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During the last decade, 2-dimensional nanoscale black phosphorus (NBP) has been actively used for

biomedical research and applications. NBP possesses unique properties such as an adjustable direct band

gap, high near-infrared (NIR) photothermal conversion efficiency, large surface area for versatile surface

chemistry functionalization and good biodegradability for in vivo delivery and therapy. Many groups have

reported that functionalized NBP can be applied for biomedical applications. However, untreated NBP is

unstable and if it is applied biologically, it might trigger harmful nano-bio interactions and cause adverse

effects on the biological system permanently. In this review, we summarized the bioengineering

applications of NBP, including biosensing, photoimaging, photo-X therapy and drug delivery. Then, the

various nano–bio interactions that occurred during the use of NBP for bioengineering research with an

emphasis on examining the adverse impacts of NBP on the integrity of the cell membrane structure were

analyzed. The in vivo instability of NBP inducing phagocytosis, increasing the levels of many kinds of

cytokines in the blood, and resulting in various responses to the body was discussed systematically. Based

on our analysis, the in vitro and in vivo toxicity of NBP can be reduced by strategically functionalizing its

surface with biocompatible materials such as hydrogels, polymers and fibrin.

1 Introduction

The successful discovery of the single-layer graphite material
was reported by Novoselov et al.1 in 2004, which created an
opportunity for scientists to fabricate various 2-dimensional

(2D) nanomaterials. Among them, 2D transition metal
disulfides (TMDs) display semiconducting property which
was not found in common graphene. Due to their unique
physical and chemical properties, such novel nanomaterials
have prompted various research groups to study and apply
them for applications ranging from electronics to biomedical
imaging.2,3 In the following decade, many of the emerging
2D nanomaterials such as monoelemental germanene,4

xene,5 stanine6 and so on were synthesized and used in
bioengineering.7–10 In 2014, Li et al. reported for the first
time layered nanoscale black phosphorus (NBP) from a silica
substrate.11 The direct band gap of 2D NBP can be adjusted
by tailoring its composition and it has been used for
improving the performance of photodetectors12,13 and
photoelectric sensors.14

Phosphorus (P), an element that can be easily oxidized
and decomposed into phosphate, is abundant in biological
organisms. It is an important component in biofilm and
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Environmental significance

Recently, nanoscale black phosphorus (NBP) has been actively used for biomedical research and applications. Some research studies have suggested that
NBP is more suitable to be applied for biological therapies since its by-products from degradation may be removed from the body easily. However, what
effect will NBP cause in the environment and organisms is unclear yet. It is important for us to examine and investigate the biocompatibility of NBP
in vitro and in vivo. In this review, we first discuss the preparation and functionalization of NBP, then talk about the bioengineering applications of NBP
followed by the types of toxicity assessment of NBP in vitro and in vivo, which will give a future outlook of NBP materials in the bioengineering field.
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nucleic acids, and also aids in the energy metabolism of
cells.15 Therefore, some studies have suggested that 2D NBP
was more suitable to be applied for biological applications
since its by-products after degradation were nontoxic and
may be removed from the body easily.16 However, further
studies are needed to confirm this speculation. To date,
many groups have applied functionalized NBP for
bioengineering research such as tumor-targeted
photothermal therapy, photothermal–chemo combination
therapy,17,18 photothermal gene combination therapy,19

photodynamic therapy, and photoacoustic imaging.20,21

With the ever-increasing bioengineering publications on
the NBP material, there is a rising concern about the safety
of NBP for in vivo studies. We have no idea about the nano–
bio interface between NBP and animals, the toxicity after
NBP degradation in vivo, and the safe dosage of NBP for
imaging or therapy. What's more, nobody knows whether
there are other harmful byproducts created and how to clear
them from the body. All of these questions have not been
answered so far. Most of the publications have generally
focused on its applications. Thus, it is important for us to
examine and investigate the biocompatibility of NBP in vitro
and in vivo. Previous studies have clearly indicated that
nanomaterials will eventually lead to in vitro and in vivo
toxicity.22,23 Various factors of nanomaterials, such as
composition, crystal structure, synthesis method, size and
thickness, surface functionalization and solubility, determine
their toxicity impacts.24,25 Recently, some studies have shown
that untreated black phosphorus-based quantum dots
(BPQDs) and black phosphorus nanosheets (BPNSs) displayed
mild toxicity effects on HeLa cells at concentrations of 1000
ppm and 100 ppm, respectively.26,27 However, other studies
reported otherwise. For instance, Mu et al. observed
cytotoxicity on HeLa cells when the cells were treated with
200 ppm of BPQDs.28 Based on the reported literature, it is
challenging for researchers to determine the toxicity of NBP
and the relationship between such toxicity and the nano–bio

interactions at the cellular level. Thus, in this review, we
discussed the preparation of functionalized NBP for
bioengineering applications, and summarized the NBP
in vitro and in vitro toxicity from the view of the nano–bio
interactions (Scheme 1). Finally, we proposed the future
outlook of NBP materials in the bioengineering field in a
broad term.

2 Preparation and functionalization of
NBP
2.1 Preparation and challenges in healthcare applications of
NBP

2.1.1 Preparation and surface functionalization of NBP.
The biocompatibility of nanomaterials generally depends on
their synthesis methods and surface modification
procedures. In this section, we review and analyze the various
preparation methods of NBP and the various types of surface
modification techniques used for bioengineering research.

In general, bulk black phosphorus (BP) is stable at high
temperature and pressure but this changes when it is made
at the nanoscale level. For example, the reaction activity
between P and the surrounding oxygen was discovered to
increase significantly due to its large surface area that caused
NBP to become unstable.29 Layers of NBP were first obtained
from the bulk sample by using a scotch tape11 and the
produced NBP had high purity and fewer defects. However, it
was difficult to control the size, shape and thickness of NBP
using this approach. In 2014, Brent et al. invented a liquid
exfoliation technique to prepare NBP.30 They placed bulk BP
into 1-methyl-2-pyrrolidone (NMP) solvent and thereafter the
system was exposed to high-power ultrasound waves (820 W,
37 kHz) for 24 h. The supernatant was separated to obtain
NBP with a lateral size of 200 nm and a thickness between
3.5 and 5 nm. Later, Lin et al. compared the exfoliation effect
in the presence of different organic solvents such as ethanol,
acetone, NMP and isopropanol by using the same liquid
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exfoliation procedure mentioned above (Fig. 1A) and the
group found that the highest yield could be achieved with
isopropanol solvent.31 Also, further separation by
centrifugation of the sample allowed one to obtain different
batches of NBP with smaller sizes and shapes.32 It was
reported that NBP-based QDs with a diameter of 2.6 ± 1.8 nm
and a thickness of 1.5 ± 0.6 nm could be synthesized
effectively by employing a probe and water bath ultrasound
together with BP powder.33 Zhu et al. reported a liquid shear
stripping method to produce 2–3 nm BPQDs and these
particles were referred to as phosphorene.34 Similarly, Sofer
et al. prepared 80–200 nm NBP particles by mixing BP powder
with an organic solvent and treating the mixture with
ultrasound waves followed by grinding the black phosphorus
suspension in different organic solvents (NMP, DMF DIGLYM
and AN) with an ultra Turrax disperser (Fig. 1B).35

The solvothermal method is an alternative way to
synthesize BPQDs.36,37 Upon mixing BP powder with the
NMP solvent, the mixture was stirred vigorously at 140 °C for
6 hours where BPQDs were generated with an average size of
2.1 ± 0.9 nm (Fig. 1C).38 Since the BP atomic layers are
attached together via van der Waals force, 70 nm sized BP
nanoparticles could be prepared by the electrochemical
exfoliation method (Fig. 1D). This method is suitable to make
larger sizes of NBP particles.39 Pulsed laser ablation (PLA) is
another good tool to make NBP. Firstly, bulk BP is placed at
the bottom of a cuvette and protected with nitrogen saturated
isopropanol (IPE) solution. A Nd:YAG pulsed laser (10 Hz)
with a wavelength of 1064 nm was then focused on the BP
crystals and the BP crystals were irradiated for 30 minutes
until a pale yellow supernatant appeared (Fig. 1E). XPS and
Raman spectra revealed that the resulting supernatant was
composed of 5–14 nm BPQDs with a thickness of about 1.1
nm.40 The quantum yield of BPQDs is estimated to be 20.7%,

which is two times higher than that of BPQDs prepared by
the liquid exfoliation method,26 and it is worth commenting
that the quantum yield of BPQDs can be maintained at 12%
after 12 days of preparation.41

2.1.2 Challenges of using NBP in healthcare applications.
To prevent NBP from oxidizing and degrading, it has to be
kept in an organic solvent. According to Huang et al., BP
flakes were not able to dissolve in O2 de-aerated water and
insignificant degradation was observed in the BP layered
structure. However, when BP was placed in O2

− rich de-
ionized water for 2 days, the majority of BP flakes degraded.
When BP flakes were exposed to air for one day, a large
fraction of O elements (Fig. 2A) appeared on their surface,
the ratio of P0 : PxOy in water was 2.3, which was found to be
much higher than that in air (0.24), and this indicates that
BP is highly prone to getting oxidized by O2, but not by water
dissociation. The untreated BP surface is hydrophobic but it
can become hydrophilic upon oxidation.42 Thus, it is
inevitable for NBP to lose its optical and semiconductor
properties if its surface is not properly shielded from O2.
Photo-oxidation is another cause of degradation,43 without
proper surface modification, NBP can generate oxygen free
radicals under visible light irradiation and this can create
toxic effects in the biological system.44 When untreated NBP
is mixed with ex vivo whole blood, plasma proteins are
attached to the surface of NBP which creates a BP–corona
complex. Such phenomena will not only change the
hydrodynamic diameter of BPQDs and NBPs but also induce
adverse inflammatory response in the human body.45

Therefore, there remain substantial challenges to be
overcome before one can safely use NBP for various clinical
bioengineering applications such as in vivo targeted imaging.
To overcome these challenges, few approaches were
developed. For example, Poudel et al. demonstrated the
preparation of an NBP drug loaded nanocarrier from bulk BP
by using a one step process for targeted drug delivery
therapy. However, there are some drawbacks from using this
approach.46 For instance, it is challenging to control the size
and yield of NBP during the preparation process. Another
issue is the abundance of P in the body which means that it
is not possible for one to use an inductively coupled plasma-
mass spectrometry (ICP-MS) system to determine NBP
concentration in vivo and thus it is difficult to perform a
detailed pharmacokinetic study.

2.2 Surface functionalization of NBP

2.2.1 Improving colloidal and optical stability of NBP.
Light is an important factor that accelerates the oxidation of
BP.44 The main mechanism of photoinduced BP degradation
involves the generation of O2

− species from the BP surface
through a charge transfer reaction under exposure to light
and thereafter reacting with P on the surface of BP to form
PxOy. To prevent the degradation of NBP in vitro or in vivo, a
few methods were devised. The first method involves coating
the surface of NBP with biocompatible materials and this

Scheme 1 An overall structure of this review.

Environmental Science: NanoTutorial review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

6.
05

.2
02

4 
15

:5
7:

46
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1en00273b


Environ. Sci.: Nano, 2021, 8, 3452–3477 | 3455This journal is © The Royal Society of Chemistry 2021

effectively creates a physical barrier between the NBP surface
and the atmospheric environment.33,47 For example, colloidal
BPQDs coated with a PLGA polymer material were able to
sustain themselves in phosphate-buffered saline (PBS)
solution for 8 weeks without the loss of their optical and
electronic properties.48 Surface modifications are useful to
block direct contact of P with oxygen and other ions in the
biological environment. Tannin (TA) is another useful coating
material for preventing BP from being oxidized. It was
reported that the lattice fringes and chemical bonds of NBP
modified with TA (TA-BP) were intact after being exposed to
an ambient environment for 10 days. This is because the
superoxidized radicals could be removed by the hydrogen
donors from TA. In addition, biocompatible materials such
as hydrogels, liposomes and fibrin are often used as surface
coating agents for NBP, which allows one to create NBP
carriers to achieve reasonably good therapeutic effects of
photothermal and photodynamic therapy in vitro and
in vivo.27,49–51 On the other hand, Walia et al. reported the
use of an ionic liquid agent to modify the NBP surface which

thus created a chemical barrier for the NBP complex. This
barrier not only blocked the reactive oxygen species (ROS)
generation on the NBP surface but also helped to protect the
electronic properties of the material.52

2.2.2 Enhancing the photothermal conversion efficiency.
NBP possesses high photothermal conversion efficiency in
the NIR region and this means that it has a deeper tissue
penetration depth when compared to that in the visible light
band. In general, when light is delivered to the tumor site for
photo-therapy application, the light significantly attenuates
when it reaches a few cm deep inside the tumor matrix. This
is due to the light dispersion effect caused by the thick tumor
tissue. Under this constraint, it is not possible to achieve
successful tumor ablation using the classical photothermal
therapy approach. To overcome this issue, Yang et al.53

prepared an NBP complex named BP@PEG-Ce6 NS and the
nanoformulation contained a commercial photosensitizer
called chilrin 6 (Ce6). The modification of Ce6 on the NBP
effectively enhanced the photothermal conversion efficiency
of the NBP complex from 28.7% to 43.6%, which greatly

Fig. 1 Preparation methods of NBP. A) Process of ultrasonic exfoliation. B) Process of the grinding method. C) Process of the solvothermal
method. D) Process of electrochemical stripping. E) Process of pulsed laser ablation.
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improved the efficacy of photothermal therapy. Also, Yang
and his coworkers54 attached gold nanoparticles on the BPNS
surface to promote its photothermal therapy efficiency. The
temperature of 120 μg ml−1 BP-Au NS was increased rapidly
from 25 °C to above 70 °C after the formulation was
irradiated by an 808 nm laser with a power density of 2 W
cm−2 for 10 minutes. The photothermal conversion efficiency
was estimated to be 43.57% (Fig. 2B) for the BP-Au NS
formulation. More recently, Shao et al.55 mixed
thermosensitive hydrogel [polyĲD,L-lactide)-polyĲethylene
glycol)-pol (D,L-lactide) (PDLLA-PEG-PDLLA:PLEL)] with NBP

and prepared a formulation (BP@PLEL) that was capable of
performing sol–gel switching in the NIR wavelength.
BP@PLEL was in a sol state at room temperature but when it
was sprayed and deposited onto a living body (∼37 °C), it
quickly turned into a gel state and then into the sol state
after being irradiated with NIR light. This approach allows
one to eradicate solid cancer edge tissues in the body. Studies
have shown that this material is reasonably compatible with
some biological systems but it was also shown that it can
effectively kill bacteria. Such materials are expected to be
useful for potential application such as postoperative

Fig. 2 A) Oxidization of BP NPs in oxygen surrounding. HAADF STEM image (a) and high-resolution TEM image (b) of a BP flake freshly exfoliated are
shown first, (c) is the cross-sectional TEM image of a folded section of flake, (d) showed the enlarge TEM image of the rectangular area in (a) with the
corresponding 2D STEM-EELS map, P is shown in green. (e) showed the STEM image and 2D STEM-EELA map of BP flake after 1 day air exposure, P is in
green and O is in red, (f) is the EELS spectral of pristine BP and air oxidative BP exposed in water, HAADF-STEM images of freshly BP flake before (g) and
after (h) submersion in DI water and the corresponding EELS line scan (i) displayed that no detectable oxidization happened in the L-edge of BP.
Reprinted from Huang et al.42 Copyright 2016 American Chemical Society. B) Photothermal conversion efficiency and stability of NBP enhanced by Au
modification including the absorbance (a), temperature trends (b) of different BP-Au NS concentrations under 808 nm laser, temperature curve of 60
μg mL−1 BP NS and BP-Au NS (c) and temperature variation of BP-Au NS of five laser on/off cycles. Reprinted from Yang et al.54 Copyright The Royal
Society of Chemistry 2017. C) Principle of 1O2 generation increased by doping of Bi. Reprinted from Huang et al.57 Copyright 2018 Elsevier Ltd.
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eradication of tumor resection since they have excellent
photothermal conversion efficiency.

2.2.3 Advancing the generation of singlet oxygen.
Generation of harmful singlet oxygen to kill cancer cells is
the foundation of the photodynamic therapy (PDT) process.
Since BP has abundant surface atomic active sites and low
electron–hole radiation rates, it is straightforward for NBP to
be activated and produce singlet oxygen species under
exposure to NIR light irradiation.42,56 Huang et al.
synthesized BP/Bi2O3 NS nano-heterostructures that could
produce high concentration levels of ROS under irradiation
of X-rays. With the irradiation of X-rays, the electrons in the
conduction band (CB) of Bi2O3 rapidly combined with the
holes in the valence band (VB) of BP which then significantly
increased the energy transfer between the excited electrons in
BP and the surrounding 3O2 (Fig. 2C) thereby creating 1O2

species for killing cancer cells.57 Based on the authors'
finding, under X-ray illumination, A375 cells produced 55.4%
and 38.8% of singlet oxygen upon treatment with 10 mg ml−1

BP/Bi2O3 (1 h) and bare NBP, respectively. This clearly
indicates that the addition of Bi2O3 increases the singlet
oxygen production from the NBP complex formulation.57

Furthermore, the attachment of gold nanoparticles on the
NBP surface can also enhance the production of singlet
oxygen.58 It is worth highlighting that Liu et al. designed an
oxygen self-supply NBP system bearing a passivated catalase
on the NBP surface that was coupled with fatty acid (FA) for
targeted delivery to the tumor site. When the
nanoformulation was delivered to the tumor cells, the
attached catalase was activated and thereby triggered the
generation of O2 from H2O2 within the cell. The presence of
these generated singlet oxygen species under the irradiation
of NIR light was confirmed by the rapid death of cancer cells
within a short period of time.59

3 Therapeutic applications of NBP
3.1 Biosensing

As a narrow band gap semiconductor with high carrier mobility
and photoelectric conversion characteristics,60 NBP can be
used in a variety of biosensors such as fluorescence,
electrochemical, field transistor, chemiluminescence, and
electrogenerated chemiluminescence biosensors.61 Zhou
et al.14 used BPNSs as a fluorescence quenching material and
developed a sensitive and a rapid biosensor detection platform.
The platform not only has a good linear response to microRNA
with a concentration of 10 nM to 1000 nM, but also can
distinguish trinucleotide polymorphism. Peng et al.62 used Au
nanoparticles and a few-layered BP to prepare BP-Au
nanoparticles with excellent catalytic activity and low activation
energy. The catalytic activity of the BP-Au nanoparticles
changed from “inactive” to “active” after being treated with
antibodies and antigens and thus provided colorimetric
detection results for the detection of biomarkers. The results
showed that this biosensor could selectively detect
carcinoembryonic antigen (CEA) with a high detection (1 pg

mL−1 to −10 μg mL−1) and sensitivity (0.20 pg mL−1) range.
Besides, Tuteja et al.63 created an electrochemical
immunoassay system for haptoglobin determination based on
the electrochemical characteristics of NBP, which could be used
to quantitatively detect haptoglobin in serum with a dynamic
response range of 0.01–10 mg ml−1. Meanwhile Liu et al.64

developed an NBP-based electrochemical luminescence (ECL)
biosensing system. The system chose luminol as an energy
donor and NBP as an energy acceptor, thereby achieving the
quenching effect of NBP on luminol. When the detected object
was bound to the surface of NBP through electrostatic
interaction, the energy transfer from luminol to NBP was cut
off, and the ECL signal reappeared. The quantitative detection
of the measured object could be achieved by the dynamic
changing intensity of the ECL signal with different
concentrations of the measured object. They confirmed that
the detection platform could sensitively and quickly detect
trypsin in serum. Moreover, Zhou et al.65 invented an NBP
integrated fiber sensor, which was immobilized with anti-
neuron specific enolase (anti-NSE) cancer biomarkers for the
detection of biomarkers containing NSE (Fig. 3). Testing results
demonstrated that this biosensor was almost 100 times more
sensitive than AuNP- and graphene-based fiber sensors, and
had a lower detection limit, as low as 1.0 pg mL−1. With all this,
it seems that biosensors based on NBP have stable, fast and
sensitive response characteristics, and they may lead the
biosensor industry to a new stage.

3.2 Photoimaging

3.2.1 Live cell imaging. In actuality, NBP not only has
photothermal response characteristics, but also has
photoluminescence properties. It is reported that the
photoluminescence effect of NBP depends on its thickness and
the distance between its atomic layers; the thinner the
thickness, the better the luminescence effect.66 Lee et al. used
an ultrasonication assisted solution method to prepare BPQDs
with an average diameter of about 10 nm and a height of about
8.7 nm; the quantum yield was about 1.9%. The BPQDs could
be excited at 358 nm and 488 nm with emissions at 461 nm
and 509 nm, respectively. Confocal imaging (Fig. 4A) showed
that these BPQDs clearly labeled the contours of live HeLa cells,
which implicated their bioimaging ability.26 Coincidentally,
Ren and his co-workers prepared BPQDs with a thickness of
about 1.1 nm and a lateral diameter of 5–14 nm, the quantum
yield of BPQDs was up to 20.7%, and they could be effectively
used for live cell imaging.40 The same imaging effect was also
verified in the study of Shin et al., who made NBP with a
hydrodynamic diameter of 164 ± 24 nm. Cell imaging results
verified that NBP could be internalized and concentrated in the
cytoplasm of C2C12 cells, and they displayed green
fluorescence under the excitation of 495 nm laser radiation.67

From the cases mentioned above, it can be concluded that its
photoluminescence characteristics allow NBP to be used as a
fluorescent probe in biomedical imaging.

3.2.2 Photoacoustic and photothermal imaging.
Photoacoustic imaging (PAI) and photothermal imaging (PTI)
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are known as non-destructive medical imaging methods. As for
PAI, the pulsed laser light radiation is converted into heat energy
by a photothermal nanoprobe that causes thermoelastic
expansion in tissues; this signal can be picked up by the
ultrasound detector for further image reconstruction.68 In
contrast, PTI uses an infrared thermal imager as the thermal
signal detector. As a material with excellent photothermal
conversion efficiency, NBP can be used to determine the
aggregation of tumor sites by photoacoustic imaging after
entering in vivo surroundings, thus forming a high spatial
resolution tumor contour and providing information on
spatiotemporal localization for further photothermal and its
combination therapy.69 A previous study reported by Sun
et al. showed that TiL4-coordinated BPQDs could be used as
a contrast agent for photoacoustic imaging, and the addition
of TiL4 not only effectively improved the biological stability
of BPQDs, but led to the blue absorption peak shift from
808 nm to 680 nm. As shown in Fig. 4B, after entering the
mice, the maximum PA signals were observed in 4 hours
post injection and they decreased to normal levels the same
as that of pre-injection 48 h post-injection, which revealed
that the time at 4 hours post-injection was the best time
point for treatment; this functional NBP provides us with a
better way to monitor the dynamic changes of drug accuracy
targeted therapy.70 As for PTI of NBP, although its spatial

resolution is lower than that of PAI, the high signal intensity
can also show the distribution of NBP during the process of
in vivo circulation as well as the dynamic aggregation
process in tumor sites, which provides the basis for the best
treatment time for photothermal therapy of tumors.27

3.3 Photo-X therapy

3.3.1 Photothermal sterilization. Excessive temperatures
(such as above 40 degrees Celsius) are often not suitable for the
survival of living organisms, but may be used as a means to
inhibit the proliferation of bacteria or viruses. Therefore,
scientists use the photothermal effect of NBP for sterilization.
Under 808 nm and 0.5 W cm−2 laser irradiation, MoS2, graphene
and bulk BP did not produce any obvious pro-bactericidal effect
on E. coli or S. aureus bacteria, even after being irradiated for 3
minutes, whereas the sterilization rate of NBP was as high as
99.2%.71 Additionally, NBP with thinner thickness showed a
better antibacterial effect, mainly because the thinner NBP had a
larger specific surface area to which bacteria could more likely
adhere;50 thereby it could kill more bacteria under the same
irradiation conditions.72,73 However, since NBP easily degrades
in air and aqueous environment, the effect of photothermal
sterilization is greatly reduced in a short amount of time.74 To
this end, scientists have tried to modify its surface to improve its

Fig. 3 Label-free detection of NSE with anti-NSE immobilized BP-TFG. (A) Wavelength shift caused by binding interactions with target NSE
samples with increasing concentration. (B) Dependence of wavelength shift on NSE concentration. (C) Specificity in PBS, IgG, PSA, and NSE of the
BP-TFG biosensor. Reprinted from Zhou et al.,65 Copyright 2019 Elsevier B.V.
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stability and photothermal effects. Shao et al. found that coating
NBP with heat-sensitive PLEL hydrogel (BP@PLEL hydrogel) can
not only improve its stability but also effectively improve the
overall photothermal conversion efficiency of BP@PLEL hydrogel
nanoparticles; 0.5 W m−2 808 nm laser irradiation on BP@PLEL
hydrogel can kill 99.5% of S. aureus colonies in 1 minute.55 Also,
in order to cope with bacterial resistance, Ag nanoparticle

modified BP nanosheet (Ag@BP) nanohybrids were prepared.
Ag+ kills bacteria mainly by the oxidative dissolution mechanism,
it can either destroy the bacterial cell membrane or strongly
attract the sparse base of enzymatic proteins in bacteria at a very
high concentration, and quickly bind together to reduce the
activity of fine protozoan active enzymes, which show a strong
antimicrobial effect.75 Ag+ release combined with the

Fig. 4 A) Confocal microscopy images of live HeLa cells labelled by BPQDs after 12 hours co-incubation, (a and d) bright field and (b and e)
fluorescence, and merged (c and f) images. Reprinted from Lee et al.26 Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. B) In vivo
PA performances of TiL4@BPQDs in MCF-7 tumor-bearing BALB/c nude mice, (a) showed the time-dependent PA image and (b) is the quantitative
analysis of each ROI signal in (a), while (c) is the typical 3D PA images of tumor at different time point before and after TiL4@BPQDs injection.
Reprinted from Sun et al.70 Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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photothermal effect of NBP showed the greatest inhibition effect
at around 12–14 hours of incubation after being irradiated for 5
minutes (Fig. 5A).76 Actually, bacterial infection can not only
prevent wound healing, but also worsen the injury and lead to
death of the organism. In this case, silk fibroin coated NBP
(BP@SF) was used as a nanomedicine to treat the wound of
injured mice, which significantly cleared the bacteria around the
wound and promoted the growth and healing of wounded skin
under NIR radiation.77 Also, chitosan-coated BP nanosheets
applied to the wounds of S. aureus ((1.0 × 107 CFU mL−1))
infected mice can effectively accelerate the healing and scarring
of wounds, because BP + NIR radiation triggers the
phosphoinositide 3-kinase (PI3K), protein kinase B
phosphorylation (Akt) and extracellular signal-regulated kinase
(ERK1/2) signaling pathways, thereby enhancing cell proliferation
and differentiation and accelerating the healing of wounds.78

3.3.2 Photothermal therapy. Photothermal therapy (PTT) is
a new type of tumor treatment method that needs an excellent
photothermal sensitizer and suitable laser irradiation. Since the
black phosphorus nanomaterial is a single element of
phosphorus and has good photothermal conversion
characteristics in the near-infrared region, NBP is expected to be
an excellent photosensitizer that can treat deep tumor sites since
the penetration ability of the near-infrared light wave is stronger
than that of visible light.79 Wang et al. co-incubated HeLa cells
with bare BPQDs directly followed by 808 nm laser irradiation of
1.0 W cm−2 for 10 minutes and found that 100% of cancer cells
were ablated at a concentration of 100 μM.80 Similarly, Shao
et al.48 found that more than 10 ppm of BPQDs/PLGA could kill
all the MCF7 and B16 cells under the same treatment. To this

end, they tried to apply BPQDs/PLGA to tumor photothermal
therapy in the body. After different concentrations of BPQDs
and BPQDs/PLGA were injected into the MCF-7 tumor model
BALB/c nude mice through the tail vein, the temperature on the
tumor site was dynamically monitored for 10 minutes after
injection (Fig. 5B), the temperature of tumors in mice of the
BPQD treated group increased by around 10.8 degrees, while the
temperature of tumors on the BPQDs/PLGA treated group
increased by 26.3 degrees. After being irradiated with 808 nm
near-infrared light multiple times within 48 hours post-
injection, the tumors of the BPQDs/PLGA group disappeared
gradually in 16 days post-injection and no recurrence occurred
(Fig. 5C), while the tumors of the other groups were not
effectively inhibited under the same treatment conditions. They
hypothesized that the coating of PLGA greatly improved the
stability of BPQDs in vivo, which prolonged the circulation time
of BPQDs in blood, so that more BPQDs/PLGA could accumulate
in the tumor part, and exert a better photothermal therapy
effect. Coincidentally, treatment of breast cancer 4T1 tumor-
bearing mice with PEGylated NBP with 808 nm laser irradiation
(2.0 W cm−2, 5 min) could induce tumor ablation and lengthen
the life time of tumor-bearing mice.81

Furthermore, in order to improve the biological in vivo
stability of BP nanomaterials as well as enhance the
photothermal effect, some materials with biocompatibility and
photosensitivity are used to modify the surface of BP
nanomaterials. Previous reports show that the temperature of
BP-Au NS could be increased from 25 °C to 70 °C within 5
minutes under 808 nm radiation (2 W cm−2). During PTT, the
temperature of the tumor site rapidly increased to achieve a

Fig. 5 Photo-X therapies of NBP. A) Photothermal sterilization of NBP, (a) shows the growth curve of MRSA bacterial under the treatment of (1)
blank control, (2) NIR, (3) BP, (4) Ag@BP, (5) BP + NIR, (6) Ag@BP + NIR, (b) is the images of MRSA bacterial colonies and (c) the corresponding
quantitative analysis. Reprinted from Ouyang et al.76 Copyright the Royal Society of Chemistry 2018. Infrared thermographic (B) and growth curves
(C) of MCF7 breast tumor-bearing mice treated with different groups of PBS, PLGA NSs, BPQDs and BPQDs + NIR laser irradiation. Reprinted from
Shao et al.48 Copyright Nature Communications 2018.

Environmental Science: NanoTutorial review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

6.
05

.2
02

4 
15

:5
7:

46
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1en00273b


Environ. Sci.: Nano, 2021, 8, 3452–3477 | 3461This journal is © The Royal Society of Chemistry 2021

rapid photothermal treatment effect.54 The cellulose/NBP
hydrogel treated group showed better tumor inhibition and
ablation than other control groups.82 Moreover, NIR radiation
can heat the BP-SrCl2/PLGA microspheres and accelerate the
release of Sr2+ ions. The concentration of Sr2+ between 8.76 and
87.60 mg ml−1 can effectively promote osteogenic differentiation
and enhance the repair ability of necrotic bones.83,84

Surprisingly, BP@HA NFs associated with NIR laser significantly
promote bone regeneration,85 and BP and polyurethane (PU)
can also be prepared as a shape memory polymer (SMP), which
is near-infrared light-responsive with good biocompatibility, and
may have great potential in biomedical applications such as self-
expending stents.86 However, in practical photothermal therapy
applications, it is uncertain whether a higher temperature can
give a better treatment effect. We also need to consider the

patient's tolerance to pain, and reducing the pain of the patient,
while maximizing the treatment effect is the most ideal.

3.3.3 Photodynamic therapy. Photodynamic therapy (PDT)
is a non-invasive treatment that selectively kills tumor cells
or other harmful cells with reactive oxygen species generated
by photosensitizers.87 Because of the hypoxic environment
inside the tumor, it is critical to select photosensitizers that
have good photosensitivity characteristics and
biocompatibility. PDT of PEGylated BPQDs on S180 tumor-
bearing mice effectively inhibited the tumor,88 further
confirming that BPQDs are a good choice as a
photosensitizer. However, time point selection is quite
important to improve the treatment effect of singlet O2

dependent PDT; therefore, Liu et al. made a hybridized
nanoplatform (RMnO2-FBP) to realize a dual-model O2 self-

Fig. 6 NBP loaded with an anti-tumor drug and light controlled release. A) XPS identification of of (a) cisplatin- and (b) oxaliplatin-bound black
phosphorus. Reprinted from Fojtů et al.17 Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Light controlled switch of drug release
from BPQD@Lipo (B)49 and PVA/BP (C)93 nanocarrier systems. B) Reprinted from Geng et al. C) Reprinted from Yang et al. Copyright the Royal
Society of Chemistry 2018.
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supply system, so that the optimal treatment time could
be monitored through magnetic resonance imaging (MRI)
and fluorescence imaging.89 Yang et al. creatively prepared
a BPs@Au@Fe3O4 photosensitizer which increased the
singlet oxygen yield due to Au NPs and enhanced the
MRI imaging because of Fe3O4 NPs.90 Furthermore,
stimuli-responsive NIR/ROS sensitive NBP vesicles (NBPVs)
were prepared by Li et al.; by loading the cavity of NBPVs
with an immunoadjuvant (CpG ODNs), they realized
effective photodynamic immunotherapy in the tumor of
mice.91

3.4 Drug delivery

Maintaining drug concentration within the therapeutic
window concentration range is an important measure to
overcome drug resistance.92 In addition to its sensitive
photonic response characteristics, another major feature of
two-dimensional NBP is its enormous drug loading capacity
due to its large specific surface area. Pumera et al. found that
cisplatin and oxaliplatin can bind black P through Pt–P
binding because the d electrons of metal PtĲII) can be
effectively donated to the vacant d orbitals of P that can form
a stable electron–hole pair. The distinct characteristic
spectrum of Pt–P binding can be proved through X-ray
photoelectron spectra (XPS) detection as shown in Fig. 6A.17

Geng et al. designed a drug loading system using lipid-
modified BPQDs (BPQDs@Lipo) with a drug encapsulation
efficiency of 89.6%. This nanocarrier can realize drug-
controlled release with a radiation switch, only less than 10%
of DOX loaded in BPQDs@Lipo can be released without the
use of NIR illumination, while almost 80% of the loaded Dox
can be released after 1.5 W cm−2 808 nm light irradiation for
30 minutes, and the release efficiency is dependent on the
intensity of the laser illumination (Fig. 6B).49 Besides, Yang
et al. used Congo red as a drug model and loaded it into
PVA/pBP, after being irradiated by a 808 nm laser periodically
(Fig. 6C); the release amount of Congo red in PVA/pBP was as
high as 78%, more than twice the amount of drug released in
the PVA group alone. It seems that NIR radiation causes BP
to convert light energy into heat energy, and the internal
temperature increase of PVA/pBP leads to PVA ablation, thus
allowing more drugs to be released.93 Apparently, the drug
loading ability of NBP smartly reduces the side effect of a
chemotherapy drug in anti-tumor therapy, especially after a
further targeted modification. A previous study reported that
PEGylated NBP coupled with the target molecule folic acid
(FA) was loaded with DOX to form a DOX-loaded BP-PEG-FA
targeted drug delivery nano-system.94 After they were injected
into the tumor-bearing mice through the tail vein for 24
hours, the tumor was locally radiated with a 808 nm laser
with an intensity of 1 W cm−2 for 10 minutes. They found
that the tumor volume of the BP-PEG-FA/DOX NSs + NIR
treated group significantly shrank compared with that of the
control group at 14 days post-radiation, which showed the
best healing effect compared with any other groups.

In addition to the loading of chemotherapy drugs for
antitumor therapy, NBP can also be loaded with gene
fragments to realize gene therapy. Yin et al. modified BPQDs
(BPQDs@PAH) with a polyelectrolyte polymer, and then
loaded them with LSD1 siRNA to prepare the BPQDs–LSD1
siRNA complex. Under near-infrared light irradiation, the
BPQDs–LSD1 siRNA complex endocytosed into human
ovarian teratoma PA-1 cells, which exhibited a higher
transfection efficiency than commercially available agents
such as lipo2000 and Oligo. The release of LSD1 siRNA
significantly inhibited the expression of LSD-1 mRNA in PA-1
cells, and further effectively inhibited the proliferation of PA-
1 cells by 80%.95 It was also confirmed that NBP can be used
as a nano-carrier to deliver gene Cas9N3 into MCF7 cells to
achieve gene editing.96 Excitingly, the photothermal effect of
BP also improves the permeability of the blood–brain barrier,
making it possible to treat neurological diseases with BP-
loaded drugs.38,97 Thus, drug loaded NBP modified with
suitable functionalized materials or structures can be an
excellent drug delivery nanocarrier in realizing disease
targeted therapies.

4 Toxic assessment of NBP
4.1 In vitro nano–bio interactions of NBP

When exogenous nanomaterials interact with living biological
samples, nano–bio interactions would immediately take place
and affect the body to respond at the cellular and molecular
level.98 NBP has attracted great attention from the
bioengineering community due to its potential applications
in imaging and targeted drug delivery. But its biosafety has
raised many concerns and thus it greatly limits its use in
clinical research.99–101 This section summarizes the nano–bio
interactions of NBP in vitro and in vivo.

4.1.1 Interaction between the cell membrane and NBP. It
was reported that NBP induced apoptosis in L-929
fibroblastic cells by causing membrane disruption.102 NBP
with a lateral size of 960 ± 303 nm and a thickness of 6.8 ±
0.58 nm was found to increase lactate dehydrogenase (LDH)
release from L-929 fibroblastic cells. LDH is an enzyme that
exists solely in the cytoplasm, which can only be detected in
the extracellular environment when the cell membrane
ruptures, and it is regarded as an effective indicator to
evaluate the integrity of cell membranes.103 After the cells
were treated with 16 μg mL−1 of NBP for 24 hours, the LDH
release rate was 1.4 times higher than that of the control
group (Fig. 7A). A similar nano–bio interaction phenomenon
was discovered in the case study of E. coli and B. subtilis
treated with NBP.72 Xiong et al.104 found that NBP was able to
kill Gram negative E. coli after 6 hours of treatment and it
resulted from the disruption of membrane integrity (Fig. 7B).
Thus, the loss of cell membrane integrity is the main driving
force to induce the cell apoptosis process. However, BP with
nanoscale particle sizes did not appear to promote apoptosis
in cells.80 We speculate that there is a critical size effect for
adverse nano–bio interactions of NBP to take place. Zhang
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et al.105 employed a zwitterionic 1,2-dioleoylsn-glycero-3-
phosphocholine (DOPC) vesicle-based lipid membrane to
detect the membrane integrity under exposure to different
sizes of BPNSs. It was found that BPNSs with large sizes
(884.0 ± 102.2 nm) caused severe disruption to the membrane
integrity, while smaller ones (425 ± 78.8 nm and 208.5 ± 46.9
nm) did not. Some studies were also performed to investigate
the effects of 2D nanomaterials on the cell membrane. Zhou
et al. reported the impact of graphene on the cell membrane
of E. coli. During the co-incubation of graphene with E. coli,
graphene was found to be trapped within the membrane
lipids due to the strong van der Waals and hydrophobic
interactions from the cell membrane since they are made of
long alkyl-chain phospholipid molecules.106 When graphene
was contained within the membrane lipids, it could penetrate
the lipid bilayer within several nanoseconds. During this
process, a fraction of the phospholipid molecules attached
themselves to the graphene surface, which resulted in the
deformation and disruption of the cell membrane.107

Interestingly, NBP shows a similar effect, and Guo et al.
revealed that the sharp edge of the BP nanosheet can
physically disrupt the membrane of bacteria and cause RNA
leakage, which induced the death of bacteria.108 Another
study found that human serum album (HSA) functionalized
BP nanosheets displayed little toxicity to U87MG cells. The
viability of U87MG cells was higher than 80% even when they
were treated with 500 μg ml−1 of HSA functionalized BP
nanosheets for 24 hours.50 It is safe to conclude that surface
modification of NBP is required for reducing cell membrane
disruption during in vitro and in vivo applications.

4.1.2 Effect on cellular function after NBP exposure. In
addition to cell membrane integrity disruption, NBP also
generates reactive oxygen species (ROS) and causes organelle
dysfunction in several ways. In the absence of any surface

modification, NBP can easily oxidize and degrade;74 also ROS
is generated when it is exposed to visible light.44 Basically,
the electron transfer between P and the ground state oxygen
form serves as a platform for the production of ROS.12 It was
found that NBP induced a significant increase of ROS
generation (P < 0.001) when it was incubated with E. coli and
B. subtilis.44 It was clear that the concentration level of ROS
was time- and dose-dependent of NBP exposure.109,110

However, there is no evidence to prove that the ROS
generation is related to the lateral size of NBP.105 As
previously mentioned, bare BPQDs not only caused a
significant increase of 3,4-methylenedioxyanphetamine
(MDA), but also decreased the catalase (CAT) level in the liver
of mice one day post-injection.28 MDA is the product of
cellular lipid peroxidation and over production of MDA
promotes the generation of ROS. Superoxide dismutase (SOD)
and CAT are antioxidant enzymes, and ROS such as
superoxide radicals (O2

−) can be catalyzed to form molecular
oxygen (O2) and hydrogen peroxide (H2O2) which can be
further broken down into H2O by CAT.111 In other words,
ROS can effectively damage the functions of the cell and its
organelles by oxidizing phospholipid molecules in the bilayer
structure.

Yu and Jiang et al. reported that BPQDs can
significantly reduce the ATP content after their uptake by
macrophage Raw 264.7 cells. After the cell uptake ability
was inhibited by cytochalasin D (CytD), an inhibitor of
classical actin polymerization on cell uptake, the ATP
content level was significantly enhanced compared with
that of the BPQD treated group without CytD pretreatment
(Fig. 8).112 This means that the uptake of BPQDs
disturbed the secretion of ATP. It is noteworthy that there
are a lot of polyunsaturated fatty acids (PUFAs) in the
biological membrane which are vulnerable to the attack of

Fig. 7 Bio–nano interaction between the cell membrane and NBP. A) Cell viability (a) and LDH release (b) of L-929 fibroblasts after 24 h treatment
of layered BP. Reprinted from Song et al.102 Copyright the 2018 nanomaterials. B) SEM images of E. coli (a–c) and B. subtilis (d–f) under the
treatment of 0 μg mL−1 (a and d) and 100 μg mL−1 (b and c, e and f) of NBPSs after 6 h (b and e) and 12 h (c and f). Reprinted from Xiong et al.104

Copyright the 2018 Elsevier Inc.
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free radicals. Lipid oxidation produces MDA that results
in the functional and metabolic disorder of cells. As the
energy pump of cells, the mitochondrion plays the most
important role in ATP production.113 With the increase of
intracellular ROS brought in by the invasion of BPQDs,
lipids in the mitochondrial membrane get oxidized and
the membrane potential of mitochondria is compromised,
which affected the ATP metabolism of mitochondria that
induced cell apoptosis.110 In addition to the mitochondria,
the lysosome macrophages (J774A.1 cells) in the BPQD
treated group were also more swollen than those in the
control group,112 and a similar effect can also be caused
by 2D MoS2 nanosheets.114 Here we speculated that there
are two causes of the swollen lysosomes. First, some of
the invading BPQDs were swallowed by the lysosomes.
Second, BPQDs induced oxidative damage and even death
of some organelles which were further cleared by the
lysosomes. Beyond that, ROS can activate caspase-3, a key
enzyme in the apoptosis process, and trigger the apoptotic
response.115 The activation of caspase-3 can cause a
programmed death of cells.116 Almost 65% of caspase-3
was activated under 100 μg ml−1 NBP treatment for 48
hours.110 From these points, we can conclude that ROS
generation is a key factor in cell dysfunction and
apoptosis.

4.1.3 Cellular fate after NBP exposure. The viability and
proliferation of cells are always evaluated through 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide

(MTT), cell counting kit-8 (CCK-8) and 3-(4,5-dimethyl-2-
thiazolyl)-5-(3-carboxymethoxypheny)-2-(4-sulfophenyl)-2H-
etrazolium, inner salt (MTS) assays. The mitochondrial
activity of cells is a sensitive parameter in reflecting the cell
viability. The MTT/CCK-8/WST-8 molecule can be reduced to
a kind of product such as formazan with the proliferation of
cells by the amber dehydrogenase of the mitochondria in
living cells. Cell viability is calculated by quantifying the
reduced product through optical absorbance measurement.
Here, we have summarized the cytotoxicity of different NBPs
on different cell lines under a variety of detection assays
(Table 1). As for the cytotoxicity of BPQDs and NBP, previous
reports revealed that the viability of HeLa cells is no less than
90% even after being incubated with ultra-small BPQDs at a
concentration of 0.5 mg ml−1 for 48 hours80 and BPNSs at a
concentration of 0.1 mg ml−1 for 72 h.27 The viability of
MDA-MB-231 cells treated with ultrathin NBP (2 nm of
height) for 4 hours at the highest concentration of 0.2 μg
ml−1 is stable in a normal range.56 To clarify the relationship
between the size of BP nanomaterials and cytotoxicity, three
types of BPNSs varying from lateral sizes and thicknesses
called BP-1, BP-2 and BP-3 were prepared to test their
cytotoxicity.105 After being incubated with mouse fibroblasts
(NIH-3T3), human colonic epithelial cells (HCoEpiC) and
human embryonic kidney cells (293T) to test their
cytotoxicity, BPNSs with the largest size showed the most
severe toxicity while the smallest sized NBP showed a
moderate toxic effect (Fig. 9A). From this point, it is clear that

Fig. 8 ROS induced by NBP disordered cell functions. ATP metabolism (A and C), the morphology of lysosome (B) and TNF-α. Cytokine excretion
(D and E) of macrophages under the treatment of bare BP and TiL4@BP, * indicates p < 0.05. Reprinted from Qu et al.112 Copyright 2017 The
Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Table 1 Cytotoxicity of different sized NBP

Type of NBP TEM/DLS Cell line
Assay
indicators Effect Ref.

NBPS Hydrodynamic diameter:
960 ± 303 nm

L-929 CCK-8 kit Viability is around 37% at the concentration
of 62 μg ml−1 for 24 hours

102

BPQD — J774A.1 ATP assay ATP content was significantly decreased to around 50% at 1 μg
ml−1 treatment for 12 hours, dose and time dependent

112

BPQD — Raw 267.4 ATP assay ATP content stayed normal at 1 μg ml−1 treatment for 24 hours 112
NBPS Diameter: 884.0 ± 102.2 nm NIH3T3,

HCoEpiC,
293T

Real-time cell
analysis

IC50 value is 3.93, 47.31 and 1.52 μg ml−1 of NIH3T3, HCoEpiC
and 293T, respectively, 24 hours treatment, dose dependent

105
Thickness: 91.9 ± 32.0 nm

NBPS Diameter: 425.5 ± 78.8 nm NIH3T3,
HCoEpiC,
293T

Real-time cell
analysis

IC50 value is 8.15, 175.13 and 7.10 μg ml−1 of NIH3T3,
HCoEpiC and 293T, respectively, 24 hours treatment, dose
dependent

105
Thickness: 27.0 ± 12.0 nm

NBPS Diameter: 208.5 ± 46.9 nm NIH3T3,
HCoEpiC,
293T

Real-time cell
analysis

IC50 value is 44.51 and 63.72 μg ml−1 of NIH3T3 and 293T,
respectively, IC50 value of HCoEpiC cannot be detected under
the highest dosage, 24 hours treatment, dose dependent

105
Thickness: 17.4 ± 9.1 nm

L-NBPS Diameter: 394 ± 75 nm LO2
HeLa
MCF-7

CCK-8 Viability of all cell lines is higher than 80% under the highest
concentration of 50.0 μg ml−1 for 48 hours

122
Thickness: 16.50 ± 1.27 nm

M-NBPS Diameter: 118 ± 22 nm LO2
HeLa
MCF-7

CCK-8 Viability of all cell lines is higher than 80% under the highest
concentration of 50.0 μg ml−1 for 48 hours

122
Thickness: 6.07 ± 0.21 nm

S-NBPS Diameter: 4.5 ± 0.6 nm LO2
HeLa
MCF-7

CCK-8 Viability of all cell lines is higher than 80% under the highest
concentration of 50.0 μg ml−1 for 48 hours

122
Thickness: 2.27 ± 0.21 nm

NBPS Diameter: several hundred
nanometers

LO2 MTT,
Live/Dead
staining assay

Viability of all cell lines is higher than 80% under the highest
concentration of 2.0 mg mL−1 for 48 hours

44

Thickness: 4.0 ± 1.0 nm
BPQDs Diameter: 2.7 ± 0.7 nm HeLa Annexin

V-FITC/PI
staining

Viability of cell is 36% under 200 μg mL−1 for 24 hours, ROS
content increased with increasing dose

28
Thickness: 1.5 ± 0.8 nm

NBPS Diameter: several hundred
nanometers

MDAMB-231 MTT Little effect on the cell viability in the dark in the highest
concentration of 2.0 μg ml−1 for 4 hours

56

Thickness: ∼2.0 nm
BPQD Diameter: 2.1 ± 0.1 nm RBCs Morphology Morphology of the RBCs stayed normal under the 0.1–0.5 mg

ml−1 treatment for 24 hours
80

NBPS Diameter: 208.2 ± 10.6 nm HeLa MTT Viability is higher than 90% under 100 μg ml−1 treatment for
48 hours

27
Thickness: ∼5 nm

NBPS Hydrodynamic diameter:
164 ± 24 nm

C2C12 CCK-8 Viability is ∼ 30% and lower than 20% under 250 μg ml−1

treatment for 24 h and 48 h, dose- and time dependent
81

NBPS — NIH3T3 LIVE/DEAD
staining assay

Viability is ∼60% when treated with a concentration of 100 μg
ml−1, <10% at concentration of 200 μg ml−1

123

BPQDs Diameter: ∼10 nm HeLa
COS-7
CHO-K1

MTT Viability is no less than 90% under the highest concentration
of 1 mg mL−1 for 12 hours

26
Thickness: ∼8 nm

BPQD Diameter: 3.3 ± 0.6 nm HeLa MTT Viabilities of all cell lines are higher than 90% under the
highest concentration of 40.5 μg ml−1 for 24 hours

88
LO2

NBPS — A549 MTT & WST-8 Viabilities are 34% (MTT) and 48% (WST-8) at 50 μg ml−1

exposure for 24 hours
119

NBPS Diameter: ∼200 nm 4T1 CCK-8 Viabilities of all cell lines are higher than 95% at the highest
dosage 100 μg ml−1 exposure for 72 hours

97
HUVEC AM/PI staining
U251
LLC

NBPS Diameter: ∼500 nm BEAS-2B MTT Viability is reduced from 80% (24 h) to 38% (48 h) under 100
μg ml−1 treatment, reduced from almost 85% to 38% with the
increase of dosage from 50 μg ml−1 to 100 μg ml−1 for 48 hours,
ATP is decreased and also time- and dose-dependent

110
Thickness: 5.3–5.9 nm Annexin

V-FITC/PI
apoptosis
assay

BP flakes Diameter: ∼2 μm NIH3T3
nHDF
HT1080

CCK-8 Viabilities of all cell lines are time- and dose-dependent 124
Thickness: 5–10 nm
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the cytotoxicity response of NBP is size dependent. This
result is unlike that of 2D MoS2; although the cytotoxicity of
MoS2 is size dependent, it is the smallest lateral size that
induces the most severe toxic effect.117 Another kind of two-
dimensional (2D) nanomaterial, graphene oxide (GO), was
also discovered to induce cytotoxicity because of the direct
reaction with the cell membrane.118

Although many of the reports showed that NBP is
compatible in the biological environment under some certain
dosages, some argue about this conclusion. Xing et al. found
that bare NBP significantly reduces the viability and
proliferation of mammalian cell lines such as NIH3T3,
HCoEpiC and 293T and causes apoptosis of these cell lines.
According to Fig. 9B, intracellular ROS generation in NBP
treated groups is around ten-fold higher than that of the
control group. This means that the existence of NBP caused
ROS generation and led to cell apoptosis.105 Also, compared
to BPNSs, BPQDs are easier to be endocytosed into the cell
without disruption of membrane integrity, but they can
induce cell apoptosis by ROS generation that is dose-
dependent as well.67 Interestingly, Prof. Martin Pumera and
his team revealed that BP could reduce the MTT assay
reagent into insoluble formazan during the MTT test, which
interferes with the absorbance measurement and the cell
viability is overestimated.119 This is mainly because P is easily
oxidized and the MTT reagent is easily reduced, so the
coincubation of these two makes the redox reaction easily
occur. If this does happen, the addition of NBP may
influence all these kinds of viability test assays with the same
detection principle. For improving the biocompatibility of
NBP, a variety of innovative approaches for surface
modification have been tried to reduce its biological toxicity.
Since P is easy to be oxidized, materials such as polyethylene
glycol (PEG), poly(lactic-co-glycolic acid) (PLGA), titanium
sulfonate ligand (TiL4), liposomes and so on are used for
NBP functionalization. Many reports verified that the
biocompatibility of BPQDs improved a lot after being layered
with PEG;47,81,120 the MTT tested viabilities of 293T, C6,
MCF7 and HSC cell lines were higher than 80% after being
incubated with PEGylated BPQDs at a concentration of 200
μg ml−1 for 48 hours.33 Moreover, NBPs modified with PEG
exhibited little side effect on HeLa cells as well.53,94 This
suggested that the existence of PEG on the surface of NBP
protects the core from being oxidized and further reduces the
bio-interaction between nanoparticles and cells. Besides,
modification using polymer materials and bio-materials also
made NBP more stable in biological environments and more
biocompatible when it was used in theranostic
applications.121 This further confirmed that surface
functionalized NBP is safer than the bare ones.

4.2 In vivo toxicity assessment of NBP

It is well known that the retention and metabolism of
nanomaterials in organisms play a great role in biosafety
assessment of nanomaterials. If the invasive exogenous

nanoparticles cannot be excreted out of the body, nano–bio
interactions between nanoparticles and organs are inevitable
since the exogenous materials always accumulate in the liver
and spleen due to the reticuloendothelial system (RES). The
nanoparticles, such as metal quantum dots,22 semiconductor
quantum dots,125 polymer quantum dots, etc.,126 have been
reported to be mainly distributed in the liver, spleen and
kidney after entering the mice. Other studies revealed that
the average body weight displays a downward trend in the
first week after injection of NBP, but it returns to normal
levels in the following month as compared to that of the
untreated group,80 and studies confirmed that the nano–bio
interactions between NBP and in vivo organisms are the main
causes of this phenomenon.127,128

4.2.1 Toxic effect of NBP on blood circulation. The blood
circulatory system connects the whole body, thereby it must
be quite sensitive in responding to the invasion of
nanomaterials. Differential count of blood cells and some
protease levels in the blood are common indicators to assess
the health condition of an individual. Zhao and Wei et al.
added bare BPQDs and NBP into the whole blood of mice to
simulate the potential nano–bio interactions between NBP
and the blood circulatory system.45 They found that a lot of
plasma proteins attached themselves to the surface of BPQDs
and BPNSs to form NBP–corona complexes including the
BPQD–corona complex and BPNS–corona complex, which
changed the hydrodynamic diameter of BPQDs and BPNSs
from 5.6 ± 1.2 nm and 338.4 ± 2.3 nm to 362.5 ± 5.6 nm and
365.3 ± 5.9 nm, and refined the morphology of BPQDs from
ultra-small nanosheets to spherical nanoparticles. Previous
reports declared that plasma proteins can adhere to the
surface of nanoparticles as soon as they are exposed to the
nanoparticles.129 In this study, the zeta potential of BPQDs
and BPNSs was reduced from −20.6 mV and −18.1 mV to −7.8
mV and −13.7 mV after their entry into the whole blood,
which implied that plasma proteins attached themselves to
the surface of BP nanoparticles in a short time (Fig. 10A). We
speculated that the negatively charged BP nanoparticles
mainly attracted the positively charged proteins,45 but further
analysis showed that almost 62.00% and 64.93% of proteins
that attached to the BPQD–corona complex and BPNS–corona
complex were negatively charged. From this aspect, it can be
concluded that charge absorption may not be the main
driving force during the reaction between BP nanoparticles
and plasma proteins.

According to the results of research done by Mu et al.
(Fig. 10B), the half lifetime of bare BPQDs is 0.8 hours during
blood circulation; after intraperitoneal injection of 200 μL of
1.7 mg mL−1 BPQDs, globulin (GLOB) in the blood of male
C57BL/6 mice gave a sharp increment one day post-treatment
(P < 0.05) and then recovered after one week, while the level
of glucose (GLU) dropped sharply from 3.4 mmol L−1 (control
group) to 1.4 mmol L−1 in 24 hours, but gradually returned to
normal levels one month post-injection. The drop in the GLU
level could be related to the weight lost on the first day after
treatment. Other abnormal biochemical indicators such as
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Fig. 9 A) Percentage of cell responses of different cell lines: NIH3T3 (a–c), HCoEpiC (d–f), and 293T cells (g–i), after 12 h, 24 h and 48 h of
exposure to layered BP. B) Intracellular ROS detection of NIH3T3 cells exposed to 10 μg mL−1 of layered BP for 4 h via DCF-DA staining: a) control,
b) BP-1, c) BP-2, and d) BP-3; e and f) fluorescence intensity and flow cytometry analysis. Reprinted from Zhang et al.105 Copyright 2017 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.
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RBC count, liver function parameters (ALT, AST) and renal
function parameters (CREA, BUN) also went back to normal
levels in 30 days post-injection.28 For assessing the potential
vascular risk of NBP, Chen et al. examined the aortic
structure of C57BL/c mice after being injected intravenously
with 100 μg mL−1 NBP dispersion (100 μL) for 1 day and 7
days, respectively. The results showed no difference in aortas,
but the transcriptome aberration of mouse aortas might
trigger abnormal vasoconstriction.130 However, after bare
NBP was modified by some surface functional materials, the
hemotoxic effect changed a lot. When 7.1 mg kg−1 of
PEGylated NBP was intravenously injected into BALB/c mice,
there was no influence on mouse blood hemogram indicators
in 1 day, 7 days and 14 days post-injection.94 Similarly, 0.2
mg PLGA-encapsulated BPQDs (BPQDs/PLGA) were
biocompatible when they were injected into the blood
circulation system of mice for 1 day, 7 days and 28 days.48 All
the results above show that certain specific amounts of
BPQDs can cause short term hemotoxicity in an organism

which gradually becomes better as time passes. The cause of
in vivo hemotoxicity of NBP requires further investigation,
but one thing can be surely said, that is, surface modification
greatly improves the stability of BP nanomaterials, thereby
effectively improving the biocompatibility of BP
nanomaterials and mitigating their toxic effect.

4.2.2 Immunological toxicity of NBP. Compared to the
in vitro surroundings, the in vivo environment is much more
complicated. Almost 70% of the NBP bound proteins in the
blood circulatory system are immune relevant proteins, and
some of these immune system proteins play the role of
opsonin which labels nanoparticles as foreign invaders that
can attract phagocytes like macrophages and neutrophils,
leading to swallowing of these invasive nanoparticles by
phagocytosis (Fig. 11A). It has been confirmed that BP–
corona complexes interact with stromal interaction molecule
2 (STIM2) inducing Ca2+ influx, which further induces the
activation of p38 and NF-κB and causes the polarization of
M0 macrophages to M1 macrophages.131 The NF-κB pathway

Fig. 10 Nano–bio interaction between bare NBP and the blood circulatory system. A) Hydrodynamic sizes (a and b) and zeta potentials (c) of BP and
BP–corona complexes. Reprinted from Mo et al.45 Copyright the 2018 Nature Communications. B) Hematological data like the count of (a) RBC and
blood chemistry analysis including (b) ALT, (c) AST, (d) CREA, (e) GLU, (f) GLOB of mice after BPQD treatment. Reprinted from Mu et al.28 Copyright the
2017 American Chemical Society.
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plays an essential role in inflammatory reactions,132 that is
why the levels of proinflammatory cytokines such as IL-1ß,
IL-6, IL-8. IL-9 and IL-10 rise significantly. Besides, exposure
to bare BPQDs caused DNA damage of bone marrow
nucleated cells (BMNCs) collected from bilateral femurs of
mice after 1-day treatment. BMNC is a kind of macrophage
that plays a critical role in hematopoietic function, and its
reduction may weaken the hematopoietic capacity in mice.
Exhilaratingly, the DNA damage and the decrease of BMNCs
recovered on days 7 and 30 respectively post-injection, which
means that the resulting damage caused by BP exposure is
temporary and the organism can recover by itself.28

Additionally, intravenous injection of 500 μg kg−1 of bare
BPQDs into BALB/c mice induced a dramatic increase of
neutrophils in peripheral blood, and cytokines including
TNF-α, eotaxin, IL-6, MCP-1, KC, MIP-1, MIG-1 and VEGF in
serum were significantly increased as well (Fig. 11B).
Moreover, immune cells (F4/80+/+monocytes/monocyte) were
recruited in a large number (31.4%) by the spleen after the

invasion of bare BPQDs, even more than twice of the level of
the control group (15.1%), which means that the
accumulation of BPs in the spleen can induce serious
inflammation. Gratifyingly, BP modified with TiL4 (TiL4@BP)
has not caused any significant difference in all the indicators
detected above compared to those of the control group,
mainly because the modified TiL4 effectively improved the
stability of BP and limited the reaction of BP with the
surrounding oxygen, thereby avoiding the occurrence of
inflammatory stress in vivo.112 Other biocompatible
modification materials such as cellulose also work in
reducing the toxicity of NBP, and cytokines including TNF-α,
IL-1 and IL-6 in the serum of C57BL/6 mice were in a healthy
range after being subcutaneously injected with 380 ppm
cellulose@NBP.77 So, although the toxic effects brought by
the invasion of bare NBP can be eliminated by the immune
system of the living body itself, it is better to do some
biocompatible functionalization of NBP when it is used in
biomedical applications.

Fig. 11 Macrophage polarization and inflammation response induced by the invasion of NBP. A) Changes of mark gene levels (a and b) of M1 and
M2 macrophages after BP–corona complex (BPCC) treatment. (c) Intracellular Ca2+ concentration in macrophages stained with Fluo-4 AM after
NBPS and BPCC treatment. Reprinted from Mo et al.131 Copyright the Royal Society of Chemistry 2020. B) Levels of inflammatory cytokines in
mouse serum 1 d post-treatment of PBS (Ctrl), bare BPs and TiL4@BPs, *p < 0.05. Reprinted from Mu et al.28 Copyright the 2017 American
Chemical Society.
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4.2.3 Nephrotoxicity of NBP. The study of Shao et al.
discovered that BPQDs modified with PLGA (BPQDs/PLGA) and
coupled with the fluorescent molecule Cy5.5 can aggregate in
the liver, spleen and kidney of tumor-bearing mice after tail vein
injection.48 Recently, NBP was found to cause nephrotoxicity in
mice. He et al.133 revealed that bare NBP with a hydrodynamic
size of 15.1 ± 1.8 nm induced a significant toxic effect on the
kidney of BALB/c mice after being intragastrically administered
with 1 mg kg−1 bw−1 d−1 NBP for 7 days. After the treatment, the
uric acid (UA) content and creatinine content in the serum of
mice were significantly increased and decreased, respectively
(Fig. 12). The histology staining of kidney tissues displayed that
NBP exposure caused the increment of neutrophils and
degeneration of tubules, which indicated that NBP invasion
disrupted the structure of the kidney. What's more, NBP was
found to increase the serum adiponectin level (from 8.21 mg
L−1 to 10.32 mg L−1) and decrease the serum leptin level (8.87
mg L−1 to 7.60 mg L−1) significantly. According to previous
studies, adiponectin is a adipokine related to glucose uptake
and insulin sensitivity,134 leptin is another adipokine related to
insulin sensitivity and kidney disease,135 and the leptin/
adiponectin ratio is considered a diagnostic biomarker of
kidney disease since it is positively associated with insulin
insensitivity.136 In the study of He et al., the value of the leptin/
adiponectin ratio was decreased significantly after NBP
treatment compared with the negative control group. And the
expression of IRα, IRS1, IRS and AKT, proteins involved in the
insulin response process, was significantly decreased in kidney
tissues. Besides, they also found that NBP can also upregulate
the expression of endoplasmic reticulum (ER) stress markers
GRP78, IRE1α and XBP1s137 significantly and further induce ER
stress in kidneys. Interestingly, the in vitro experiment showed
that inhibiting the ER stress IRE1α pathway can reverse the
decrement of viability and insulin sensitivity in NBP-mediated
renal tubular epithelial cells, which demonstrated that ER stress
related IRE1α signaling can mediate the nephrotoxicity

including ER stress and insensitivity induced by NBP.
Fortunately, Raman spectra revealed that the concentration of
PO4

3− in the urine of mice rose sharply within 12 hours after
BPQD injection. PO4

3− is consistent with the product obtained
by oxidation of BP in air, and this made them speculate that
BPQDs in in vivo surroundings can be degraded to phosphate
and excreted through urine.28

4.2.4 Developmental toxicity of NBP. A previous study138

showed that 2D graphene oxide can affect the development
of zebrafish embryo through chorion damage, oxidative
stress, mitochondrial toxicity and so on. Similarly, Yang
et al.139 discovered that NBP with an average thickness of 60
nm and −23.6 mV zeta potential also affected the
development of zebrafish embryo. Their NBP could aggregate
on the chorion surface, then gradually penetrate into
zebrafish embryo. By investigating the indicators of hatching,
survival, morphology and heart rate during embryogenesis,
NBP with a dosage of 50 mg L−1 significantly decreased the
hatching rate at 72 hours post fertilization and caused 100%
death at 96 hours post fertilization. The development of
malformations such as spinal curvature, pericardial edema
and yolk sac edema occurred in embryos after 96 hours of
treatment of 20 mg L−1 NBP. The average heart rate of
zebrafish of the NBP treated group decreased in a
concentration-dependent manner compared with that of the
control group (169 beats per minutes). Since heart
development plays an important role in zebrafish
embryogenesis,140,141 the author quantified the blood flow in
the caudal of zebrafish. It was found that no red blood cells
(RBCs) can be examined in the heart area of zebrafish
embryo (Fig. 13A), and 10 mg L−1 of NBP caused abnormality
in the cardiovascular system of zebrafish embryo and
significantly slowed the blood circulation by 91.3% compared
to the untreated group (Fig. 13B and C). Results of the
transcriptomic analysis on embryos of zebrafish
demonstrated that 2 mg L−1 NBP treatment disrupted the

Fig. 12 ER stress in kidneys caused by NBP and CdTe quantum dots in mice. A) TEM image showing ER swelling (arrow) and ER-phagy (asterisks)
in the tissue of kidneys. Scale bar of upper panels: 1 μm, scale bar of lower panels: 0.5 μm. B) Level of proteins including ER stress (GRP78, IRE1α,
and XBP1) and ER-phagy (FAM134B and LC3B) examined by western blot.133 Reprinted from He et al. Copyright the 2020 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.
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signaling pathway related genes associated with muscle
development, focal adhesion, oxygen involving process and
so on.

5 Conclusion

As novel 2D nanomaterials with excellent fluorescence
performance, high photothermal conversion, and large drug
loading capacity, various NBPs have been designed and
applied in biosensing, bioimaging, therapy and drug delivery.
However, similar to other types of 2D nanomaterials, the
toxicity concern and exposure risk hinder their wide
biological applications. Here, we introduced different
preparation and functionalization methods to improve the
stability, biocompatibility, photothermal conversion
efficiency or ROS generation of NBP for bioengineering
applications. The important parameters of fabrication were
analyzed in detail. Meanwhile, the biomedical applications of
NBP, including biosensing, fluorescence/photoacoustics/
photothermal imaging, photothermal/photodynamic therapy
and drug delivery, were discussed. In addition, the toxicity
assessment of NBP for cells and animals was emphasized
from in vitro nano–bio interaction to toxic effects for various
systems in animals.

Although the rapid development of NBP has shown
excellent merits and great potential for bioengineering
applications, there are still two huge challenges to be
addressed before practical clinics. 1) The biodistribution and
exposure risk of NBPs should be investigated extensively
before they are applied in clinics. Besides the immune
system, urinary system, and reproductive system, the
interactions between the circulation/nervous/genetic/digestive/
respiratory system and NBP should be studied systematically.
2) A standardized protocol should be set up to evaluate the
toxicity of various NBPs. The reported dosage and the
treatment of NBP for cells and animals from different
research groups differed sharply, which makes it impossible
to compare the toxicity of various NBPs. It also hinders the
optimization and improvement of biocompatible NBP.

With this review, we hope to encourage further
exploitation of NBPs to develop more practical nanomaterials
for biomedical applications.
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