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Black Phosphorus

Black Phosphorus (BP) Nanodots for Potential
Biomedical Applications
Hyun Uk Lee, So Young Park, Soon Chang Lee, Saehae Choi, Soonjoo Seo,
Hyeran Kim, Jonghan Won, Kyuseok Choi, Kyoung Suk Kang, Hyun Gyu Park,
Hee-Sik Kim, Ha Rim An, Kwang-Hun Jeong, Young-Chul Lee,* and Jouhahn Lee*

Recently, the appeal of 2D black phosphorus (BP) has been rising due to its unique
optical and electronic properties with a tunable band gap (≈0.3–1.5 eV). While
numerous research efforts have recently been devoted to nano- and optoelectronic
applications of BP, no attention has been paid to promising medical applications. In
this article, the preparation of BP-nanodots of a few nm to <20 nm with an average
diameter of ≈10 nm and height of ≈8.7 nm is reported by a modified ultrasonicationassisted solution method. Stable formation of nontoxic phosphates and phosphonates
from BP crystals with exposure in water or air is observed. As for the BP-nanodot
crystals’ stability (ionization and persistence of fluorescent intensity) in aqueous
solution, after 10 d, ≈80% at 1.5 mg mL−1 are degraded (i.e., ionized) in phosphate
buffered saline. They showed no or little cytotoxic cell-viability effects in vitro
involving blue- and green-fluorescence cell imaging. Thus, BP-nanodots can be
considered a promising agent for drug delivery or cellular tracking systems.

1. Introduction
Extremely low-dimensional materials, especially 2D and
several-layered materials (graphene, silicene, germanene,
and stanene)[1] have been explored for a variety of extraordinary applications such as nanoelectronics,[2–5] energystorage devices,[6,7] composite materials, and (gas) sensors.[8]
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However, due to limitations such as the gapless band gap
(i.e., the semimetal graphene) and the large and indirect
band gap of transition-metal dichalcogenides (TMDCs)
including MoS[2] and WSe,[2,9] alternative 2D materials
have been persistently researched both theoretically and
experimentally. Perhaps most interestingly, atomically thin
and 2D black phosphorus (BP) with a direct and tunable
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band gap, based on the bridging of graphene and TMDCs, 2. Results and Discussion
are expected to be promising medical-application candidates.[10] In field-effect transistor (FET) devices, BP has For morphological structures and spectral analysis of BPdemonstrated a higher hole mobility and on/off ratio[11] nanodots, as shown in Figure 1a, each BP-nanodot ranges in
with reduced current fluctuation.[12] Despite such posi- diameter from a few nm to <20 nm, with an average width
tive characteristics of 2D BP materials, BP can be easily of 10 nm and height of approxmiately 8.7 nm, equivalent to
degraded under exposure to water and air,[13–15] resulting several layers of BP. The X-ray diffraction (XRD) pattern
in fast fluorescence decay by photobleaching. Thus far, cer- of the BP-nanodots, revealing reflective patterned peaks
tain practical (opto)electronic applications of BP crystals, of d020 = 5.2 Å, d040 = 2.6 Å, and d060 = 1.7 Å at 2θ = 16.9°,
including atomic-layer deposition of Al2O3,[12,16] encapsula- 34.2°, and 52.3°, respectively, indicate crystalline BP with
tion in a host molecule,[17] and substitution of Ti metal with orthorhombic structure (Figure 1b) [JCPDS no. 76-1957].
P atoms by our group,[18] have been shown to successfully With transmission electron microscopy (TEM), the morovercome the phosphorus-crystal instability problem under phology of the several-layered BP-nanodots, as prepared by
ambient conditions. BP has also attracted great interest in the modified ultrasonication-assisted solution method,[17,27]
many fields such as composites and sensors,[8] beyond-BP was shown to be well defined, of ≈8 nm and with crystal lattransistors, photodetectors,[19] thin-film solar cells,[20] anode tice fringes (Supporting Information, Figure S1).
materials in lithium-ion batteries,[6,21,22] as well as applicaIn optical studies of BP-nanodots, it is indicated the
tions with previous successes in the utilization of graphene optical properties of the UV–vis absorbance spectrum of the
(analogues or derivatives).[23–25]
BP-nanodots at 1.0, 0.5, and 0.25 mg mL−1 (Supporting InforVery recently, phosphorus has emerged as a biomedical mation, Figure S2), revealing a broad absorbance pattern at
probe that allows drug delivery, bioimaging and further 200–700 nm wavelengths within a distinctive UV range with
therapeutics. Compared with conventional semiconductor an inset digital camera photograph of a vial containing BPquantum dots associated with long-term toxicity and envi- nanodots at 1.0 mg mL−1 with a yellow-brown color. In the
ronmental concerns owing to the use of heavy metals, BP, Raman spectrum and mapped images of the BP-nanodots
particularly BP-nanodots, can reduce ecological concerns (Figure 2), A1g at 365 cm−1, B2g and A2g were assigned as inand economic problems. BP-nanodots are stable in human plane modes at 442 and 465 cm−1, respectively; these values,
body systems, permitting their use in biomedical applications relative to those of BP quantum dots (BPQDs),[26] were
because the abundant sources of phosphorus in the environ- blue-shifted ≈2.4, ≈3.3, and 1.1 cm−1 at A1g, B2g, and A2g,
ment and its stability, i.e., ionization and persistent of fluores- respectively.
PL spectra were recorded at 290, 310, 330, 350, 370, 390,
cent intensity in the human body with regards to the release
of PxOy (usually phosphates and phosphonates) with non- 410, 430, and 450 nm excitation wavelengths (Figure 3a),
toxic intermediates , which enable higher biocompatibility plotting strong emission peaks at 394, 421, 448, 466, 492, and
and health safety.[10,26] Thus, BP-nanodots are becoming a 516 nm, with a maximum quantum yield of ≈7.2% by sumdesirable alternative to metal-based quandum dots due to mation area, ranging from 400 to 700 nm. After 7 d, the fluotheir low cytotoxicity and excellent biocompatibility. In order rescence intensity was reduced to at least half of the initial
to achieve BP-based medical agents, it is necessary to dem- level by degradation of BP-nanodots in aqueous solution
onstrate in vitro mammalian cell toxicity trials for BP and (Figure 3b). After 10 d, it was confirmed that the stability
ionized BP treatments, respectively, along with simultaneous of the BP-nanodots in PBS buffer solution was still ≈20%,
investigations of BP-crystal uptake in cells by photolumines- which implied that ≈80% of the BP-nanodots had been ioncence (PL) bioimaging.
ized as PxOy (e.g., phosphates and phosphonates). For surIn this article, we report the first study on BP-nanodots for face passivation characterization in BP-nanodots, analysis of
potential biomedical applications. It is focused on high-yield elemental binding of P2p in BP-nanodots was examined by
several-layered BP-nanodots, ranging in
diameter from a few nm to <20 nm with an
average of ≈10 nm, obtained by exfoliation
with a modified ultrasonication-assisted
solution method. We determined the BPnanodot degradation lifetime as ionized in
aqueous phosphate buffered saline (PBS)
buffer solution (≈80% of BP-nanodot
crystals at 1.5 mg mL−1 were degraded
after 10 d). The BP-nanodot crystals’ cell
viabilities showed little or no cytotoxic
effects in vitro and blue and green emissions of BP-nanodots were observed in
HeLa cells. These results suggest that our
prepared BP-nanodots can be a biological Figure 1. Characterizations of BP-nanodots. a) Representative AFM characterization showing
fluorescence agent in medical applications, disperse nanoparticle formation of BP-nanodots on SiO2/Si substrate and b) X-ray diffraction
after in vivo cytotoxicity assays.
(XRD) patterns of BP-nanodots.
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Figure 2. Raman spectrum and mapping images at 364, 442, 465, and
856 cm−1 of BP-nanodots.

X-ray photoelectron spectroscopy (XPS) (Supporting Information, Figure S3). It revealed 129.8/130.7 eV at 2P3/2/2P1/2
of P3+ and 133.4 eV at P5+, respectively,[18] which is associated
with PL spectra patterns. Also, the internal quantum yield of
BP-nanodots was measured to be ≈1.9%. In order to reconfirm the blue, green, and red fluorescence emissions, the 220,
234, 280, and 370 nm excitation wavelengths were investigated (Supporting Information, Figure S4). Significantly, the
blue and green fluorescence emissions were strongly detectable but the red was very weak.
For the cell viability and bioimaging of BP-nanodots,
preliminarily to prospective biomedical applications, BPnanodots and ionized BP-nanodots (0–3.0 mg mL−1) at
12 h were assayed (Figure 4). The BP-nanodot crystals’ cell
viabilities showed no or little cytotoxic effects in vitro at
1.0 mg mL−1 for HeLa, COS-7, and CHO-K1 cells, but only
≈90% at 3.0 mg mL−1 (Figure 4a), due to necrosis cell death
by the excess crystalline-structured BP-nanodots. Further
ionization of the BP-nanodots at 3.0 mg L−1 resulted in no
or negligible cytotoxic effects for the HeLa and COS-7 cells
also (Figure 4b). For 24 and 48 h incubations with ionized

BP-nanodots, it also showed little cytotoxicities upto at
3 mg mL−1 (Supporting Information Figure S5). Based on
the optical properties of the BP-nanodots as demonstrated
in confocal microscopy images of their uptake in HeLa cells
(Figure 5), it was emitted a blue color in the HeLa cells
under UV light excitation (Figure 5a–c) and green under
visible light excitation (Figure 5d–f), compared to no fluorescent intensity in HeLa cells without BP-nanodots treatment (Supporting Information, Figure S6). The fluorescent
images of the HeLa cells with BP-nanodots are taken under
both excitations of UV and visible lights for providing multiple colors. Therefore, BP can be utilized in biomedical
applications as blue- and green-emission bioimaging probes.
In the literature, significantly rich and varied, 2D graphene[25] and its analogues such as metal dichalcogenides and
transition metal oxides[1,2,10] have emerged as new platforms
for bioprobes. The research has focused on in vitro cellular
uptake/location/toxicity and in vivo biodistribution/degradation/excretion of inorganic 2D materials. It was found that
exfoliated MoS2 and WS2 nanosheets offer even lower
cytotoxicity than graphene-based materials. The TMDCs
showed low cytotoxicity at extremely low concentration
(<0.10 mg mL−1), indicating its biomedical potential.[25]
However, methods above suffer from removal process by
clearance/excretion of TMDCs directly, which limit their
wide biomedical applications. For practical use in medicine,
BP-nanodots are desirable because BP can be instabilized to
ionize as phosphate ion form.
In the present study, over the course of 10 d, ≈20% of
the BP-nanodots remained in the crystalline-structural form.
In line with the logic of BP-nanodot’s instability in aqueous
solution, our in vitro animal-cell viability results showed,
unprecedentedly, no or little cytotoxicity at 1.0 mg mL−1. In
the adult human body, the concentration of phosphorus is
known to be ≈0.87–1.45 mmol L−1 (i.e., 0.028–0.047 mg L−1),
which consists of ≈85% main skeleton or bone and ≈15%
soft tissue.[28] Compared with the lesser biodegradation of
TMDCs, BP-nanodots could serve as a smart detoxified
delivery carrier in biomedical applications, particularly when
considering blood-circulation duration. Thus, we are currently
utilizing BP-nanodots in systematic internal-stress-based

Figure 3. Optical properties of fluorescence BP-nanodots. a) Photoluminescence (PL) spectra of BP-nanodots at different excitation wavelengths
within the 290–450 nm range. b) Photostability measurements of suspended BP-nanodots are in the 1–10 d range; all excitation spectra were
recorded for respective emission maxima.
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Figure 4. Biocompatability testing of BP-nanodots for 12 h. Cell viability of HeLa, COS-7, and CHO-K1 cells after incubation with BP-nanodots
suspension at different a) BP-nanodots and b) ionized BP-nanodot concentrations, showing nontoxicity at concentrations less than
1.0 mg mL−1.

cell-toxicity and anticancer therapeutics for in vivo tumorbearing mice.
In summary, we fabricated a new class of fluorescent
BP-nanodots from BP using an exfoliated solution method
with modified ultrasonication. The BP-nanodots were demonstrated to be stable for 10 d in aqueous solution and to
exhibit excitation wavelength-dependent PL characteristics, thereby emitting multiple colors (blue and green). It is
discovered that BP-nanodots can be utilized in HeLa cell
imaging with a good PL signal and low cytotoxicity. Compared other nanodots, BP nanodots possess biocompatibility
and expect spontaneous degradability in bodily systems with
no or little cytotoxicity, simultaneously having fluorescent
emission for potential bioprobe applications. Most importantly, this study indicates that these BP-nanodots have great
potential for biomedical applications including bioimaging,
drug delivery, and cellular tracking.

3. Experimental Section
Preparation of BP-Nanodots: In the typical synthesis,[18] black
phosphorous (BP, 0.4 g, 12.8 mmol) was dispersed in distilled (DI)
water (100 mL) by high-intensity ultrasound irradiation for 30 min,
thereby forming several-layered BP-nanodots. The sample was
maintained at room temperature for 10 min. 10 mL supernatant
liquid was collected from the dispersion solution, dissolved in DI
water (100 mL), and ultrasound-irradiated for 10 min. These steps
were repeated two more times to afford BP particles. Dispersion of
the BP-nanodots was performed under high-intensity ultrasound of
20 kHz frequency applied from the top of a polypropylene bottle
reactor (≈40 mL) using a Sonics and Materials VC750 ultrasonic
generator and maintaining 100 W electrical energy input.
Characterization: The UV–vis absorbance spectra of the
BP-nanodots at 1.0, 0.5, and 0.25 mg L−1 concentrations were
recorded by UV–vis spectrophotometry (Varian, Cary 50 Bio). PL

Figure 5. Cell bioimaging of BP-nanodots. Confocal microscopy images of live HeLa cells after 12 h incubation with 1 mg mL−1 BP-nanodots
suspension. a,d) bright field (BF) and b,e) fluorescence (FL), and merged c,f) images. Detection of BP-nanodots fluorescence was achieved by
excitation at (b) 358 nm and (e) 488 nm, with a 30 mW Argon laser.
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emissions of the BP-nanodots at the 1.0 mg mL concentration
with excitation wavelengths of 290, 310, 330, 350, 370, 390,
410, 430, and 450 nm were measured using a multimicroplate
reader (Synerg H1, Bioteck). The crystalline structure of the BPnanodots was investigated with reference to the X-ray diffraction
(XRD; Rigaku RDA-cA X-ray diffractometer, Japan) patterns obtained
by passing Cu Kα radiation through a nickel filter. The morphology
of the BP-nanodots was observed by high-resolution transmission electron microscopy (HR-TEM; JEOL, JEM 2200, Japan). The
morphological structure and size of the BP-nanodots were analyzed by atomic force microscopy (AFM, Digital Instruments, Santa
Barbara, USA). For the AFM analysis, 100 µL of the BP-nanodots
solution was placed on a SiO2/Si wafer. The wafer was air-dried
for 24 h, and the remaining solution was dispersed using an air
gun. An He-Cd laser (Kimmon, 1K, Japan) of 325 nm wavelength
and 50 mW power was employed as an excitation source for PL
measurements carried out using a spectrograph (f = 0.5 m, Acton
Research Co., Spectrograph 500i, USA) with an intensified chargecoupled device (CCD, PI-MAX3, Princeton Instruments, IRY1024,
USA). According to literature,[29] the internal quantum yield
was measured with the Quantum Yield System (K-MAC, FluoroQ2100) at 370 nm excitation on the basis of equation: Quantum
yield = Ec/(La–Lc), where Ec is the emission produced by direct
excitation light, La is the total amount of excitation light, and Lc
is the amount of light after direct excitation. Raman spectroscopy
also was performed (Renishaw, RM1000-Invia) in a backscattering configuration excited with a visible laser light (wavelength
= 514 nm), a notch filter cut-off frequency of 50 cm−1, and a focus
spot size of 5 µm. Spectra were collected through a 100× objective
lens and recorded on a 1800 lines mm−1 grating providing a spectral resolution of ≈1 cm−1. To avoid laser-induced heating and ablation of the samples, all of the spectra were recorded at low power
levels (≈0.1 mW) and short integration times (≈5 s). The internal
quantum yield (3 mg mL−1 of BP-nanodots) of BP-nanodots was
measured by spectrofluorometer (FP-8500, Jasco, Japan): excitation wavelength 370 nm; emission wavelength 380–700 nm;
response 0.1 s; PMT voltage 300; scan speed 1000 nm min−1; data
interval 0.1 nm; bandwidth 5 nm.
Cytotoxicity Assays and Bioimaging of BP-Nanodots: The cytotoxicities of the BP-nanodots were evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly,
CHO-K1, COS-7, and HeLa cells were seeded in a 96-well plate at a
density of 9 × 103 cells per well and cultured in a humidified incubator at 37 °C for 24 h under a 5% CO2 atmosphere in Dulbecco’s
modified Eagle’s medium (DMEM) or Roswell Park Memorial Institute (RPMI)-1640 supplemented with 10% FBS and 1% penicillinstreptomycin antibiotics in DI water and/or ionized BP-nanodots
solution. Then, 20 µL of a 0.2 mg mL−1 MTT solution in DMEM and/
or RPMI-1640 was added to each well and incubated at 37 °C for
2 h. Finally, the optical density was measured at 490 nm with an
absorbance microplate reader (EMax microplate reader, Bucher
Biotec AG, Basel, Switzerland). HeLa cells were cultured on an
6-well plate at a concentration of 2 × 105 cells per well for confocal
microscope (LSM510 META NLO, Carl Zeiss, Germany) at blue and
green fluorescence with excitation at 358 nm/emission at 461 nm
and excitation at 488 nm/emission at 509 nm, respectively.
Statistical Analysis: All of the data were averaged and
expressed as mean ± standard error deviations (SE). Each test
was repeated up to five times. Analysis of variance (ANOVA) as a
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statistical model was performed, wherein p-values less than 0.05
were considered significant.

Supporting Information
Supporting Information is available from the Wiley Online Library
or from the author.
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