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Abstract
Black phosphorus (BP), also known as phosphorene, has attracted recent scientific attention since its first
successful exfoliation in 2014 owing to its unique structure and properties. In particular, its exceptional
attributes, such as the excellent optical and mechanical properties, electrical conductivity and electron-transfer
capacity, contribute to its increasing demand as an alternative to graphene-based materials in biomedical
applications. Although the outlook of this material seems promising, its practical applications are still highly
challenging. In this review article, we discuss the unique properties of BP, which make it a potential platform for
biomedical applications compared to other 2D materials, including graphene, molybdenum disulphide (MoS2),
tungsten diselenide (WSe2) and hexagonal boron nitride (h-BN). We then introduce various synthesis methods
of BP and review its latest progress in biomedical applications, such as biosensing, drug delivery, photoacoustic
imaging and cancer therapies (i.e., photothermal and photodynamic therapies). Lastly, the existing challenges
and future perspective of BP in biomedical applications are briefly discussed.
Key words: black phosphorus, biosensing, drug delivery, photoacoustic imaging, photothermal and
photodynamic therapies.

Introduction
Two-dimensional (2D) materials, particularly
graphene and its derivative graphene oxide (GO), are
increasingly gaining scientific interest due to their
excellent mechanical properties and electrical
conductivity, large surface area-to-volume ratio and
easy functionalization [1, 2]. Similarly, inorganic
graphene analogues based upon the transition metal
dichalcogenides (TMDs; e.g., molybdenum disulfide
(MoS2)) are of great interest due to their
thickness-dependent semiconducting properties [3].
However, the utility of these nanomaterials is limited
by a few intrinsic shortcomings, such as a lack of a
bandgap in graphene [4] and relatively low carrier
mobility in MoS2 [5]. Taken together, this has
motivated the search for alternative 2D materials.
Black phosphorus (BP) has sparked enormous
research interest since its discovery in 2014 due to its
distinctive structures and useful properties [6]. In the
monolayer BP (also known as phosphorene), each

phosphorus atom is covalently bonded with three
adjacent phosphorus atoms, thereby forming a bilayer
structure along the zigzag direction and puckered
structure along the armchair direction [7]. This
structural anisotropy contributes to its exceptional
properties, including its optical properties [8],
mechanical properties [9], electrical conductivity [10],
thermoelectric properties [11], and topological
features [12], distinguishing it from other 2D
materials [e.g., graphene molybdenum disulphide
(MoS2), tungsten diselenide (WSe2) and hexagonal
boron nitride (h-BN)]. Although numerous studies
have been conducted to investigate the nano- and
opto-electronic applications of BP, including its
photonic applications based on its saturable
absorption properties [13, 14], little attention has been
paid to its potential biomedical applications [15, 16].
This might be mainly due to the lack of stability of
black phosphorus when it is exposed to the aqueous
http://www.thno.org
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environment or air. Several recent studies have
demonstrated the feasibility of synthesizing novel BP
nanostructures that are stable in water and air [17-20].
Phosphorus that forms BP is a benign, vital element
that acts as a bone constituent, constituting ~1% of the
total body weight [21, 22]. As one of the main
components of nucleic acids, phosphorus is essential
in maintaining human health, leading to a
biocompatible material with extensive application
potential in the biomedical field [23, 24]. BP has been
employed as a biosensing substance for the detection
of target analytes (e.g., immunoglobulin G (IgG) [25]
and myoglobin (Mb) [26]) due to its inherent
electrochemical properties. It has also emerged as a
potential agent for drug delivery and anti-tumour
therapy owing to its high drug loading efficiency,
good biocompatibility, and excellent photothermal
and photodynamic properties [27, 28]. Although
BP-based biomedical application is still in its infancy
with numerous technical challenges remaining to be
solved, it may bring novel opportunities for future
medical diagnosis and treatment. Therefore, extensive
investigation on the potential of BP in biomedical
applications, such as biosensing applications and
regenerative medicine, would be highly desirable.
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The sources of review articles on the
fundamental properties of BP and its nano- and
opto-electronic applications are extensive and readily
available [29-32]. Recently, BP nanomedicine and
sensing applications have been reviewed [33, 34].
However, the unique fundamental properties of BP
compared to other 2D materials and its advantages for
diverse biomedical applications have not yet been
clearly discussed. In light of the rising demand for BP
as an alternative to graphene-based materials, there is
a strong need for a timely and comprehensive review
on a wide range of biomedical applications of BP,
including colorimetric sensing, fluorescent sensing,
electrochemical sensing, field effect transistor sensing,
cancer imaging, cancer therapy and drug delivery
(Figure 1). In this review article, the unique and
fascinating characteristics of BP that contribute to its
biomedical applications are first discussed and
compared with the properties of other 2D materials
(e.g., graphene, MoS2, WSe2 and h-BN). The different
synthesis methods of BP are then summarized. The
advantages of using BP and its biomedical
applications in biosensing, bioimaging, drug delivery,
and cancer therapy are subsequently reviewed.
Finally, the existing challenges and future perspective
of BP are briefly discussed.

Figure 1. Black phosphorus (BP) as a promising material for biomedical applications. In particular, BP nanosheets and BP quantum dots (BPQD) have been widely
used in biosensing, as field effect transistor sensors, colorimetric sensors, fluorescent sensors and electrochemical sensors, cancer imaging, drug delivery and cancer therapy.
Reproduced with permission from references: [25], copyright 2017 Elsevier; [16], copyright 2016 ACS publications; [88], copyright 2017 Royal Science Chemistry; [106],
copyright 2017 John Wiley & Sons.
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Table 1. Summary of the fundamental properties of BP compared to other 2D materials and its advantages for biomedical applications
Type

Black
Graphene
Phosphorus (BP)
Semiconductor/ Semimetal/ 0
0.3 - 2.0

MoS2

Carrier mobility
(cm2V-1s-1)

1000

2 x 105

10 - 200

140 - 500

ON-OFF current
ratio

103 - 105

5.5 - 44

106 – 108

104 – 106

Electrical
conduction type

Ambipolar

Ambipolar

n-type

Ambipolar

Biocompatibility

Yes

Yes

Yes

Yes

Materials /
Bandgap (eV)

WSe2

h-BN

Semiconductor/ Semiconductor/ Insulator/
1.2 - 1.8
1.2 - 1.7
5.9

-

-

-

Yes

In vivo
Yes
Biodegradability

No, requires
No, requires
No, requires
functionalization functionalization functionalization

References

[36, 156]

[7, 155]

[7, 37, 157]

[17, 156]

Fundamental properties of black
phosphorus for biomedical applications
Compared to other 2D materials, BP has been
known as a more favorable material for biomedical
applications due to its exceptional properties. A
comparison of the unique properties of BP and other
2D materials is summarized in Table 1. Generally,
graphene shows the highest carrier mobility, but it
possesses zero-band gap and low ON-OFF current
ratio, which may hinder its application in optical
sensing, bio-imaging, and field effect transistor (FET)
sensing [35, 36]. MoS2 and WSe2 display a high
ON-OFF current ratio due to their finite band gap
structures, enabling them to be used in FET sensing.
However, their narrow range of band gap and low
carrier mobility may hinder their applications in
many fields (e.g., optical sensor, bio-imaging, and gas
sensor) [37]. The 2D hexagonal boron nitrite (h-BN)
has been known to be a good proton conductor with
high electrical resistance, adding its value to water
electrolysis and fuel cells. However, its insulating
properties limit its other applications (e.g.,
electrochemical sensing) [38].
BP exhibits a direct and tunable band gap, which
is dependent upon the number of layers (i.e., bulk:

Advantages of BP for biomedical applications
The wide tuning range of semiconductor BP band gap
(by adjusting the layer number) leads to its broad
optical absorption across UV, infrared and visible
light spectrum, selectively detecting various types of
bioanalytes, e.g., DNA, proteins and inorganic ions.
This unique optical property allows BP to be used
effectively in biosensing, photoacoustic imaging,
photodynamic therapy, photothermal therapy, and
drug delivery [41].
BP with high carrier mobility is sensitive to electrical
perturbation, allowing it to sensitively detect the
adsorption and desorption of single gaseous
molecules, particularly health hazardous gases, based
on the electrical conductivity measurement, making it
suitable to be used in gas sensing [43].
BP with high ON-OFF current ratio can be widely
used in field effect transistor-based immunosensors
which contributes to its high sensitivity in detecting
antigen or antibody based on the electrical resistance
measurement [154].
BP exhibits ambipolar characteristic which enable it to
detect both the positively and negatively charged
biomolecules [154]. This property makes it possible to
be applied in biosensing.
BP exhibits a relatively good biocompatibility and low
cytotoxicity; therefore, it is eligible for biomedical
applications, especially in photoacoustic imaging,
photodynamic and photothermal therapy, and drug
delivery
BP is readily biodegradable inside human body
producing nontoxic intermediates, such as phosphate,
phosphite and other PxOy upon exposure to water and
oxygen, therefore it is safe to be used for in vivo
applications, especially for cancer therapy [22].

[38, 158]

~0.3 eV, bilayer: ~1.88 eV, monolayer: ~2.0 eV) [39].
BP can be easily exfoliated into monolayer or
few-layer nanosheets due to the weak van der Waals
forces among the stacked BP layers [40]. The wide
tuning range of the BP band gap allows broad
absorption across the visible light, infrared and
ultraviolet regions [39], hence contributing to its
excellent optical property compared to other 2D
materials, which enables fluorescent and colorimetric
detection of various types of bioanalytes (e.g., DNA,
proteins and inorganic ions). This unique optical
property also allows BP to be effectively used in
biosensing, photoacoustic imaging, photodynamic
therapy, photothermal therapy, and drug delivery
[41]. BP also exhibits a high carrier mobility (i.e., 1000
cm2/Vs for a 10 nm thick BP nanoflake) that is
superior to TMDs (e.g., MoS2: 100 cm2/Vs) [39, 42].
This may contribute to its high sensitivity to electrical
perturbation, allowing it to detect gases based upon
the electrical conductivity measurement [43]. In
addition, BP possesses a high ON-OFF current ratio,
which supports its application in FET sensing. Its
ambipolar characteristic also enables it to detect both
positively and negatively charged bioanalytes. The
most attractive physical property of BP over other 2D
materials is its high in-plane anisotropic properties.
http://www.thno.org
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For instance, the physical properties of BP (e.g.,
structural holes and mass of electrons) have been
known to be highly anisotropic because of its band
dispersion, a critical factor for anisotropic electrical
conductance and electron mobility [44]. These
properties enable BP to be used for a variety of
biosensing applications [25].
Generally, biocompatibility or toxicity of 2D
materials is material-, size- and concentrationdependent [45]. For instance, BP has demonstrated
less cytotoxicity than graphene but more cytotoxicity
than MoS2 and WSe2 [46]. Large BP (~884 nm ± 102.2
nm) was identified to have higher cytotoxicity than
small BP (~208.5 nm ± 46.9 nm) [47]. BP was also
identified to induce cytotoxicity when applied at a
high concentration (>50 μg/mL) [46, 48]. Hence, it is
essential to optimize the parameters of BP including,
but not limited to, size and concentration before being
used for biomedical applications. Overall, BP exhibits
relatively low cytotoxicity or good biocompatibility;
therefore, it is eligible for biomedical applications.
Another distinct property of BP over other 2D
materials is its natural in vivo biodegradability. BP is
readily biodegradable inside the human body,
producing nontoxic intermediates, such as phosphate,
phosphite and other PxOy, upon exposure to water
and oxygen; therefore, it is safe to be used for in vivo
applications [22]. Recent studies have demonstrated
that BP nanosheets, particularly those with a small
size, have a relatively high reactivity with water and
oxygen and are easily degradable in aqueous media
[40, 49, 50]. Other 2D materials are not readily
degradable and may accumulate inside the human
body, which can cause cytotoxicity, and therefore
require functionalization with other materials (e.g.,
polyethylene glycol (PEG), chitosan or glutathione) to
enable effective body clearance when they are used
for in vivo applications [51, 52]. In short, BP exhibits a
wide range of tunable bandgap, high carrier mobility,
high ON-OFF current ratio, ambipolar characteristic,
good biocompatibility, and in vivo biodegradability,
indicating its greater potential in biomedical
applications, including biosensing (optical, FET and
gas sensing), photoacoustic imaging, photodynamic
and photothermal therapy, and drug delivery over
other 2D materials. This will be comprehensively
discussed in Section 4.

Synthesis of black phosphorus
nanosheets
The fabrication of thin 2D nanostructures can be
categorized
into
“top-down
methods”
and
“bottom-up methods”. In fact, various fabrication
methods of BP have been reviewed [53]. Top-down
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methods generally involve the exfoliation of bulk
material into single or a few layered nanosheets
through the application of driving force (e.g., liquid
exfoliation and mechanical cleavage). The interlayer
distance of two BP layers that are stacked together by
weak van der Waals force is ~3.20-3.73 Å. Therefore,
compared to other 2D materials, thin layers of BP
could be more easily produced by the aforementioned
exfoliation methods. On the other hand, bottom-up
methods involve the direct fabrication of
nanomaterial from a specific precursor through
chemical reactions (e.g., wet-chemical methods and
chemical vapor deposition (CVD)) [30].
In general, mechanical cleavage and liquid
exfoliation represent the most commonly used
methods of fabricating BP [30, 54-58]. Mechanical
cleavage has been widely used to produce BP
nanosheets with high purity (Figure 2A). Briefly, the
thin flakes are mechanically peeled off from a bulk BP
using an adhesive tape [39]. The BP nanosheets are
then transferred onto a silicon-based substrate and
cleaned with alcohol for removing the residual
adhesive tape. The as-prepared BP is then heated up
to 180 °C to remove solvent residue [30]. Notably, this
method can produce nanosheets with relatively large
surface area-to-volume ratio. However, the
limitations of this method include the low yield and
the limited ability to control size, shape and thickness
of BP, which have restricted its practical applications.
Another disadvantage of this method is the presence
of chemical traces from the adhesive tapes after the
process of exfoliation.
To address these challenges, one group has
improved the mechanical cleavage method to
optimize the deposition of thin BP flakes [40]. The
conventional mechanical exfoliation with adhesive
tape produces low density BP flakes with trace level
of adhesive left on the surface. The authors
introduced the cleavage of bulk BP with tape. Then,
the thin BP crystallites maintained on the tape was
slightly pressed against a polydimethylsiloxane-based
substrate. This exfoliation method could substantially
increase the yield and reduce the contamination risk
of BP flakes. In another study, a combination of
mechanical cleavage and plasma-assisted methods
were demonstrated to produce a much more stable
monolayer BP [59]. To date, the major drawbacks of
mechanical exfoliated BP are the difficulty in
achieving uniform samples with well-controlled
shape, thickness and size and low production yield
[53]. Therefore, there is a high demand to develop
advanced mass production approaches for practical
applications.

http://www.thno.org
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Figure 2. Synthesis of black phosphorus (BP). (A) Mechanical cleavage method and (B) liquid exfoliation method were used to synthesize ultrathin BP
nanosheets [58]. (C) (i) Dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) were used as solvents to synthesize BP nanosheets. (ii) Scanning electron
microscopy (SEM) image of BP nanosheets [64]. (iii) Transmission electron microscopy (TEM) images of BP quantum dots (BPQDs) synthesized by liquid exfoliation.
(iv) Top: enlarged BPQDs image; bottom: high resolution TEM images of BPQDs [65]. (D) (i) Scanning transmission electron microscopy (STEM) image and (ii)
energy-dispersive X-ray spectroscopy (EDX) elemental map of BP synthesized by the mechanical cleavage method. (iii) STEM and (iv) EDX elemental map of BP
synthesized by the liquid exfoliation method [54]. Reproduced with permission from references: [54], copyright 2014 Royal Science Chemistry; [64], copyright 2015
John Wiley & Sons.

Plasma etching has been introduced, which
represents another exfoliation method that can be
used to produce monolayer or a few layers of BP
through thermal ablation [60]. One group
demonstrated the use of an oxygen plasma dry
etching method to reduce the thickness of BP flakes
layer-by-layer with atomic precision, demonstrating a
new method for fabricating high quality, air-stable BP
films with a designated number of layers [61].
Combination of the aforementioned method with
mechanical cleavage could regulate BP thickness;
however, this is not practical in mass production.
Liquid exfoliation has also been extensively used
to synthesize ultrathin BP nanosheets [31]. This refers
to the exfoliation of mono- to few-layered BP
nanosheets and is classified into the following
categories: (i) oxidation followed by subsequent
dispersion into the solvents, (ii) ion intercalation, (iii)

ion exchange, (iv) shear exfoliation, and (v)
ultrasonication-assisted exfoliation, which has been
reviewed elsewhere [53]. The most recent approach
was ultrasonication-assisted exfoliation that involves
ultrasonication of BP in a solvent to cleave the
monolayered crystals to few-layered BP nanosheets
(Figure 2B). This method offers several advantages,
including simplicity, low cost, high scalability, and
the ability to form thin film and hybrid-composite
materials [30, 62]. The first BP liquid exfoliation
method was based on surface passivation using
N-methyl-2-pyrrolidone (NMP). After that, various
types of solvents such as dimethylformamide (DMF),
N-cyclohexyl-2-pyrrolidone
(CHP),
dimethyl
sulfoxide (DMSO) and isopropyl alcohol (IPA) were
introduced [55, 63]. Particularly, DMF and DMSO
have been widely used as solvents for the synthesis of
BP nanosheets (Figure 2C i) with lateral size of a few
http://www.thno.org
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hundred nanometers (Figure 2C ii) [64]. In addition to
the typical nanosheet structure, quantum dots have
also been explored in numerous studies. BP quantum
dots (BPQDs) have been known to be a very
promising structure due to their size-dependent and
tunable electronic and optical properties based upon
their crystallographic orientations. BPQDs have also
been synthesized using the liquid exfoliation method
(Figure 2C iii, iv). For example, one study has
demonstrated that BPQDs synthesized with this
method have a thickness of 1.9±0.9 nm and size of
4.9±1.6 nm [65].
Even though the bulk BP could be effectively
exfoliated into BP flakes using those organic solvents,
the organic residue could not be removed easily,
which might potentially affect the subsequent
bio-analysis. More recently, ultrathin BP nanosheets
were prepared by exfoliating bulk BP into water
instead of solvent [66]. Bulk BP was dispersed in
distilled water with argon supply to remove dissolved
oxygen molecules, which might cause oxidation,
followed by swelling by H2O and sonication for 8 h.
The supernatant was collected after the centrifugation
to eliminate the unexfoliated particles. The BP
nanosheets could be stable in water without
degradation for more than two weeks.
To date, a long duration of sonication process
(~10-20 h) is normally required by liquid exfoliation,
which could create structural defects and reduce the
flake size of BP [54, 67]. For instance, one study has
reported that the flake size of BP prepared by NMP
was relatively smaller than that of mechanically
exfoliated BP (Figure 2D). Therefore, it is important to
prevent BP from fracturing during the process of
sonication in obtaining a large quantity of high
quality BP. Ball milling has been introduced to control
the particle size of BP [68]. This method could weaken
the van der Waals interaction between BP layers with
an optimum speed and sonication duration.
Additionally, probe-type sonication has also been
demonstrated, which requires shorter exfoliation time
(~ 5 h) than bath sonication due to its exceptionally
high ultrasonic power input, which generates a strong
sonication [63, 69]. In short, both mechanical cleavage
and liquid exfoliation have showed a lack of ability to
produce BP with a precise thickness or size. To
address this drawback, it is critical to optimize the
centrifugation condition such as centrifugation power
[70] and speed [71] to control both size and thickness
of BP (e.g., BP nanosheets or BPQDs).
Categorized as one of the liquid exfoliation
methods, electrochemical exfoliation has also been
introduced to synthesize few-layered BP [60]. The
bulk BP crystal was used as a working electrode while
a platinum wire was used as a counter electrode. A
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voltage was applied between the two electrodes,
producing both •OH and •O radicals through the
oxidation of water molecules, which accumulate
around the BP crystal. The presence of radicals
between the consecutive layers of bulk BP weaken the
van der Waals interaction between layers, and the
production of oxygen gas from the radical oxidation
results in the separation of BP layers [72].
Additionally,
the
electrochemical
lithium
intercalation method has also been widely used to
synthesize 2D materials using layered material as the
cathode and lithium foil as the anode [73]. However,
this method has not yet been used for BP synthesis
due to the fact that upon lithiation process, Li3P is
produced through breakage of the P-P bonds, leading
to a phase change and structural instability [74].
Therefore, this challenge has to be addressed prior to
its real application. Other liquid exfoliation methods
such as microwave-assisted and sheer exfoliation
have also been introduced for the synthesis of 2D
materials, which offer the potential to produce
high-quality and large quantities of BP. The major
advantages of electrochemical synthesis methods
involve the rapid synthesis process, high crystalline
quality of the sample and high production yield [72].
These methods have been reviewed elsewhere [60].
CVD is one of the typical bottom-up methods
used to fabricate 2D nanomaterials. This method is
performed on a given substrate with precursors at
high temperature [30]. As a result, this can produce
ultrathin nanomaterials with a large surface area,
tunable size and thickness, and excellent crystal
quality. Another widely available bottom-up method
for preparation of 2D materials is wet-chemical
methods [75, 76]. These methods include templated
synthesis,
solvothermal,
hydrothermal
and
self-assembly of nanocrystals, which offer a low-cost
and high-yield production of nanomaterials. Such
bottom-up methods have been extensively used in
fabricating various nanomaterials, such as graphene
and TMDs (e.g., MoS2, WSe2) [77-79]. A recent study
has demonstrated the synthesis of BP using a
wet-chemical method [80]. This approach involves
vapor-solid transformation triggered by continuous
vaporization condensation, followed by bottom-up
assembly growth. In fact, using a bottom-up method
is highly challenging, especially to achieve large-scale
synthesis of BP accompanied by large-area growth
and well-controlled layer thickness. Therefore, in the
future, investigating advanced methods for BP
synthesis may be promising to explore various
biomedical applications.
Surface modification of BP nanomaterials has
been demonstrated to provide protection against
degradation [32] or for functionality improvement
http://www.thno.org
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[81]. For the purpose of improving BP stability upon
environmental exposure, BP is usually coated with
chemicals
(e.g.,
polylactic-co-glycolic
acid,
polyethylene glycol, aryl diazonium, titanium
sulfonate ligand (TiL4), TiO2 and Al2O3) or other 2D
layered materials, such as graphene and h-BN [20, 32].
For instance, coating of BP nanosheets with Al2O3 by
atomic layer deposition method mitigated BP
degradation, and thus maintained the stability and
performance of a BP-based FET sensor [17]. In order
to use BP for in vivo studies, it can be coordinated with
polylactic-co-glycolic acid (by oil-in-water emulsion
solvent evaporation method), polyethylene glycol (by
high energy mechanical milling method) or TiL4 to
protect BP from degradation in vivo by water and
oxygen [24, 82, 83]. On the other hand, graphene or
h-BN, known to be an excellent gas barrier, can also be
used to passivate BP nanosheets to improve its
stability [84].
Besides protection, surface modification can also
improve the properties of BP and subsequently
contribute to its potential use in biomedical
applications. For instance, passivation of aryl
diazonium on BP nanosheets enhanced the BP
ON-OFF current ratio, and thus improved the
performance of a BP-based FET sensor [81]. BP
nanosheets coated with poly-L-lysine (PLL) facilitated
the functionalization of BP with aptamers, which
could be used as electrodes to detect biomarkers via
electrochemical detection methods [15]. In addition,
BP nanosheets functionalized with gold nanoparticles
displayed strong catalytic activity in which BP acted
as an electron donor for reducing 4-nitrophenol,
which is usually used for colorimetric detection of
biomarkers
[85].
Further,
BP
nanosheets
functionalized with gold and iron oxide nanoparticles
showed a higher generation potential of reactive
oxygen species (ROS) than that of bare BP upon
irradiation with near-infrared (NIR) excitation light
source (650 nm), indicating their greater
photodynamic capability to promote their application
in cancer therapy [86]. To further improve the
photodynamic capability of BP, BP nanosheets can be
integrated
with
NaGdF4:Yb,Er@Yb@Nd@Yb
upconversion nanoparticles (UCNPs) through
electrostatic adsorption. This integration produces a
larger amount of ROS upon irradiation with NIR
excitation light source at 808 nm than those irradiated
at 650 nm and 980 nm, which enhances BP
anti-tumour efficiency [87]. The properties of BP and
its applications in biomedical fields will be discussed
in detail in the next section.
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Biomedical applications of black
phosphorus
Black phosphorus for sensing
Targeted biomarkers are normally present in an
extremely low concentration in clinical blood samples,
requiring the development of highly sensitive and
specific medical biosensors. BP has been employed as
a biosensing platform for sensitive diagnosis of
diseases, such as cardiovascular disease and breast
cancer. BP nanosheets and BP nanoparticles (BPNPs)
have been used for electrical, electrochemical,
fluorescent and colorimetric biosensing due to their
excellent electrical and electrochemical properties
[26], fluorescent nature [88], and electron transfer
capability [89, 90].

Field Effect Transistor (FET) biosensors
There have been a number of published research
works regarding the FET sensing applications of 2D
materials. A recent study demonstrated that a
biotin-functionalized few layer MoS2 FET sensor
could be used to detect streptavidin as a model
analyte with a detection limit of 1 x 10-4 nM. This
sensor had a higher sensitivity than graphene-based
sensors (streptavidin with a detection limit of 7 x
10-3 nM) due to its high ON-OFF current ratio [91].
There is no direct comparison between BP and other
2D materials in terms of FET detection of the same
target analytes. The special characteristics of BP, such
as direct bandgap, high ON-OFF current ratio and
high carrier mobility, contributes to its excellent
electrical properties, hence making it a good
candidate for FET sensing. A recent study
demonstrated the utilization of surface-passivated BP
as a FET biosensing platform for the detection of IgG
[25] (Figure 3A, B). The BP-based FET biosensor was
developed using BP nanosheets coupled with gold
nanoparticle-antibody conjugates through surface
functionalization. The mechanically exfoliated BP
nanosheets were used as the sensing channel in the
FET, with an Al2O3 thin film as the dielectric layer for
surface passivation. The response of the biosensor
was determined by the change in the electrical
resistance of BP in the presence of antigen. The
antigen-antibody interaction induced a gate potential
that changed the drain-source current, showing both
high selectivity and sensitivity (with a detection limit
of ~10 ng/mL) towards human IgG (Figure 3C, D).
Although this platform showed good stability and
high detection sensitivity, its conventional FET setup
consists of multiple components (i.e., a semiconductor
path as channel, two electrodes as source and drain,
and a control electrode as gate) and requires an
external electric field, making the fabrication and
http://www.thno.org
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operation process complicated [92]. Therefore, an
easier design was explored to increase the portability
of the sensor for point-of-care use [93].
Compared to other 2D materials, BP may be
more suitable for use in FET biosensing due to its
highly
sensitive
electrical
properties
and
functionalizable surface. Importantly, BP shows
excellent sensing performance particularly due to its
finite band gap and high carrier mobility [93], which
allows it to be used for the sensitive detection of other
biomolecules. BP-based FET biosensors can
potentially be used for rapid and sensitive diagnosis
of various diseases, such as cardiovascular diseases
and cancer by detecting their specific biomarkers.

Electrochemical biosensor
BP has also been extensively explored in
developing electrochemical biosensors [26]. In fact,
several 2D materials (e.g., graphene and GO) show
great potential in electrochemical sensing due to their
good conductivity [94, 95]. For example, GO has been
used for sensitive electrochemical detection of
leukemia cells at leukemia fraction of ~10-11 [96] and
cervical
cancer
biomarkers
[97]
(e.g.,
carcinoembryonic antigen (CEA) and squamous cell
carcinoma antigen (SCCA)) with detection limits of
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0.013 ng/mL and 0.010 ng/mL, respectively. Due to
its inherent redox properties, BP possesses superior
electrochemical properties to further enhance the
sensitivity and selectivity of an assay [26]. A recent
study reported the label-free electrochemical
detection of the cardiac biomarker Mb in serum
samples by using a simple aptamer-functionalized BP
nanostructured electrode [26] (Figure 4A i). The BP
nanosheets were modified by cationic polymer PLL
that functioned as a linker for further biomolecule
interaction with the underlying BP through the
nitrogen atoms on PLL. The developed material was
subsequently applied for the detection of specific
biomarkers. Negatively charged DNA aptamers for
Mb were immobilized onto the nanosheets via
coulombic interaction between PLL and DNA. Mb can
be directly oxidized to iron (III) at the electrode
surface by an electron transfer mechanism. This
biosensor showed high detection specificity and
sensitivity imparted by the synergy of high affinity
screened aptamers and enhanced electrochemical
properties of the BP (Figure 4A ii, iii). It could achieve
a lower detection limit (i.e., down to pg level)
compared to the reduced GO (rGO)-based biosensor
(i.e., ng level).

Figure 3. Black phosphorus (BP) as a material of field effect transistors for sensitive detection of target analytes. (A) BP nanosheets were exfoliated and
transferred onto the device for the detection of immunoglobulin G (IgG) (B) Scanning electron microscopy image of the mechanically exfoliated BP nanosheets on gold
electrodes. (C) Sensor responses to different concentrations of IgG. (D) Specific binding of IgG onto the device shows a higher sensitivity than those without anti-IgG probe and
with non-specific protein (i.e., avidin). Reproduced with permission from reference [25], copyright 2017 Elsevier.

http://www.thno.org

Theranostics 2018, Vol. 8, Issue 4

1013

Figure 4. Black phosphorus (BP) as a material for electrochemical detection of target analytes. (A) Aptamer-functionalized BP for electrochemical detection of myoglobin (Mb).
(i) Liquid phase exfoliation of BP nanosheets. (ii) Electrochemical response of bare, poly-L-lysine (PLL)-BP and PLL-BP-aptamer modified electrodes with a scan rate of 100 mV/s at potentials
ranging from -1 V to +1 V. (iii) Electrochemical response to different concentrations of Mb on PLL-BP aptamer modified sensors [26]. (B) BPNP for electrochemical detection of IgG. (i) BPNP
was used as a tag for electrochemical detection based upon nano impact methods. (ii) Chronoamperograms of the competitive immunoassay shows that increasing concentration of IgG
reduces the spike count due to competitive binding between IgG-BP and IgG. (iii) The small spike count in the control samples (in the absence of IgG and presence of non-specific protein,
hemoglobin (in green)) indicates the good specificity of the assay [16]. Reproduced with permission from references [16, 26], copyright 2016 ACS Publications.
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Besides BP nanosheets, developing either BPNPs
or BPQDs is of great interest and can lead to versatile
applications. For example, BPNPs were used as
electrocatalytic tags for the detection of rabbit IgG [16]
(Figure 4B i). The layered BP microparticles were
exfoliated and downsized to nanoparticles with
improved electrocatalytic activity for hydrogen
evolution reaction. Briefly, the anti-rabbit IgG was
conjugated with paramagnetic beads (MB). In the
presence of target rabbit IgG, the target was labeled
with BPNPs, which was in turn conjugated with
MB-anti-rabbit IgG. The addition of acid H2SO4 into
the complexes resulted in the denaturation of the
protein complex and eventually impacted the
electrode surface. The concentration of target IgG was
determined by electrocatalysis of impacting BPNPs
via proton reduction (i.e., hydrogen evolution
reaction). This detection strategy was highly sensitive
and specific (Figure 4B ii, iii), presenting a new
concept in biosensing technology.
Another study demonstrated the synthesis of
BPQDs
with
well-crystallized
and
tunable
morphology and size by a high turbulent shear rate
produced by a household kitchen blender, which
could potentially be used as a humidity sensor for
biomedical applications [98]. Upon exposure to water
molecules and oxygen, the BP was oxidized to
phosphoric acid or phosphorus oxides, which were
further ionically dissolved in the moist media to
enhance the concentration of H+ ions [98]. The
modulation in ionic conduction of the BPQDs film
with the variation in humidity was proposed to
contribute to the excellent performance of the
BPQDs-based humidity sensor. Due to the water
molecule autoionization process (mobile H+ ion
formation), the absorbed moisture layer on the BPQDs
surface film can be ionically conductive. Its
outstanding humidity sensing performance with high
stability and sensitivity suggests its potential use for
humidity sensors. In biomedical application,
humidity sensors are mandatory to provide an
indication of the moisture level for equipment, such as
incubators, sterilizers and respiratory equipment for a
variety of bioassays.
In short, BP-based biosensors have been reported
to achieve more sensitive detection of target analyte(s)
compared to other nanomaterial-based biosensors
(e.g., graphene-based biosensors) due to their
outstanding electrical conductivity, optical response
and excellent electrochemical properties [26].
Although other materials (e.g., graphene and rGO)
have shown great potential in electrochemical sensing
due to their good conductivity, the application of BP
could dramatically enhance the detection sensitivity,
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and hence are more suitable to be used in
electrochemical biosensing.

Fluorescent biosensor
Apart from electrochemical detection, BPNPs
have been employed as nanofluorophores in
fluorescence-based sensing. Similar to other 2D
materials (e.g., GO), BP has excellent optical
properties and fluorescent nature, making it a highly
efficient fluorescence quencher [88]. In particular,
BPQDs offer many advantages, including high
quantum yield, good photostability and size-tunable
absorption and emission [99]. A variety of parameters
including size, shape and composition of BP can be
readily manipulated to achieve the desired
optoelectrical properties for highly sensitive
fluorescence detection [99]. Thus, the quenching
efficiency of BP might be superior to the existing
organic quenchers.
BPNPs were reported to be used as fluorophores
for developing a novel fluorescence-based detection
platform for nucleic acids [88] (Figure 5A). In the
presence of the targeted single-stranded DNA, the
DNA would hybridize with a dark quencher label
probe, namely dabcyl-L probe, to form a
double-stranded DNA complex. This probe is likely to
absorb onto the BPNP fluorophores via hydrophobic
interactions and dispersive forces. However, the
complex would reduce its affinity to BPNPs and
hence would not be adsorbed onto the fluorophore
surface. In contrast, the absence of the targeted DNA
or double stranded DNA complex would result in
photoluminescence quenching of the BPNPs
following the adsorption of probe onto the BPNPs,
subsequently producing a reduced fluorescence
signal. Maximum fluorescence emission was observed
at 200 nm, presenting the fluorescent nature of the
BPNPs (Figure 5B). The proposed detection platform
was able to detect DNAs with limits of detection and
quantification of 5.9 pM and 19.7 pM, respectively [88]
(Figure 5C). High specificity was observed with the
only positive fluorescence response of BPNPs towards
the complementary DNA, whereas negative controls
(i.e., mismatched DNA and non-complementary
DNA) showed negative results (Figure 5D). Although
no study has compared the quenching ability of BP
with other materials, this finding promotes the
investigation of BPNPs as a potential nanomaterial for
fluorescent detection of various target analytes,
including enzymes, proteins and inorganic ions. For a
better understanding of their fluorescent nature,
further investigation should involve comparison of
the quenching ability of BP with other 2D materials.
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Figure 5. Black phosphorus (BP) as a material for fluorescent detection of target analytes. (A) The fluorescent detection of nucleic acids using BPNPs
as fluorophores. (B) The fluorescence emission spectra of BPNPs at 200-230 nm excitation wavelength. The maximum photoluminescence was observed at 200 nm,
showing the fluorescent nature of the BPNPs. (C) BPNPs calibration curve at different concentrations of the targeted complementary DNA. (D) The fluorescence
response of BPNPs towards the complementary (cDNA), three-base mismatched (mDNA-3) and non-complementary DNA (ncDNA). Reproduced with permission
from reference [88], copyright 2017 Royal Science Chemistry.

More recently, a BPNP-based fluorescence
detection platform was used for the study of
acetylcholinesterase (AChE) activity, which plays a
very important role in drug screening, toxin
identification and disease diagnosis [100-102]. In
general, thiocholine, the product of AChE-catalyzed
hydrolysis of acetylthiocholine, can react with
5,5’-dithiobis-(2-nitrobenzoic
acid)
(DTNB)
to
produce 2-nitro-5-thiobenzoate anion (TNB) [103].
TNB exhibits considerable spectral overlap with the
excitation spectrum of BPNPs and hence it is able to
quench the fluorescence of BPNPs [100]. Owing to the
unique features of BPNPs such as good photostability,
relative high quantum yield and strong green
fluorescence, they are highly suitable to be used as a
fluorescent biosensing system for the detection of
sensitive fluorescent signals. Further experiments
using different parameters of BP (e.g., size and shape)
as the fluorophores could be beneficial to improving
the detection sensitivity and specificity of the targeted
component(s) in fluorescent sensing.

Colorimetric biosensor
Besides
electrochemical
and
fluorescent
detection, BP has also been demonstrated as a
versatile platform for label-free colorimetric detection
of targeted biomarkers. Based upon their enhanced
AuNP leaching [104] and improved DNA assembly
properties [105], some colorimetric detection
technologies have been developed using 2D materials
(e.g., GO and functionalized graphene). Since
different materials may have different outstanding
properties, the benefits of BP should be explored for
potential improvement in colorimetric sensing.
In fact, BP has demonstrated a lack of stability in
water and air, which hinders its optoelectronic
applications. The relatively easy degradation of BP
could in turn contribute to its strong electron-transfer
properties [89, 90], which may potentially improve the
detection sensitivity of colorimetric assays. These
properties were demonstrated in a recent study using
AuNP-decorated few-layered BP (Au-BP) for the
detection of cancer biomarkers (i.e., carcinoembryonic
antigens (CEA)) in clinical serum samples [106]
http://www.thno.org
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(Figure 6A). By mixing hexachloroauric acid and BP,
the prepared Au-BP demonstrated a high catalytic
activity of reduction of 4-nitrophenol (4-NP). This
reaction produced a colorimetric signal from yellow
4-NP to the colorless 4-aminophenol. Upon the
addition of anti-CEA antibody, the catalytic activity
was switched off due to the adsorption of anti-CEA
onto the surface of Au-BP. In the presence of CEA, the
formation of antigen-antibody complex switched on
the catalytic reaction of Au-BP. This reaction resulted
in a good relationship between the intensity of
colorimetric signal and the concentration of CEA
(Figure 6B, C).
As mentioned previously, BP has a
thickness-dependent, direct band gap that is different
from graphene [6]. This feature caused the Fermi level
of BP to be higher than the reduction potential of
AuCl4- (i.e., +1.002 V). As a result, a redox reaction
was created between BP and AuCl4-, allowing
spontaneous electron transfer from BP to gold ions
that lead to the formation of AuNPs. Therefore, BP
presents excellent electron-transfer properties, which
could be tuned with different sizes and loading
amounts. These properties would enhance the
reducibility of catalyst in a redox reaction, and
subsequently improve the analytical sensitivity of the
developed biosensor. The developed sensor showed a
high sensitivity (0.20 pg/mL) and selectivity for the
detection of CEA, a biomarker to monitor colon and
breast cancer [106]. Therefore, the instability or
reducibility of BP could also be used to prepare
BP-noble metal hybrids for biosensing applications.
Further interesting properties of BP should be
explored in future to enhance the performance of
colorimetric sensing.

Gas sensor
BP has superior gas sensing performance, which
can be applied to detect environmental hazardous
gases. In fact, some other 2D materials, such as GO,
have been utilized for fabricating gas sensing
platforms because their electrical properties are
strongly affected by the absorption of gas molecules
[107]. The adsorption of gas molecules by BP is
stronger than that of other 2D materials, which greatly
enhances the electrical properties of BP and
subsequently enables the construction of highly
sensitive gas sensors [108]. For example, a principle
study of the adsorption of NH3, CO, CO2, NO, and
NO2 onto monolayer BP was conducted. Detection of
the gas adsorption by monolayer BP was more
sensitive than that of graphene and MoS2 [109]. The
stable conductance and relatively low degradation of
BP upon exposure to the gases suggest BP as an
excellent gas sensor for biomedical applications.
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Another study reported the experimental
verification of a BP-based gas sensor and showed
increased conduction upon NO2 exposure (detection
sensitivity: 5 ppb) compared to other 2D materials
[110]. Due to its reduced charge density, thin BP has a
larger surface-to-volume ratio and larger bandgaps
than other 2D materials, which is more readily
affected by oxidation. Therefore, thicker BP flakes
were used to enhance the stability of the device and
reduce degradation upon gas exposure [110]. BP was
able to maintain its relative stability after sensing, as
shown by no significant changes in its Raman spectra
before and after exposure to NO2. The sensing
performance fitted well with the Langmuir Isotherm
based upon the adsorption of molecules onto the
surface, validating charge transfer as the sensing
mechanism. In addition, the conductance increased
along with the increase in the concentration of NO2.
These findings shed light on the importance of the gas
sensing characteristics of BP, which can be used in
biomedical applications (e.g., breath gas analysis for
medical diagnosis).
In short, the sensitivity of BP in detecting the
targeted chemical gases was ~20-fold higher than that
of graphene and MoS2 [108]. Compared to other 2D
materials, BP shows superior molecular adsorption
energy, presenting distinct response to a visible
change in the I-V relation either along the zigzag or
armchair direction on the basis of the targeted
molecules [93, 111]. Moreover, BP has a much higher
surface-to-volume ratio due to its puckered structure,
maximizing the effect of molecule adsorption [112].
BP also displays less out-of-plane electrical
conductance, inducing more sensitive response to the
target analytes that are close to the surface of
phosphorus [110]. Finally, superior mechanical
properties of the P-P bond [9], high operating
frequencies [113] and ambipolar behavior of BP [114]
are also beneficial to practical applications.

Black phosphorus for cancer imaging
As one of the promising noninvasive cancer
imaging technologies, photoacoustic (PA) imaging
offers high image contrast and sensitivity, high spatial
resolution and depth-resolved 3D imaging. Therefore,
it has been shown to be superior to many other
traditional optical imaging technologies that facilitate
imaging-guided therapy [115]. PA is able to produce
high spatial resolution images with optical contrast in
the region of 5-6 cm deep in tissues and achieves
background-free detection of tumor [116]. Although
PA signal originates from the tumor site, the signal
intensity is relatively low particularly at the early
stage of cancer. Hence, effective exogenous contrast
agents, such as NIR absorbing nanomaterials, have
http://www.thno.org
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been explored for in vivo PA imaging of tumor [117,
118]. For instance, reduced GO was used for in vivo
PA imaging in theranostic biomedicine due to its
intrinsic optical properties [119]. However, the
chemical routes for rGO reduction normally require
toxic reductants (e.g., hydrazine). Due to P-P stacking
interactions, rGO always tends to aggregate,
influencing the bioimaging process [120]. To address
this issue, functionalized rGO has been introduced to
enhance its stability for biomedical imaging [121].
However, alternative materials have been explored to
achieve enhanced photodetecting ability while
maintaining their stability.
BP has been known as an alternative material for
bioimaging due to its unique electronic and optical
properties. This material has a tunable band gap
ranging from 0.3 eV for bulk to 2.0 eV for a monolayer
[7]. Therefore, a multilayer BP could allow
photodetection over a broad spectral region [24].
Although BP is very reactive to water and oxygen,
surface modification can be performed to enhance its
stability. For example, one study demonstrated the
surface coordination of a sulfonic ester of titanium
ligand (TiL4) with BPQDs to improve its stability for
use as a PA imaging agent for bioimaging of cancer
[122] (Figure 7A i, ii). Compared to the bare BPQDs,
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TiL4-coordinated BPQDs presented higher stability in
water dispersion. They also exhibited better PA
performance than AuNPs due to their large NIR
extinction coefficient. In addition, BPQDs could
passively accumulate in tumor at a large
concentration via the enhanced permeability and
retention effect [122, 123]. Their high spatial
resolution in the detection of tumor and excellent
sensitivity demonstrate their potential use in clinical
applications (Figure 7A iii).
Recently, another study reported the use of
polyethylene glycol-(PEG)ylated BPNP for both PA
imaging and cancer therapy application [24] (Figure
7B i). The surface polyethylene glycol coating and the
partial oxidation of BPNPs allow their excellent
stability and solubility in water. In vivo studies
showed that after 24 h of intravenous injection with
PEGylated BPNP, the tumor retained higher intensity
of signal compared to kidney and liver (Figure 7B ii).
Thus, the nanoparticles have a long retention period
in the tumor through the influence of improved
permeability and retention, while they can also be
readily excreted from the liver and kidney. These
properties make them highly suitable for PA imaging
of cancer. The role of BP in cancer therapy will be
briefly discussed in the next section.

Figure 6. Black phosphorus (BP) as a material for colorimetric detection of target analytes. (A) BP was used as an electron reservoir coupling with gold nanoparticles to enhance
catalytic activity towards 4-nitrophenol reduction for the detection of carcinoembryonic antigen (CEA). Mixing of hexachloroauric acid and BP demonstrated a high catalytic activity of
4-nitrophenol (4-NP) reduction, resulting in the color change from yellow 4-NP to the colorless 4-aminophenol. (B) Plot of Ct/C0 against reaction time in the presence of different
concentrations of CEA in human serum. (C) The calibration plot shows a good linear relationship between (C0 – Ct)/C0 and the logarithm values of the concentration of CEA in serum [106].
Reproduced with permission from reference [106], copyright 2017 John Wiley & Sons.
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Figure 7. Black phosphorus (BP) as a material for cancer imaging. (A) Titanium ligand (TiL4)-coordinated BPQDs for photoacoustic imaging (PA) of cancer. (i)
Transmission electron microscopy and (ii) atomic force microscopy images of TiL4-BPQDs. (iii) Time-dependent PA images and quantitative image analysis of MCF-7 cells in mice
after intravenous injection of TiL4-BPQDs. [122] (B) Polyethylene glycol treated (PEGylated) BPNP for PA of cancer. (i) Fourier transform infrared (FT-IR) spectrum of
PEGylated BPNP. (ii) In vivo PA of PEGylated BPNP solution, liver, kidney and tumour after intravenous injection of PEGylated BPNP at different time points [24]. Reproduced
with permission from references: [24], copyright 2016 Elsevier; [122], copyright 2017 John Wiley & Sons.

Black phosphorus for cancer therapy
As an alternative to traditional cancer therapy,
BP has been employed in phototherapy, which offers
many advantages, such as minimal invasiveness and
high therapeutic efficiency [66, 124, 125]. Generally,
phototherapy is divided into photothermal therapy
(PTT) and photodynamic therapy (PDT) [126]. In PTT,
a photothermal agent is used for selective local
heating for ablation of cancer cells using NIR
light-absorbing agents. In PDT, the treatment is based
upon a series of photochemical reactions triggered by

a photosensitizer with specific wavelengths of light.
The excitation leads to energy transfer to oxygen
molecules in the surrounding areas, which generates
cytotoxic ROS that can kill the targeted cancer cells
[127]. At present, many nanomaterials (e.g., graphene
oxides) have been explored in cancer therapy [128,
129]. BP in particular has scientific interest due to its
impressive carrier mobility and tunable band gap that
lead to its broad absorption across UV and visible
light. Therefore, it could be an excellent
photosensitizer to improve PDT and PTT.
http://www.thno.org
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Figure 8. Black phosphorus (BP) as a material for cancer therapy. (A) Upconversion nanoparticle (UCNP)-BP for cancer therapy under 808 nm near infrared (NIR) light irradiation.
(i) Synthesis of UCNP-BP. (ii) HeLa cells with UCNP-BP under irradiation at different wavelengths. (iii) Images of tumour in mice on day 14. (iv) The tumor volume of mice over time [87]. (B)
Biodegradable BP for photothermal cancer therapy. (i) The process of degradation of the poly (lactic-co-glycolic acid) (PLGA) loaded with BP quantum dots (BPQDs) in the physiological
environment. (ii) Infrared thermographic maps. (iii) Upon laser irradiation, the temperature increased in MCF7 breast tumour-bearing mice after injection with PBS, PLGA, BPQDs-PLGA
nanospheres (NSs) and BPQDs. (iv) Growth curves of breast tumor (MCF7) in different groups of treated mice under laser irradiation [82]. Reproduced with permission from references: [87],
copyright 2016 Royal Science Chemistry; [82], copyright 2016 Nature Publishing Group.
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For instance, exfoliated BP nanosheets were
reported to be effective photosensitizers for the
generation of singlet oxygen that can be applied in
PDT of cancer [66]. The photodegradable properties of
BP from elemental phosphorus to biocompatible
phosphorus oxides under light irradiation illustrate
its potential use for cancer therapy. However, the
irradiation wavelength within the visible light region
possesses strong tissue interference that limits its
tissue penetration depth. In addition to therapy,
imaging should also be performed to show the
theranostic properties of BP. To achieve both
functions, a study was conducted to demonstrate a
novel multifunctional composite by integrating both
NaGdF4:Yb,Er@Yb@Nd@Yb UCNPs and BP sheets
for single 808 nm laser light-mediated photodynamic
therapy [87] (Figure 8A i). Combining UCNP and BP
allows the activation of BP by a single light source,
which produces visible light that could be used as an
imaging signal for cell tracking and tumor therapy.
Both in vitro and in vivo studies showed that
UCNP-BP with 808-nm light irradiation presented the
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highest effect of tumor inhibition. However, the
relatively low quantum yield of the up-converted
process for the energy donor limits its clinical
applications (Figure 8A ii, iii, iv). To this end, a novel
nanocomposite that assembles AuNP and iron oxide
nanoparticles on BP nanosheets was introduced [130].
By combining both the photothermal effect of AuNP
and the tumor targeting and magnetic resonance
imaging guiding ability of iron oxide nanoparticles,
this platform presents enhanced therapeutic effect.
Besides surface modification, it has been
demonstrated that the size of BP nanosheets also has
an important role in their PTT efficiency [131]. Three
different sizes of liquid exfoliated BP nanosheets,
namely large BP (~394 nm ± 75 nm), medium BP (~118
nm ± 22 nm) and small BP (~4.5 nm ± 0.6 nm) were
used to evaluate their PTT efficiency. Large BP
exhibited a significantly higher NIR extinction
coefficient, resulting in its greater PTT effect on cancer
cells MCF-7 (breast adenocarcinoma) compared to
that of medium BP and small BP [131].

Figure 9. Black phosphorus as a material for drug delivery. (A) BP-based theranostic delivery platform. (B) DOX loaded BP nanosheets enhanced the
therapeutic effect by reducing the percentage of viable HeLa cells. (C-D) Strong fluorescence signals were observed in the tumor tissues of both BP-PEG/Cy7 and
BP-PEG-FA/Cy7 nanosheets at 24 h post-injection of drugs. (G1: BP-PEG/Cy7 nanosheet group; G2: BP-PEG-FA/Cy7 nanosheet group; H: Heart; LI: Liver; S: Spleen;
LU; Lung; K: Kidney; T: Tumor). Reproduced with permission from reference [28], copyright 2017 John Wiley & Sons.
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Besides BP nanosheets, BPQDs also offer
tremendous potential for cancer therapeutic
applications. BPQDs have been known to have a large
NIR extinction coefficient, high photothermal
conversion efficiency and little cytotoxicity [132, 133].
One recent study demonstrated the potential use of
BPQDs for PTT [132]. Due to the broad absorption of
BPQDs in the NIR band, remarkable NIR
photothermal converting properties were achieved,
indicating their potential use for cancer treatment.
NIR photoexcitation of BPQDs in the presence of C6
(glioma) and MCF7 cancer cells led to significant cell
death, suggesting the potential use of BPQDs as
photothermal agents [132]. The enhanced stability of
BPQDs after PEG conjugation and the negligible
toxicity to different types of cells further suggested
their potential use in cancer therapy.
Another recent study reported the synthesis of
water-soluble and biocompatible PEGylated BPNPs
from stable red phosphorus by the one-pot
solvent-less high energy mechanical milling (HEMM)
approach [24]. The nanoparticles possessed a uniform
size and excellent photostability, biocompatibility and
ability to convert NIR light into the heat. The
tumor-bearing mice completely recovered after
photothermal treatment with PEGylated BPNPs as a
heat mediator in comparison to the mice from the
control group [24]. The exceptional properties of these
nanoparticles suggested their potential use as a
theranostic agent for both PA and PTT, offering a
perfect solution for accurate diagnosis and treatment
of
cancer.
More
recently,
a
BPQD-based
multifunctional nanoplatform was developed for
bioimaging
and
photodynamic/photothermal
synergistic cancer therapy [134]. The BPQDs were
synthesized through liquid exfoliation and
demonstrated high water solubility, excellent
biocompatibility and strong NIR absorbance. The
effectiveness of PEGylated BPQDs for PTT and PDT
was verified with both in vitro and in vivo studies.
Low toxicity of BPQDs was also demonstrated by
histological analysis of the main organs of the mice.
This study provides tremendous potential for future
clinical applications.
Although ultrasmall BPQDs with good
biocompatibility and photothermal performance
represent
potential
therapeutic
agents,
the
degradation of their optical properties in the body
and rapid renal excretion still restrict their use in
clinical applications [82]. To address this challenge,
one
study
demonstrated
the
use
of
poly(lactic-co-glycolic acid) (PLGA) loaded with
BPQDs to produce BPQDs/PLGA nanospheres for
PTT therapy [82] (Figure 8B i). The nanospheres were
formed by an oil-in-water emulsion solvent
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evaporation method. In fact, PLGA is known as a
biocompatible and biodegradable polymer with
strong hydrophobicity [135-138]. The degradation rate
of nanospheres can be manipulated by adjusting their
chemical composition, such as molecular weight and
monomer ratio. The integration of PLGA could isolate
BPQDs from water and oxygen to improve their
photothermal stability and control their degradation
rate in the physiological medium. The proposed
nanospheres have good biocompatibility and
photothermal therapy capability (Figure 8B ii, iii, iv)
with negligible toxicity, as shown by highly efficient
tumor ablation under NIR laser illumination to
achieve a high therapeutic efficiency.
In another study, BP nanosheets functionalized
with gold nanoparticles (BP-Au nanosheets) were
introduced to enhance NIR for breast cancer PTT
[139]. The BP-Au nanosheets exhibit excellent
photostability, improved absorption in the NIR region
and good photothermal conversion efficiency under
irradiation at 808 nm compared to the bare BP
nanosheets. Additionally, BP-Au nanosheets also act
as effective substrates for surface enhanced Raman
scattering (SERS) bioanalysis. Therefore, SERS was
performed to monitor the PTT effect and clearly
identified molecular fingerprinting features of breast
tumors in vivo. BP-Au nanosheets with a high SERS
activity and excellent PTT effects show promising
potential for biomedicine.
Recently, BPQDs were applied as a gene delivery
system
for
cancer
therapy.
BPQDs
were
functionalized with polyelectrolyte polymers to
deliver lysine-specific demethylase 1 (LSD1)
small-interfering RNA (siRNA) into human ovarian
teratocarcinoma PA-1 cells [140]. The BPQD-LSD1
siRNA complex exhibited superior transfection
efficiency compared to commercial delivery reagents
(e.g., Lipofectamine 2000 and Oligofectamine) and
was able to inhibit the cell growth rate by >80% in
combination with NIR light with negligible
cytotoxicity, indicating the potential of applying
BPQD for siRNA delivery and cancer therapy.
In fact, the instability of BP has limited its
application in cancer therapy. To address this issue,
BP nanoflakes were coupled with graphene oxide to
create hybrid aerogels that exhibit significantly
enhanced photothermal properties and electrical
properties [141]. The hybrid gelation of graphene
oxide with BP contributes to the stability of BP and
protects BP from degradation in ambient conditions,
which can eventually aid in biomedical applications
(e.g., photothermal therapy for cancer treatment).

Black phosphorus for drug delivery
BP has also been emerging as a suitable
http://www.thno.org
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nanomaterial that allows drug delivery and
therapeutics. Considering the high surface area of BP,
it offers great potential to be used as a superior drug
nanocarrier compared to the existing nanomaterials
[112]. BP is negatively charged in water with an
interlay distance of ~5.24 Å [142]. Therefore, small
and positively charged molecular drugs can be
encapsulated within the interlayer spaces through
electrostatic interactions. One recent study designed a
theranostic delivery platform based on BP nanosheets
(Figure 9A) [28]. BP nanosheets were functionalized
with positively charged PEG-amine to enhance their
physiological stability and biocompatibility. The
nanoparticles were loaded with the drug doxorubicin
(DOX) for chemotherapy and cyanine 7 (Cy7) for in
vivo NIR imaging. DOX-loaded BP nanosheets
enhanced the therapeutic effect by reducing the
percentage of viable HeLa cells (Figure 9B). The
excellent therapeutic effect of PEGylated BP
nanosheets was confirmed, which was attributed to
the photothermal effect triggered by the NIR
irradiation of BP, DOX-induced chemotherapy and
chloroquine (CQ)-mediated inhibition of lysosomes
and autography. The potential of the PEGylated BP
theranostic delivery platform for in vivo application
was also evaluated via Cy7-loaded BP nanosheets.
Strong fluorescence signals were observed in the
tumor
tissues
of
both
BP-PEG/Cy7
and
BP-PEG-FA/Cy7 nanosheets even at 24 h
post-injection of drugs, demonstrating good tumor
accumulation of the BP delivery platform (Figure 9C,
D). Taken together, the BP nanosheets showed
promising therapeutic delivery in both in vitro and in
vivo experiments, suggesting their potential use for
cancer theranostics.
Similarly, another study also demonstrated BP
nanosheet as a drug delivery system with the use of
DOX as a model drug [143]. The photothermal effect
of BP was validated by the increased temperature
under 808 nm laser irradiation, which was stable after
six cycles. BP-DOX nanosheets were well dispersed in
water without any agglomeration. Fluorescence
quenching of DOX was also shown after DOX loading
onto BP. BP can carry a high amount of DOX, with a
drug loading capacity of 950% in weight, which is
higher than other 2D materials (e.g., graphene and
MoS2). This may be due to its higher
surface-to-volume ratio and puckered lattice
configuration [7].
A BP drug delivery system displayed
photo-responsive drug release properties, in which
the drug release was accelerated by NIR irradiation at
808 nm [143]. After the intracellular endocytosis of
DOX-loaded BP nanosheets under the NIR
irradiation, tumour ablation occurred due to the
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elevation of the temperature of tumour tissues. At the
same time, the loaded drugs could also be triggered to
release for enhanced chemotherapy. Since the DOX
binding site is in the nucleus and PDT by BP
nanosheets normally occurs through the oxidative
damage of organelles (e.g., mitochondria) [144, 145],
the local hyperthermia increases membrane
permeability
and
promotes
drug-organelle
interactions. Therefore, the drug release behavior
could be enhanced under NIR irradiation at 808 nm
[27]. The photodynamic, photothermal and
chemotherapy capabilities of BP significantly improve
its antitumor efficiency. In short, BP nanosheet is an
excellent drug delivery system, as reflected by its
improved
drug
loading
efficiency
and
photo-responsive drug release properties. The
drug-loaded BP nanosheet presents significantly
enhanced ability to kill cancer cells, demonstrating the
efficacy of synergistic chemotherapy, photothermal
and photodynamic therapy.

Conclusion and future perspective
In conclusion, this review article presents an
overview of the state-of-the-art research in BP for
biomedical applications, including biosensing, drug
delivery, PA imaging and cancer therapy. The
fascinating properties of BP (e.g., direct bandgap,
strong structural and functional anisotropy, high
conductivity and electron transfer capacity) play a key
role in a wide range of biomedical applications. These
properties can be further tuned by functionalization
and nanostructuring with various substrates.
Therefore, BP can be an ideal candidate for practical
applications.
Despite the significant advances, research in this
area is still in the very early stage compared to other
well-explored 2D materials. From a fundamental
point of view, producing high-quality and large-scale
BP samples remains a challenge. Therefore, a robust
and effective method for large-scale production of
high-quality BP with precise control over its
parameters,
including
layer
number,
size,
concentration and surface modifications, is essential
for potential biomedical applications with negligible
toxicity.
Although several studies have demonstrated the
use of BP as a highly sensitive gas-sensing platform,
its application in medical diagnosis has not been
explored yet. Therefore, future studies can also
involve breath gas analysis with BP (e.g., measuring
the level of breath ammonia and nitric oxide), which
enables the detection of various diseases, such as renal
disease and asthma [146]. This simple diagnosis
approach can potentially substitute conventional
methods for the determination of volatile organic
http://www.thno.org
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compounds (e.g., spectroscopic methods) [147, 148],
which rely on expensive equipment and highly
trained personnel. All the phosphorene-based sensing
devices have so far only been demonstrated in the
laboratory. To make the device commercially
available, it is important to deal with the stability of
BP during operation to ensure its robustness and
reliability for real applications.
Nanomaterials (e.g., graphene) have also been
explored in the field of regenerative medicine. To
date, the response of cells towards BP substrate in
terms of cell functional properties has not been
reported yet. Therefore, it would be interesting to
study the effect of BP film towards cell functional
properties
(e.g.,
viability,
proliferation
and
differentiation) and provide a better understanding of
BP-cellular
interactions
for
applications
in
regenerative medicine. Given that BP possesses
greater electrical conductivity than other 2D materials
(e.g., graphene) [109], interfacing BP with neurons or
cardiomyocytes can potentially explore and stimulate
their excellent electrical behavior to facilitate neural or
cardiomyocyte regeneration. Synthetic scaffolds such
as gelatin methacryloyl (GelMA) hydrogels with
tunable stiffness play an important role in
extracellular stiffness to convey specific mechanical
cues to the adherent cells [149, 150]. Cardiomyocytes
seeded on carbon nanomaterials (e.g., carbon
nanotube), graphene and GO-polymer hybrid
hydrogels have shown improved cardiac tissue
morphogenesis, stronger beating behavior and higher
spontaneous beating rate compared to those cultured
on the pure polymer (e.g., GelMA) [151, 152].
Therefore, it is promising to investigate the potential
use of BP-GelMA hybrid hydrogel as a scaffold for
neural or cardiac tissue regeneration. As for cancer
therapy, alternative 2D materials (i.e., antimonene
quantum dots) recently demonstrated superior
photothermal conversion efficiency compared to
other 2D materials [153]. It would be interesting to
study the effect of BP in combination with this 2D
material to develop a hybrid therapeutic platform for
cancer therapy. With many remaining challenges and
opportunities, we envision that there will be more
studies focusing on the utilization of BP in biomedical
applications in the near future.
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