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Abstract: Black phosphorus quantum dots (BPQDs) were
synthesized using a liquid exfoliation method that combined
probe sonication and bath sonication. With a lateral size of
approximately 2.6 nm and a thickness of about 1.5 nm, the
ultrasmall BPQDs exhibited an excellent NIR photothermal
performance with a large extinction coefficient of 14.8
Lg ' em™ at 808 nm, a photothermal conversion efficiency of
28.4 %, as well as good photostability. After PEG conjugation,
the BPQDs showed enhanced stability in physiological
medium, and there was no observable toxicity to different
types of cells. NIR photoexcitation of the BPQDs in the
presence of C6 and MCF7 cancer cells led to significant cell
death, suggesting that the nanoparticles have large potential as
photothermal agents.

Owing to the superior tissue-penetration ability of near-
infrared (NIR) light[!! NIR photothermal agents have
attracted considerable attention in cancer photothermal
therapy (PTT),” drug/gene delivery,”! and tissue engineer-
ing.™ The ideal photothermal agent should not only have
a considerable extinction coefficient and photothermal con-
version efficacy in the NIR region, but also satisfy the strict
safety requirements of clinical use.”! The biocompatibility of
chemical components is the first consideration to ensure
safety and proper surface functionalization by means of, for
example, biocompatible polymers such as PEG, which can
improve the biocompatibility and facilitate tumor targeting.[°!
The particle size influences both the toxicity and clearance
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characteristics.” In clinical applications, the therapy agents
should be completely cleared from the human body within
a reasonable period. Typically, efficient renal and liver
clearance requires the agents to be smaller than 10 nm."*d
Various nanoparticles with good NIR optical properties have
hitherto been developed, and they exhibit efficient photo-
thermal performance in vitro and in vivo.>*?!l However, very
few nanoparticles meet the safety requirements, and hence,
the development of new biocompatible photothermal agents
is of scientific and clinical interest.

Herein, we describe the synthesis and photothermal
properties of ultrasmall black phosphorus quantum dots
(BPQDs), which display an excellent NIR photothermal
performance and biocompatibility. Phosphorus is a vital
element in the human body, amounting to approximately
660 g in an adult human and accounting for 1% of the body
weight. As one of the three allotropes of phosphorus, black
phosphorus (BP), a conceptually new two-dimensional (2D)
layered material, has received much interest owing to its
unique layered structure and a layer-dependent bandgap of
0.3 to 2.0 V.2 Mechanical and liquid exfoliation methods
have been adopted to prepare BP nanosheets with different
numbers of layers and sizes/” and the products have
fascinating applications in electronics and photoelectric
devices.” However, their application in biomedicine is still
in its infancy owing to the lack of suitable synthesis strategies.

We have now prepared a highly dispersed suspension of
ultrasmall BPQDs with a lateral size of approximately 2.6 nm
and a thickness of approximately 1.5 nm by a simple liquid
exfoliation technique. As illustrated in Figure 1a, liquid
exfoliation involves ultrasound probe sonication followed by
ice-bath sonication of bulk BP powder in 1-methyl-2-pyrro-
lidone (NMP). The ultrasmall BPQDs obtained by centrifu-
gation were dispersed in water, and PEG was conjugated to
enhance their stability in physiological medium (for more
details on the synthesis, see the Supporting Information).
Both probe sonication and bath sonication are commonly
used in the exfoliation of 2D layered materials including
BP9 Although it seems that bath sonication is more
efficient in breaking bulk BP into smaller particles than probe
sonication,™¥ the use of only one of them can only result in
irregular BP nanosheets (see the Supporting Information,
Figure S1). In our method, probe sonication and bath
sonication are combined to exfoliate bulk BP crystals into
ultrasmall BPQDs. It has been reported that BPQDs can be
synthesized by grinding followed by ice-bath sonication of
micrometer-sized BP crystals.”? For comparison, probe
sonication is more reproducible than grinding and commer-
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Figure 1. Synthesis and characterization of the BPQDs. a) Synthesis and surface modification. b) TEM image. c) Magnified TEM image. d) HR-
TEM image. e) AFM image. f) Height profiles along the red lines in (e). g) Statistical analysis of the lateral sizes of 100 BPQDs determined by
TEM. h) Statistical analysis of the heights of 100 BPQDs determined by AFM. i) XPS spectrum. j) Raman spectra.

cially available bulk BP crystals can be used directly as the
starting materials in our synthesis.

Transmission electron microscopy (TEM) and atomic
force microscopy (AFM) were employed to examine the
morphology of the BPQDs. The TEM images in Figure 1b
and c reveal ultrasmall BPQDs, and the high-resolution TEM
(HRTEM) image in Figure 1d shows lattice fringes of
0.34 nm, which were ascribed to the (021) plane of the BP
crystal. ! The topography of the BPQDs is shown in
Figure 1e and f, and the measured heights were 0.8, 1.3, and
1.8 nm. According to the statistical TEM and AFM analysis of
100 BPQDs (Figure 1g,h), the average lateral size was 2.6 +
1.8 nm and the average thickness 1.5 £ 0.6 nm, corresponding
to a stack of 2 &+ 1 quintuple layers (QLs) of BP. The chemical
composition of the BPQDs was determined by X-ray photo-
electron spectroscopy (XPS) after the sample had been
sputtered for 5 min to remove any surface contaminants (see
Figure 1i and Figure S2). The BPQDs show the 2p*? and 2p'”?
doublets at 129.3 and 130.2 eV, respectively, which are
characteristic of crystalline BP?*“ Furthermore, strong
sub-bands corresponding to oxidized phosphorus (i.e., PO,)
are apparent at 133.9eV, which have been observed in
previous measurements.” BP is sensitive to water and
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oxygen and can be oxidized under visible-light irradiation.
Oxidation is thus unavoidable in biomedical applications. In
our study, the BPQDs were exfoliated under ambient
conditions and dispersed in an aqueous solution. Hence,
some surface oxidation is expected to occur. Although
oxidization may influence the electrical properties of the BP
nanosheets, our experiments showed that surface oxidization
did not lead to a decrease in NIR absorption or a deterioration
of the photothermal performance of the BPQDs.

The BPQDs were also characterized by Raman spectros-
copy. As shown in Figure 1], the three prominent peaks can
be attributed to one out-of-plane phonon mode (A;) at
359.5 cm™" as well as two in-plane modes, B, and Az, at 436.0
and 463.3 cm ™', respectively. Compared to bulk BP, the A,
B,,, and Aé modes of the BPQDs are red-shifted by
approximately 1.3, 2.4, and 1.7 cm ™!, respectively. A similar
red shift has been observed for BP nanosheets with a few
layers.!

The stability of the BPQDs in physiological medium is
enhanced by surface modification with PEG. Although bare
BPQDs are soluble in water, they aggregate in the presence of
salts (Figure 2 a and Figure S3). Positively charged PEG—NH,
(see Figure 1a) was thus used to coat the surface of the
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coefficient of the BPQDs was higher
than that of GO nanosheets
(3.6 Lg~'em™)," but lower than that
of WS, nanosheets (23.8 Lg~'cm™).[%%
Nevertheless, the use of BPQDs as
ultrasmall photothermal agents is
attractive.
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Figure 2. NIR optical properties of the BPQDs. a) Photographs of BPQDs (i) and PEG-modified
BPQDs (i) dispersed in water or PBS solution. b) Absorbance spectra of PEG-modified BPQDs
dispersed in water at different concentrations. The top curve corresponds to a BPQD concen-
tration of 22.0 ppm. For each subsequent curve, the suspension was diluted by a factor of 2.
Inset: Normalized absorbance intensity divided by the characteristic length of the cell (A/L) at
different concentrations for 1 =808 nm. c) Photothermal heating curves of pure water and PEG-
modified BPQDs dispersed in water at different concentrations under irradiation with an 808 nm
laser (1.0 Wem™2). d) Heating of a suspension of the PEG-modified BPQDs in water for five laser

on/off cycles.

BPQDs by electrostatic adsorption.”® After surface modifi-
cation, the zeta potential of the BPQDs changed from —26.0
to —13.2 mV. The PEG-modified BPQDs exhibited enhanced
stability in physiological solutions, such as phosphate buffered
saline (PBS) and cell-culture media.

The NIR extinction and photothermal properties of PEG-
modified BPQDs dispersed in water solution are shown in
Figure 2b. The optical absorption spectra acquired with the
BPQDs show a broad absorption band spanning the UV and
NIR regions and are similar to those of other 2D layered
materials, such as graphene oxide (GO)!'! and WS,.[) The
normalized absorption intensity over the characteristic length
of the cell (A/L) at 4 =808 nm at different concentrations (C)
was determined (see Figure 2¢), and the amount of BPQDs
was determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES). In agreement with the
Lambert-Beer law (A/L=aC, where « is the extinction
coefficient), a linear trend was observed for the dependence
of A/L on the concentration, and the extinction coefficient at
808 nm was estimated to be 14.8 Lg 'cm ', For comparison,
the extinction coefficient of Au nanorods (AuNRs),
a common photothermal agent, was determined by the
same procedures (see Figure S4). The extinction coefficient
of the BPQDs (14.8 Lg 'cm™") is approximately 3.8 times
larger that that of the AuNRs (3.9 Lg™'cm™). Compared with
previously reported 2D layered materials, the extinction
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only 2.1°C, indicating that the BPQDs
can rapidly and efficiently convert NIR
light into thermal energy. Furthermore,
by means of a reported method,”” the
photothermal conversion efficiency of
the BPQDs was determined to be
approximately 28.4 %, which is signifi-
cantly higher than those of commercial
Au nanoshells (13%) and AuNRs
(21%).3% A direct comparison of
the photothermal performance of the
BPQDs and AuNRs is shown in Fig-
ure S5. Solutions containing 20.3 ppm
BPQDs or 77.9 ppm AuNRs were prepared to account for
their optical densities at 808 nm. After the same 808 nm laser
irradiation, a larger temperature increase was observed for
the BPQD solution. Considering that smaller amounts of the
BPQDs were used, the photothermal performance of the
BPQD:s is clearly superior to that of the AuNRs.

To further assess the photothermal stability of the
BPQDs, the temperature of a PEG-BPQD dispersion upon
radiation with an NIR laser for Smin (laser on) was
monitored with time, followed by natural cooling to room
temperature after the NIR laser has been turned off (laser
off). This cycle was repeated five times to evaluate the
photostability of the BPQDs. The photothermal effect of the
BPQDs did not deteriorate during temperature elevation,
highlighting their large potential as photothermal agents.

Nanomaterials used in biomedicine must be of sufficient
biocompatibility, and therefore, the cytotoxicity of the
BPQDs to several types of cells was examined (Figure 3).
The standard methyl thiazolyl tetrazolium (MTT) assay was
carried out to determine the relative viabilities of HSC
(hepatic stellate cells), 293T (human embryo kidney cells), C6
(glioma cells), and MCF7 (breast cancer cells) cells after
incubation with the PEG-modified BPQDs at different
concentrations (20, 50, 100, 150, and 200 ppm) for 48 hours.
No cytotoxicity could be observed for the four types of cells
even at a high concentration of 200 ppm, which is much higher

60
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Figure 3. Relative viabilities of HSC, 293T, C6, and MCF7 cells after
incubation with various concentrations (20, 50, 100, 150, and
200 ppm) of PEG-modified BPQDs for 48 h.

than that used in the following photothermal experiments,
suggesting good biocompatibility and suitability for biomed-
ical applications.

The photothermal effect of the BPQDs in cancer cells was
then investigated (Figure 4). C6 and MCF7 cancer cells were
incubated with the BPQDs for fours hours, and the cells were
illuminated with an NIR laser (808 nm, 1.0 Wcm™?) for
10 min. The live/dead cells were differentiated by calcein
AM (live cells, green fluorescence) and propidium iodide (PI;
dead cells, red fluorescence) co-staining after the PTT
treatment (Figure 4a). A BPQD-dose-dependent PTT effect
was observed for both the C6 and MCF7 cells. Almost all of
the cells were killed after incubating with only 50 ppm of the
PEG-modified BPQDs and exposure to the NIR laser. In
contrast, exposure of the cells to the NIR laser in the absence
of the BPQDs did not compromise cell viability. Similar
results were also obtained by the standard MTT assay
(Figure 4b,c). Furthermore, the BPQDs showed no dark
toxicity to these cells at concentrations between 20 and
200 ppm (see Figure 3). These results clearly demonstrate the
good PPT efficiency of the BPQDs in promoting cancer cell
death. It should be noted that by using only 50 ppm of the
BPQDs, the threshold of photothermal cell destruction using
an 808 nm laser was 1.0 Wem ™2 for 10 min. These conditions
are more moderate than those adopted for in vitro photo-
thermal cell destruction with Au nanoshells (35 Wcem ™2,
7min)?' and copper selenide nanocrystals (30 Wcem™,
5min)."¥l The excellent PPT efficiency of the BPQDs is
probably due to their ultrasmall size, facilitating their cellular
internalization into cancer cells.

In summary, a controllable liquid exfoliation method for
the synthesis of black phosphorus quantum dots has been
described, and their effectiveness as NIR photothermal
agents has been assessed. With a lateral size of approximately
2.6 nm and a thickness of about 1.5 nm, the ultrasmall BPQDs
exhibited an excellent NIR photothermal performance with
a large extinction coefficient of 14.8 Lg™' cm™" at 808 nm,
a photothermal conversion efficiency of 28.4 %, as well as
good photostability. After PEG conjugation, the BPQDs
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Figure 4. Comparison of the photothermal destruction of C6 and
MCF7 cancer cells upon addition of BPQDs (0, 25, or 50 ppm) and
irradiation with an 808 nm laser at 1.0 Wcm 2 for 10 min. a) Fluores-
cence images of cells stained with calcein AM (live cells, green
fluorescence) and Pl (dead cells, red fluorescence). b) Relative viabil-
ities of C6 cells after the various treatments. c) Relative viabilities of
MCF7 cells after the various treatments. Error bars are based on the
standard deviations (SDs) of six parallel samples.

showed enhanced stability in physiological medium, and there
was no observable toxicity to different types of cells. NIR
photoexcitation of the BPQDs in the presence of C6 and
MCEF7 cancer cells led to significant cell death, suggesting that
the nanoparticles have large potential in PTT applications.
Owing to their ultrasmall size, the BPQDs have a long blood
circulation time, enabling the attachment of additional non-
immunogenic or cellular targeting molecules for targeted
photothermal cancer therapy.
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