteins and cytochrome when they are released into the cytoplasm. Furthermore, modification with 

acid-labile PEG for stability can boost the accumulation of BP in the tumor tissue due to the slightly 

acidic environment of tumor tissue, thereby increasing the efficiency of cancer therapy. 

Although cells can die from overheating, they have inherent regulatory mechanisms for coping 

with overheating. Up-regulating the heat shock protein (HSP) expression can improve the efficiency 

of PTT by elevating the heat stress tolerability. Chen et al. found that extracted gambogic acid (GA), 

an HSP inhibitor, can enhance the tumor ablation effect induced by BP [95]. In vivo experiments 

showed that under irradiation, the HSP expression in the tumor cells of mice with GA-modified BP 

decreased by more than half compared with that of mice without GA-modified BP, resulting in 

enhanced therapeutic efficiency (Fig. 7). 
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Fig. 7 (a) HSP90 expressions in tumors collected from mice 2 days after applying various treatments, as 

determined by immunofluorescence staining. (b) Western blot data of T47D tumor lysates collected from mice 

2 days after applying various treatments. (c) Relative expression of HSP90 normalized against -actin (control). 

**P < 0.01, ***P < 0.001. Reproduced from Ref. [95] 

3.3 Multifunctional layered-BP nanoparticles for PDT 

PDT combines light and a photosensitive agent to selectively damage the target tissue [96]. The 

ROS produced in the PDT process, including highly reactive ions and free radicals, have been shown 

to destroy tumors effectively. PDT has a direct effect on cancer cells, leading to cell death through 

necrosis and/or apoptosis. PDT also influences the tumor vascular system with light and ROS 

production; this leads to vessel closure, thereby depriving the tumor of oxygen and nutrients [97]. 

Because of its unique electronic structure, BP can be used as an effective photosensitive agent to 

generate ROS under light irradiation for the PDT of tumors (Fig. 8(a)). In 2015, Wang et al. first 

demonstrated that BPNSs were outstanding photosensitizers with a high quantum yield of ~0.91, 

which is higher than those of most PDT agents reported earlier [33]. Later, to enhance the stability 

in various media, Guo et al. modified the layered BP with PEG through electrostatic adsorption [98]. 

PEG-modified BP can remain stable in water, phosphate-buffered saline (PBS, pH 7.4), cell culture 

media, and fetal bovine serum for over at least 30 days (Fig. 8(b)). After being incubated with L02 

or HeLa cells for 24 h, both naked layered BP and PEG-lized layered BP showed no appreciable 

cytotoxicity even at the highest concentration (40.5 g/mL), demonstrating the favorable 

biocompatibility of BP (Fig. 8(c)). In addition to photosensitization and irradiation, oxygen is also 

essential for PDT. Most PDT applications rely on in situ oxygen to complete the treatment process; 
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however, oxygen is very limited. In this case, Liu et al. designed a layered-BP-based oxygen self-

supply photosensitizer (Cy5-dHeme-BPNS-FA) with the functionalization of DNA duplex and FA 

[99]. Integrating Fe-protoporphyrin IX (Heme) as the catalyst with BPNSs can help locally or site-

specifically convert hydrogen peroxide (H2O2), which is excessive in cancer cells, to singlet oxygen 

to enhance PDT. In in vitro oxygen self-supply effect evaluation, the cell apoptosis proportion of 

Cy5-dHeme-BPNS-FA cultured cancerous cells is 8.7-fold higher than that of the control group 

without Heme under hypoxia condition. For the in vivo experiment, the tumor volume of animals 

treated with Cy5-dHeme-BPNS-FA and PDT drastically declined to 6% of the tumor volume before 

treatment (Figs. 8(d) and 8(e)). Both in vitro and in vivo experiments demonstrate that this layered-

BP-based photosensitizer significantly boosts the treatment effect of hypoxic tumors. 

 

Fig. 8 (a) Schematic illustration of singlet-oxygen production by BPNSs under laser irradiation. (b) Photographs 

of PEGylated BPQDs dispersed in various media. (RPMI refers to RPMI 1640 media) (c) Cell viability of HeLa and 

L02 cells after incubation with BPQDs at different concentrations at 37°C for 24 h. (d) In vivo imaging monitoring 

of the PDT effect on tumor-bearing mice in both the left and right flanks after the injection of Cy5-dHeme-BPNS-

FA or Cy5-BPNS-FA. After 24 h post-injection, the tumor in the right flank was irradiated with laser, whereas the 

tumor in the left was kept away from light as the control. (e) Relative change of the averaged tumor volume after 

treatment with PBS, Cy5-dHeme-BPNS-FA, and Cy5-BPNS-FA with and without laser irradiation. Statistical 

analysis was performed using Student’s t-test (**P < 0.01 and ***P < 0.001). Figures reproduced from Refs. [97–

99] 

3.4 Multifunctional layered-BP nanoparticles for drug delivery 

With the increase in the understanding of cancer development, a variety of chemotherapy drugs 

have been developed to treat different types of cancer. Though chemotherapy plays an important 

role in clinical practice, the side effects of chemotherapeutic drugs are ineluctable. The application 

of the delivery nanoplatform to control the release of chemotherapeutic drugs and reduce their 

potential toxicity has been studied for decades [100]. Compared with traditional chemotherapeutic 
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drugs, the layered-BP-based delivery nanoplatforms have the advantages of higher load efficiency, 

longer cycle time, stronger tumor-targeting ability, and fewer side effects. For example, in 2017, 

Chen et al. combined a positive anticancer drug, DOX, and negative BP by electrostatic interaction 

to make a layered-BP-based drug delivery nanoplatform for cancer treatment [101]. Because of the 

large surface area of layered BP, it could hold larger amounts of DOX on the sheet surface (950% 

in weight) than other reported 2D material systems. Although this method greatly improved the 

treatment efficiency of anticancer drugs, it was difficult to control the rate of drug release and predict 

the dosage and treatment effect. In 2018, Qiu et al. developed a BP-containing hydrogel platform 

(BP@hydrogel) with BP embedded in low-melting agarose [102]. After loading DOX in the 

BP@hydrogel, it could be regulated by laser exposure to release drugs to treat cancer. When BP 

absorbs light and converts it to thermal energy, the agarose hydrogel undergoes reversible hydrolysis 

and softening, resulting in accelerated drug diffusion from the platform to the surrounding 

environment (Fig. 9(a)). The results were verified in mouse subcutaneous breast and melanoma 

models. In addition, Gao et al. designed BP-DOX@PDA-PEG-FA, where the BPNS surface was 

modified with polydopamine (PDA) for stabilization and with FA for tumor targeting [103]. The 

cell viability was assessed on HeLa cells incubated with BP-DOX@PDA-PEG-FA, and it decreased 

with the increase in the concentration of DOX. DOX showed higher cytotoxicity than the DOX-

loaded BP-based nanoparticles, because it directly entered the nucleus, whereas the BP-based 

nanoparticles required some time for the release of the loaded DOX. The BP-DOX@PDA-PEG-FA 

with profound tumor-targeting and photothermal effects had a more significant ablation effect than 

other forms of the BP-based nanoparticle (Fig. 9(b)). The in vivo therapeutic effect was also tested 

on mice xenograft tumor models. BP-DOX@PDA-PEG-FA combined with laser irradiation 

displayed dramatic synergistic anti-tumor effects without inducing any acute side effects. Both the 

groups of DOX and BP-DOX@PDA-PEG-FA displayed significant tumor growth suppression. 

Among all the groups, the BP-DOX@PDA-PEG-FA with NIR laser-exposure group exhibited the 

lowest tumor growth rate and best anti-tumor effect, which can be attributed to the synergistic effect 

of chemotherapy and PTT and the tumor-targeting effect (Fig. 9(c)). 
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Fig. 9 (a) Schematic illustration of the working principle of BP@Hydrogel. BP@Hydrogel releases the 

encapsulated chemotherapeutics under NIR-light irradiation to break the DNA chains, thereby inducing apoptosis. 

(b) Viability of HeLa cells cultured with DOX-loaded nanoformulations in comparison with that of free DOX at 

the same DOX dose after 24 h (∗∗p < 0.01). (c) Anti-tumor efficacy of saline, DOX, BP-DOX@PDA-PEG, BP-

DOX@PDA-PEG-FA, and BP-DOX@PDA-PEG-FA + NIR on the nude mice bearing HeLa cell xenografts. 

Tumor weight of each group was obtained from the sacrificed mice at the end of the study (∗∗p < 0.01). 

Reproduced from Refs. [102,103]  

3.5 Functional layered-BP nanoparticles for multifunctional co-delivery 

A single treatment approach may not effectively control tumor progression considering the high 

malignancy probability. Generally, chemotherapy is associated with toxicities, side effects, and drug 

resistance, which would significantly reduce therapeutic effectiveness [104,105]. Moreover, the low 

targeting effect of PTT also reduces the treatment efficiency [106]. As discussed earlier, imaging 

probes and therapeutic agents can be integrated to exploit the diagnostic and therapeutic functions 

simultaneously. Further, the application of multifunctional molecules in tumor therapy can enhance 

the tumor-targeted transmission of drugs. In addition, real-time observation of the distribution and 

metabolism of drugs in the body can be realized. Personalized treatment can be adjusted timely 

according to the real-time monitoring of the treatment progress and evaluation of the drug efficacy. 

This strategy can improve the safety and efficiency of tumor treatment. Therefore, in recent years, 

multidisciplinary combination therapy has become a trend in tumor therapy. Several representative 

examples are discussed as follows. 
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In 2018, Zeng et al. designed multifunctional layered-BP-based nanoparticles for targeted 

chemo/PTT/gene against multidrug-resistant cancer [107]. The anticancer drug, DOX, was loaded 

after permeability glycoprotein (P-gp) siRNA adsorption onto the BP surface. PDA was modified 

to enhance the ambient stability. P-gp siRNA can down-regulate the expression of P-gp on the 

cancerous cell membranes, inducing P-gp-mediated multidrug resistance. Finally, BP-R-D@PDA-

PEG-Apt nanoparticles were synthesized after introducing NH2-PEG-Apt, resulting in high tumor-

targeting ability, biocompatibility, and physiologic stability (Fig. 10(a)). From the results of the in 

vitro tests, the DOX release rate was as high as 46.9% under the condition of PH 5.0 after four 

cycles of irradiation. BP-R-D@PDA-PEG-Apt reduced the P-gp expression by 68% and showed a 

significant temperature increase, indicating that the multifunctional platform can perform well. The 

in vivo test on mice showed that multimodal therapy can destruct the tumor with better performance 

than single-mode therapy in inhibiting the tumor cell proliferation (Figs. 10(b) and 10(c)). Quite 

recently, a synergistic therapeutic agent, DOX-loaded BSPT-based system (BSPTD), based on 

layered-BP was synthesized to specifically target tumor tissue after modification with TKD peptide 

(targeting ligand that binds to the memHsp70 receptor, which is overexpressed in malignant tumors) 

[108]. However, instead of using layered BP directly as a carrier of DOX here, mesoporous silica 

acted as the medium for the more stable BP-based drug delivery platform, and it promoted a covalent 

connection with PEG and TKD. Correspondingly, BSPTD achieved effective synergistic tumor-

targeted treatment of lung metastasis, combining chemotherapy and PTT. They conducted an 

interesting experiment: they compared the treatment of BSPTD with non-biodegradable 

graphene@mesoporous silica nanosheet-based system (GSPTD) in their work. The results showed 

that lung metastasis reappeared on the 21st day after treatments with GSPTD, whereas metastasis 

was notably suppressed after BSPTD-based therapy. They suspected that the remarkable 

biodegradability of BP allowed fragments containing DOX to be re-delivered to the tumor site 

 in vivo via the enhanced permeability and retention effect. Their work demonstrated that BSPTD 

remarkably inhibited lung metastasis, attributed to a secondary drug delivery process facilitated by 

the photothermal degradation during the targeted photothermal-chemo synergistic therapy. 
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Fig. 10 (a) Schematic illustration of the procedure used to fabricate nanostructures and the combined 

chemo/gene/photothermal targeted therapy of tumor cells. (b) Inhibition of tumor growth after different treatments. 

(c) Morphology of tumors removed from the sacrificed mice in all groups at the end of the study (**P < 0.01, 

***P < 0.001). Reproduced from Ref. [107] 

In 2020, Hai et al. designed multifunctional layered-BP-based nanoparticles (RV/CAT-

BP@MFL) to achieve PTT, PDT, chemotherapy, and FI simultaneously [109]. After the layered BP 

was prepared, resveratrol (RV), serving as an anticancer drug, and catalase (CAT), used as an O2-

evolving agent, were doped on the platform by physical adsorption to accomplish chemotherapy 

and reformative PDT. Conversely, liposome was functionalized with a fluorescent dye (atto647) 

and broad-spectrum targeted ligand (folate) to form the multifunctional liposome (MFL), which can 

successfully encapsulate the prepared functional layered BP (Fig. 11). As a result, a single agent 

embodies the functions of folate receptor-targeted delivery, tumor hypoxia relief, and synergistic 

inhibition of tumor cell growth. Tumor growth can be efficiently suppressed with only one dose of 

such an all-in-one agent administered intravenously. Modifying BP with CpG 

oligodeoxynucleotides opens an immunotherapy application potential. A potent photodynamic 

immunotherapeutic BP-based nanoparticle not only inhibits the proliferation of tumor cells, but also 

blocks the distant tumor growth and metastasis [110]. 
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Fig. 11 Schematic illustration of the formation of RV/CAT-BP@MFL and its application for photothermally 

contrived drug delivery and oxygen self-enriched photodynamic multifarious cancer therapy. Reproduced from Ref. 

[109] 

In 2019, Liu et al. reported that Rhodamine B (RhB)-encapsulated manganese dioxide (R-MnO2) 

was designed as an oxygen supplier and an indicator of BPNSs labeled with fluorescein 

isothiocyanate [111]. The discharged dyes, RhB and Mn2+, provided fluorescence recovery and T1-

weighted MR contrast for fluorescence/MR dual-mode imaging for the oxygen supply procedure. 

Such a nanoparticle (R-MnO2-FBP) can not only supply oxygen for cancer PDT but also monitor 

the oxygen production in real-time for the irradiation treatment. As shown in Figs. 12(a) and 12(b), 

according to the biodistribution of R-MnO2-FBP in the HeLa-tumor-bearing mouse from FI and 

MRI, the optimal duration of irradiation treatment for the subsequent efficient therapy is 28 h. To 

demonstrate the accuracy of the optimal duration, they exposed the mice to laser for different post-

injection durations (24, 28, and 36 h) and subsequently compared the therapeutic efficacies. Dual-

mode imaging shows that the fluorescence/MR signal intensity of the tumor site in the mice 

subjected to laser treatment for 28 h was much weaker than those in the 24- and 36-h groups, and 

the tumors in the 28-h group almost completely disappeared and were 10% smaller than those in the 

24- and 36-h groups, indicating the maximal PDT efficiency (Figs. 12(c-e)). 
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Fig. 12 (a) and (b) In vivo time-dependent imaging. (a) Time-dependent in vivo fluorescence images by dual-

channel of RhB and Cy5.5. (b) MR images of a mouse bearing a subcutaneous HeLa tumor after being injected with 

R-MnO2-FBP. Scale bar: 5.0 mm. (c)–(e) In vivo assessment of the PDT therapeutic efficacy as monitored by (c) 

fluorescence and (d) MRI on the tumor-bearing mice at 24, 28, and 36 h, separately, after injection of R-MnO2-FBP. 

The tumors were irradiated by a 660-nm laser at 150 mW/cm2 for 10 min. Scale bar: 5.0 mm. (e) Relative change of 

the averaged tumor volume after different treatments. Mean ± SD, n = 5. (**P < 0.01). Reproduced from Ref. [111] 
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3.6 Functional layered-BP nanoparticles for other disease applications 

3.6.1 Functional layered-BP nanoparticles for bone recovery 

Because of the tough binding capability of P with metal ions, BPNSs have the potential to be potent 

nanocaptors for some physiologic diseases related to metal ions, such as Cu2+, Ca2+, Fe3+, and Mg2+. 

BPNSs have preeminent bioactivity; they can induce osteogenic differentiation in stem cells and 

arrest Ca2+ to spur biomineralization, which make them suitable for bone recovery applications 

[112,113]. The excellent osteoinduction capability of BP was regulated by an in situ P-driven Ca2+ 

mineralized extracellular matrix during BP degradation. BPNSs can promote bone regeneration and 

inhibit the progression of osteosarcoma in vitro through cancer-related inflammation inhibition 

[114,115]. For example, Wang et al. used inorganic BP nanocrystallites, decorated gelatin and 

polysaccharides, and mineralized CaP nanocrystallites to produce a double-network nanohydrogel 

for bone regeneration [116]. This crosslinked network could facilitate CaP complex formation and 

provide a favorable platform that mimics the microenvironment of extracellular matrices and 

enhances the activity of osteoblastic cell and bone generation physically and chemically. In addition, 

BPNSs, chitosan, and platelet-rich plasma are used in the synergistic treatment of rheumatoid 

arthritis (RA). BPNSs can help remove hyperplastic synoviocyte, which is the main characteristic 

of RA [117]. 

3.6.2 Functional layered-BP nanoparticles for brain disease 

As a conductive material, BP has significant electrical conductivity due to its band dispersion, which 

can promote neural or cardiac regeneration by restoring the damaged electrical functions of impaired 

cardiomyocytes or neurons. Layered BP could intensify the differentiation of mesenchymal stem 

cells into neural‐ like cells under the electrical stimulation, showing application potentials for the 

design of biomaterials for electroactive tissues [118]. Qian et al. designed a nano-scaffold by the 

concentrically integrative bio-assembly of BP, which can restore angiogenesis, neurogenesis, and 

immune homeostasis [119]. This layered-BP-based scaffold can stimulate Ca2+-dependent axon 

regeneration and remyelination under slight oxidative stress; the researchers, in their demonstration, 

successfully regenerated a 20-mm peripheral nerve injury using the layered-BP-based scaffold. 

Conversely, it has also been demonstrated that layered BP can capture and regulate the concentration 

of Cu2+, which can catalyze the production of cytotoxic ROS and, thenceforth, induce apoptosis of 

neuronal cells [120]. In neurodegenerative disease treatment, BP shows enhanced blood–brain 

barrier (BBB) permeability (21% in the in vitro model), and it can act as an antioxidant to decrease 

cellular ROS and protect cells from Cu2+ dyshomeostasis-related toxicity. Quite recently, Yang et 

al. successfully applied layered BP to Alzheimer’s disease, a progressive and irreversible 

neurodegenerative disease [121]. One of the most important pathological features of Alzheimer’s 

disease is cerebral plaques full of β-amyloid peptide (A) [122]. A promising therapeutic strategy 

involves suppressing the aggregation of Aβ monomers into cytotoxic β-sheet-rich amyloid fibers. 

On the basis of the Aβ fibrillogenesis inhibition therapeutic proposal, they designed a series of 

peptide inhibitors, including LVFFARK (LK7), and utilized Cu2+ chelate and BBB-permeable 

layered BP to prevent the self-aggregation of LK7. Reciprocally, LK7 can prevent the oxidation of 

layered BP, thus stabilizing the nanomaterial (PEG-LK7@BP). ThT fluorescence assays showed an 
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83% decline in the Aβ42 content (one of the most prevalent variations of Aβ) incubated with 

100 g/mL PEG-LK7@BP, and atomic force microscope images revealed that the fibrils reduced 

notably in length and amount. All these results confirmed that PEG-LK7@BP dose-dependently 

restrains Aβ42 fibrillization. 

3.6.3 Functional layered-BP nanoparticles for progressive oxidative diseases 

As discussed in the PDT-related section, excess ROS is cytotoxic, and it also causes progressive 

oxidative damage to cellular DNA of normal tissues and eventually cell death. The imbalance of 

ROS can activate the pathway of lysosomal injury, apoptosis, and necrosis. It has been reported that 

a variety of diseases (such as acute kidney injury, sepsis, stroke, and Parkinson's disease) are 

associated with excess ROS. Therefore, consuming ROS is a potential strategy for the treatment of 

progressive oxidative diseases. As an innate antioxidant, layered BP has the potential to treat 

progressive oxidative diseases. For example, in the treatment of acute kidney injuries, Hou et al. 

prepared a BP-related platform, taking advantage of its easy oxidation characteristic to ensure its 

combination with excessive ROS. Apart from being a nontoxic oxidative protector, the layered-BP 

direct kidney therapy could facilitate kidney accumulation due to the flake-like morphology of 

layered BP [123]. 

4 Conclusion and prospects 

Scientists have developed many new methods for the diagnosis and treatment of diseases, which 

depend on advanced instruments and nanomaterials with different structures and properties. With 

the rapid nanotechnological development and the special role of P in the human body, many 

inventions of layered-BP-based nanomaterials have been successfully applied in biomedicine. This 

paper classifies layered-BP-based nanomaterials according to their application in disease treatment 

and systematically reviews their research progress in areas of synthesis, corresponding properties, 

and biomedical applications in optical imaging, phototherapy, and delivery of biomolecules such as 

DNA, siRNA, and drugs. However, for further application of the layered-BP-based platform in 

biomedicine, several limitations must be overcome. First, the production of a large-scale layered-

BP in uniform size is still challenging. Therefore, it is imperative to develop a more effective method 

for the mass production of layered BP. Second, functional modification is limited because of the 

lack of chemical groups. Controllable surface modification is difficult to achieve because of routine 

electrostatic interaction. Moreover, vdWs and covalent interactions could also be involved. We 

should design the protocol according to the desired functionalization to obtain a stable and effective 

agent. Third, hybrid BP platforms may possess significant potential for biomedical applications; 

however, they have been rarely studied. By combining BP with metals and nonmetals, enhanced 

stability and some synergistic properties for particular applications may be achieved. Fourth, the 

application of BP in bone recovery and other diseases (e.g., sepsis and stroke) has been less reported, 

even though it also has considerable potential; in this regard, an intensive investigation is required. 

Fifth, the biodegradation mechanism and in vivo long-term safety evaluation of BP remain unclear. 

More imaging models are required to explore the biological distribution and metabolic mechanism 

of BP action, and more tests are required to verify its safety in vivo. Layered-BP-based platforms 
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have been applied to MRI, NIR-II imaging, and other imaging modalities, whereas only a few 

studies focus on PAI, which is expected to be a promising imaging method that can meet the 

requirements of high resolution and penetration depth simultaneously. In particular, the excellent 

photothermal conversion properties and NIR absorption spectra make layered BP a natural choice 

for PAI. Further, BP can easily be degraded in vivo, and the products are nontoxic and easily 

discharged out of the body, which lays the foundation for its applications in vivo. In addition, its 

high drug-loading rate and modifiable properties extend its applicability in the treatment of diseases. 

By reviewing the development and application progress thus far, it is believed that with the rising 

interest in 2D materials, the layered-BP-based nanometer platform will play an important role in 

biomedical diagnosis and treatment. 
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