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Black phosphorus quantum dot based novel siRNA
delivery systems in human pluripotent teratoma
PA-1 cells†
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As a novel semiconducting material, the inherent, direct, and appreciable band gap endows BP with

preferable optical and electronic properties other than graphene and transition metal dichalcogenides.

In addition, bio-related applications with equal importance also attract great attention thanks to

several inherited advantages of BP including large drug loading capacity, high PDT efficiency, high

biocompatibility and degradability. However, to date there is limited research about the biomedical

applications of BP. In this study, we reported the engineering of polyelectrolyte polymers coated BP

quantum dots (BP-QDs)-based nanocarriers to deliver small interfering RNA (siRNA) into human ovarian

teratocarcinoma PA-1 cells. Compared to the commercial delivery reagents, superior transfection

efficiency of BP-QD was detected. The expression of the LSD1 (lysine-specific demethylase 1) mRNA in

PA-1 cells was significantly suppressed by BP-QDs-LSD1 siRNA complex. Notably, BP-QDs possess

excellent biocompatibility and low cytotoxicity even at concentrations as high as 5 mg mL�1. The

combination treatment of BP nanodots-LSD1 siRNA complex with NIR light could inhibit the cell growth

rate by more than 80%. In conclusion, this is the first application of BP-QDs as gene delivery systems,

which shows promising potential for siRNA delivery and photothermal effects in cancer therapy.

1. Introduction

Since the first report of two-dimensional black phosphorus
(BP) as a nanoelectronic device in 2014,1 BP has been exten-
sively studied as a promising functional material for tele-
communications2,3 and electronics.4,5 As a novel semiconducting
material, the inherent, direct, thickness modulated and appreci-
able band gap endows BP with preferable optical and electronic
properties other than graphene and transition metal dichalco-
genides.4,6 Due to its unique optical properties, higher specific
surface areas and thinner sheet structures, graphene has been
considered as an ideal gene delivery system in comparison with
other nanomaterials in the biomedical field. However, the
metabolism and toxicity of GO in vivo are disconcerting and
thus should be explored explicitly for further clinical applications.

To date, BP has attracted much more attention in biomedical
applications,7,8 and the main reason is that BP can be oxidized
and degraded into phosphate and phosphite ions in the physio-
logical environment, with better biocompatibility and biosafety
for the human body than inorganic materials. Meanwhile, due to
its unique electronic characteristics, BP can be used as a highly
efficient photosensitizer for PDT applications. In addition, the
absorption of BP can cover the entire visible range, enabling BP to
have potent photothermal effects in cancer therapies.8,9

Recently, we and co-workers reported the synergistic photo-
dynamic/photothermal/chemotherapy of cancer based on BP
nanosheets as a drug delivery system.10,11 These studies open
up new perspectives for the design of a multifunctional nano-
medicine platform based on BP nanosheets, with a high drug
loading capacity and an enhanced chemotherapeutic effect.
Besides the 2D layered BP structure, ultra-small BP quantum
dots (BP-QDs) show a flash memory effect with a high ON/OFF
current ratio, which has promising applications in electronics,
solar cells, sensing and bio-imaging.4,7,8,12,13 Due to the wide
spectral range from the visible to the near and mid-infrared
region (NIR and MIR), BP-QDs have been successfully applied
as cell optical probes7 and photothermal reagents,8 which
show lower cytotoxicity and significantly better biocompatibil-
ity than metal-based QDs. However, there are few reports on the
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biomedical applications of BP-QDs, especially their application
as gene delivery systems in the context of cancer treatment.

In the last decade, gene therapy has attracted great attention
and is considered as the promising candidate for diseases with
extraordinary development, such as cardiovascular diseases,
diabetes, immunodeficiency diseases and cancers. However,
due to the poor stability and low-efficiency transfection of
nucleic acid molecules into cells, gene therapy is still an
experimental technique and is currently in the preclinical
research stage. Therefore, development of highly efficient and
non-toxic gene delivery systems is a major issue for clinical
applications.14,15

Herein, we fabricate BP-QDs by liquid phase exfoliation
(LPE) and functionalize them with polyelectrolyte polymers
(BP-QDs@PAH) to deliver LSD1 siRNA into human ovarian
teratocarcinoma PA-1 cells (Scheme 1). PA-1 cells possess
pluripotency as stem cells and have been considered as cancer
stem cells (CSCs).16–18 Lysine-specific demethylase 1 (LSD1, or
KDM1A/AOF2), the first discovered histone demethylase,19

which specifically removes mono- and dimethyl groups from
histone H3 lysine 4 (H3K4) and H3 lysine 9 (H3K9) and
maintains the pluripotency of embryonic stem cells and cancer
stem cells.20 In addition, LSD1 inhibitors can specifically block
the growth of ES and EC cells and induce their differentiation
but not that of nonpluripotent cells.21 Thus, LSD1 has been
regarded as a vital potential target for treating cancer via
targeting CSCs.22–24 To our knowledge, our study is the first
evidence that BP-QDs can be applied as siRNA delivery systems
for gene therapy in CSCs. BP-QDs@PAH core–shell exhibited
superior transfection efficiency compared to the commercial
delivery reagents (such as Lipofectamine 2000 and Oligofectamine).
Furthermore, the results of cell toxicity assessments showed that
BP-QDs@PAH had negligible cytotoxicity. Notably, PA-1 cell growth

inhibition rate reached 80% through the synergistic effect of LSD1
siRNA delivered by BP-QDs@PAH and NIR light treatment. As a
proof-of-concept study, our findings demonstrated that BP-QDs
could be utilized as novel gene delivery systems for efficiently
delivering siRNA into cancer cells and showing synergistic photo-
thermal effects.8

2. Methods and materials
2.1 Preparation of BP-QDs

We employed liquid phase exfoliation (LPE) to obtain BP-QDs.25

The liquid phase exfoliation was considered as a simple but
effective technique to synthesize Ultrasmall black phosphorus
quantum dots. 20 mg of bulk black phosphorus power was
added to 20 mL of N-methyl-2-pyrrolidone (NMP) in a 50 mL
sealed conical tube and sonicated with a sonic tip for 3 h at a
power of 1200 W. The ultrasonic frequency was from 19 to
25 kHz and the ultrasound probe worked for 2 s with an interval
of 4 s. The dispersion was then sonicated in an ultrasonic bath
continuously for another 11 h at a power of 300 W. The
temperature of the sample solution was kept below 277 K using
an ice bath. The resulting dispersion was centrifuged for 20 min
at 7000 rpm, and the supernatant containing BPQDs was
decanted gently. Then, the BPQD solution was centrifuged for
20 min at 12 000 rpm, and the precipitate was rinsed repeatedly
with water and re-suspended in aqueous solution.

2.2 Preparation of BP-QDs@PAH

For siRNA loading, PAH was predissolved in ultrapure DI water
(10 mg mL�1). BP-QDs (1 mg mL�1) were mixed with PAH
(10 mg mL�1) at a volume ratio of 1 : 1. The mixture was stirred

Scheme 1 Schematic illustration of a combination of photothermal and gene therapies by functional BP-QDs@PAH loaded with siRNA in cancer cells.
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for 4 hours at room temperature. Free PAH was removed by
centrifugation.

2.3 Gel retardation assay to access the quantity of siRNA
delivered by BP-QDs@PAH-based nanocarriers

The siRNA binding ability of the BP-QDs@PAH-based nanocarriers
was studied using agarose gel electrophoresis. BP-QDs@PAH
(1 mg mL�1) was mixed with siRNA (0.4 mg mL�1) at five different
mass ratios (1 mg : 1 mg, 2 mg : 1 mg, 4 mg : 1 mg, 8 mg : 1 mg, 10 mg : 1 mg
and 15 mg : 1 mg). Electrophoresis was carried out on a 1% agarose
gel with a current of 100 V for 15 min in a TAE buffer solution
(40 mM Tris–HCl, 1 v/v% acetic acid, and 1 mM EDTA). The
retardation of the complexes was visualized by staining with
ethidium bromide and then analyzed on a UV illuminator to
show the position of the complex siRNA band relative to that of
naked siRNA.

2.4 Tumor cell line and culture

Human ovarian teratocarcinoma cells, PA-1 (CRL-1572, American
Type Culture Collection), were maintained in Eagle’s Minimum
Essential Medium (EMEM, Gibco) supplemented with 10% (v/v)
fetal bovine serum (FBS, Hyclone) and penicillin/streptomycin
(100 mg mL�1, Gibco). Cells were cultured at 37 1C in a humidified
atmosphere with 5% CO2.

2.5 Flow cytometry

For the flow cytometry of transfection efficiency experiments,
PA-1 cells were washed twice with phosphate-buffered saline
(PBS) and harvested by trypsinization. Cy3 that served as a
luminescent marker (filter set for PE was applied) was used to
determine the transfection efficiency quantitatively. The samples
were analyzed using a FACScalibur flow cytometer (Becton
Dickinson, Mississauga, CA). The transfection efficiency was
calculated based on the reported methods26,27 by calculating
the number of cells in different gates.

2.6 Cell viability test

Cell viability was measured using the MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma) assay.
Cells were seeded in a 96-well plate at a density of 5 � 103 cells
per well and incubated with different BP-QD nanocomplexes
for indicated time points. For combination with NIR light,
PA-1 cells were incubated with BP-QDs@PAH or BP-QDs@PAH-
siRNA nanocomplexes for 4 hours, washed with PBS twice, and
then irradiated by an 808 nm NIR light at a power density of
1 W cm�2 for 2 minutes. MTT (5 mg mL�1, 20 mL) in PBS was
added and the cells were incubated for 4 hours at 37 1C with 5%
CO2. DMSO (dimethylsulfoxide, 150 mL, Sigma) was then added
to solubilize the precipitate with 5 min gentle shaking. Absor-
bance was measured with a microplate reader (Bio-Rad) at a
wavelength of 490 nm. The cell viability was obtained by
normalizing the absorbance of the sample well against that
from the control well and expressed as a percentage, assigning
the viability of non-treated cells as 100%.

2.7 RNA isolation and quantitative RT-PCR

48 hours after transfection, total RNA was extracted from PA-1
cells using TRIzol reagent (Invitrogen) and the amount of
RNA was quantitated using a spectrophotometer (Nano-Drop
ND-2000). Total RNA (2 mg) was reverse transcribed to cDNA
using the reverse transcriptase kit from Takara according to the
manufacturer’s instructions. The mRNA levels of the target
genes were quantified by real time PCR using SYBR green
(Takara) in a Bio-Rad CFX Connect real-time PCR system.

2.8 Western blotting

For western blot analysis, cells were seeded in 6-well plates and
treated for 24 hours with different BP-QD nanocomplexes as
described for the RT-PCR assay. To isolate protein, cells were
washed with PBS and harvested using the lysis buffer (50 mM
Tris�Cl pH = 6.8, 2% SDS, 6% glycerol, 1% b-mercaptoethanol,
0.004% bromophenol blue). Total cellular protein concentra-
tions were determined using a spectrophotometer (Nano-Drop
ND-2000). 20 mg of denatured cellular extracts were resolved
using 10% SDS-PAGE gels. Protein bands in the gel were then
transferred to nitrocellulose blotting membranes and incu-
bated with appropriate primary antibodies. The antibody dilu-
tions were as follows: 1 : 1000 for LSD1 and 1 : 3000 for histone
H3. Membranes were incubated overnight at 4 1C and washed
the next day with buffer (1� PBS, 0.05% Tween 20). Goat anti-
rabbit secondary antibodies were used for secondary incubation
for 1 hour at room temperature. Proteins were then visualized
using chemiluminescent substrates.

3. Results and discussion
3.1 Synthesis and preparation of BP-QD based siRNA delivery
systems

As a novel compound in 2D nanomaterials in the last two years,
black phosphorus (BP) is predicted to be a strong competitor to
graphene, due to its uniquely tunable band gap ranging from
0.3 to 2 eV. There are two main ways to produce phosphorene:
Scotch-tape-based microcleavage28 and liquid exfoliation.29

BP-QDs used in this research were produced via liquid exfolia-
tion (Fig. S1, ESI†) with an average diameter of 2.6 nm (Fig. 1A
and Fig. S2A, ESI†) and a dopant emission peak at 420 nm
(Fig. S2B, ESI†). The Raman spectra indicated that the structure
of QDs was maintained after PAH modification (Fig. 1B). Both
BP@PAH and bare BP-QDs showed three prominent Raman
peaks. Compared to bare BP-QDs, the BP@PAH was red-shifted
by about 3.4, 2.0, and 2.0 cm�1, respectively, which was con-
sistent with previous reports.13 BP-QDs@PAH also exhibited an
absorption peak at 290 nm as BP-QDs, which was not changed
by PAH modification as shown in Fig. S2C (ESI†). The zeta
potential of the naked BP-QDs was �39.02 � 0.43 mV (Fig. 1C).
After PAH modification, BP-QDs@PAH showed a strong
positive charge (33.41 � 1.05 mV). When siRNAs were loaded
onto BP-QDs@PAH with a 15 mg : 1 mg BP-QDs@PAH/siRNA
ratio (the optimized ratio, Fig. S2D, ESI†), the zeta potential
changed to �28.31 � 1.38 mV. The hydrodynamic diameters of
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Fig. 1 Characterization of BP-QDs. (A) AFM. (B) Raman spectra of BP-QDs and BP-QDs@PAH. (C) Surface zeta potential and (D) hydrodynamic size of
the different BP-QD nanocomplexes. All experiments were performed in duplicates with consistent results. Values are means � SEM, n = 3. Loading ratio,
15 mg : 1 mg BP-QDs@PAH/siRNA, which was determined by the gel retardation assay shown in Fig. S2D (ESI†). This BP-QDs@PAH/siRNA ratio was used
for all subsequent studies. Experimental details are presented in the supplementary experimental section (ESI†).

Fig. 2 Flow cytometry evaluations on the transfection efficiencies of PA-1 cells treated with PBS (as blank), QDs@PAH, free LSD1-siRNACy3, QDs@PAH/
LSD1-siRNACy3, Lipofectamine 2000, Lipofectamine 2000/LSD1-siRNACy3, Oligofectamine and Oligofectamine/LSD1-siRNACy3. (A) Representative dot
plot of flow cytometry assays, where the x-axis shows the fluorescence intensities of Cyc3 and the y-axis shows cell counts, respectively. (B and C)
Transfection efficiency and average fluorescence intensity from experiments shown in (A). Values are means � SEM, n = 3, **, P o 0.01 vs. control,
QDs@PAH and LSD1 siRNACyc3.
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BP-QD nanocomplexes were determined by dynamic light scat-
tering (DLS) (Fig. 1D). Increasing after PAH modification and
siRNA loading, the final diameter of BP-QDs@PAH/siRNA was
58 nm, which is within the optimum size range for cellular
transfection.30,31

3.2 Cell flow cytometry analysis of BP-QD nanocomplexes

LSD1 participates in gene regulation either as a coactivator by
demethylating H3K9me1/232 or as a corepressor by demethylating
H3K4me1/2.33 Besides, it can also demethylate nonhistone
proteins, including p5334 and Dnmt1.35 Importantly, LSD1
can regulate the pluripotency, cell cycle progression, and
cellular differentiation of pluripotent embryonic carcinoma/
teratocarcinoma cells, such as F9 cells and PA-1 cells.18,21 Due
to the critical roles of LSD1, in our studies, the specific siRNAs
which can target LSD1 gene have been delivered into PA-1 cells
by BP-QDs nanodots for gene therapy. As shown in Fig. 2 and
Fig. S6 (ESI†), the cellular uptake efficiency and intracellular
distribution of siRNACy3 were monitored by flow cytometry
analysis (FACS). PA-1 cells were treated with various nanocom-
plexes for 4 hours before examining by FACS. The cells treated
with PBS (as blank), BP-QDs@PAH, free LSD1 siRNACy3 and two
commercial reagents [Lipofectamine 2000 (Lipo2000) and
Oligofectamine (Oligo)] were used as positive controls. Fig. 2A
and Fig. S6A (ESI†) show the representative fluorescence plots

of PA-1 cells treated with different complexes. Fig. 2B, C and
Fig. S6B, C (ESI†) show the corresponding transfection efficiency
and average fluorescence signals in PA-1 cells, respectively. PA-1
cells treated by the BP-QDs@PAH/siRNACy3 nanocomplex exhi-
bited the strongest Cy3 fluorescence signals, with the highest
corresponding transfection efficiency (92.7%). The fluorescence
signals were much higher than that of cells treated with the
Lipo/siRNACy3 nanocomplex (48.5%), the oligo/siRNACy3 nano-
complex (56.9%) or the PAH/siRNACy3 nanocomplex (44.8%).
There were almost no fluorescence signals from negative controls.
These results indicated that functionalized BP-QDs could
efficiently deliver siRNA into cells.

3.3 Fluorescence microscopy images of BP-QD
nanocomplexes in PA-1 cells

To further confirm the delivery efficiency of siRNA by BP-QDs,
fluorescence microscopy images were obtained as shown in
Fig. 3. The strongest red (Cy3) fluorescence signals were
detected from PA-1 cells treated by the BP-QD@PAH/LSD1
siRNACy3 nanocomplex. As a comparison, weaker fluorescence
signals were observed from the cells treated with commercial
reagents Lipofectamine 2000–siRNA or Oligofectamine–siRNA
nanocomplexes. As expected, no fluorescence signals could be
observed from PA-1 cells treated with PBS. These results are
consistent with the FACS analysis in Fig. 2A and B and further

Fig. 3 Fluorescence images of PA-1 cells treated with (A) PBS as the blank control, (B) QDs@PAH/LSD1-siRNACy3, (C) Lipo2000/LSD1-siRNACy3 and
(D) Oligo/LSD1-siRNACyc3 after four hours of treatment. The cell nucleus is stained with DAPI (pseudo-colored in blue) and signals from Cy3 are assigned
in red, respectively.
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confirm the superior delivery efficiency of BP-QD based nano-
carriers compared to the commercial reagents.

3.4 Gene expression evaluations of PA-1 cells treated with
different BP-QDs nanocomplexes

Following the flow cytometry analysis and fluorescence micro-
scopy, the results in Fig. 4 and Fig. S5 (ESI†) have shown the
degree of gene knockdown of LSD1 at the mRNA level and
protein level in PA-1 cells treated by different BP-QD nano-
complexes. Compared with PBS or BP-QDs@PAH, cells treated
with BP-QDs@PAH/siRNA showed a remarkable inhibition rate
of LSD1 gene expression. On the other hand, cells treated with
BP-QDs@PAH or BP-QDs@PAH/scramble siRNA showed no
obvious changes of LSD1 at both mRNA and protein levels.
Moreover, the mRNA level of SOX2 has been down-regulated
obviously in cells treated with BP-QDs@PAH/siRNA, which was
the key substrate of LSD118,21,36 and further demonstrated the
ablation of LSD1 by BP-QDs@PAH/siRNA. According to the
RT-PCR analysis and western blotting analysis, BP-QD-based
nanocarriers showed great potential as effective siRNA delivery

systems to deliver siRNA in cells and induce target gene
knockdown for gene therapy in cancer and other diseases.

3.5 Viability of PA-1 cells treated with different BP-QD
nanocomplexes

LSD1 plays essential roles in maintaining the pluripotency and
proliferation of stem cells and cancer stem cells.20,37,38 Based
on the gene knockdown results in Fig. 4, the BP-QDs@PAH/LSD1
siRNA nanocomplex can sufficiently suppress the expression
of the LSD1 gene. Subsequently, we further examined the
cell growth treated by different BP-QD nanocomplexes (Fig. 5
and Fig. S7, ESI†). To assess the toxicity of naked
BP-QDs@PAH/QDs, PA-1 cells were treated with different con-
centrations of BP-QDs@PAH/QDs ranging from 0.1 mg mL�1 to
5 mg mL�1 for 48 hours. The cell viability was maintained
around 80% even at the highest concentration (5 mg mL�1),
which demonstrated the good biocompatibility and low toxicity
of BP-QDs@PAH. However, PAH was more cytotoxic than
BP-QDs@PAH with a half maximal inhibitory concentration
(IC50) of around 4 mg mL�1 (Fig. S7, ESI†). As shown in Fig. 5,
compared to PBS-treated cells (as the blank control), there was
negligible inhibition of the cell growth in these cells treated
with BP-QDs@PAH/scramble siRNA for 48 hours. In contrast,
obvious inhibition was found in cells treated with BP-QDs@
PAH/LSD1 siRNA (62.1%). It was worth noting that the strongest
inhibition rate (over 80%) was observed for the combination of
BP-QDs@PAH/LSD1 siRNA nanocomplexes and 808 nm NIR light,
due to the excellent NIR photothermal performance of BP-QDs
(Fig. 5C and Fig. S3, ESI†). These results suggested that BP-QDs
play synergistic roles in both photothermal and gene therapy.

Cancers figure among the leading causes of morbidity and
mortality worldwide, impacting 14 million people each year
depending on the WHO reports. The poor prognosis of many
types of tumors including breast, colon, and ovary tumors is
not only related to the high proliferative activity of tumor cells39

but also to metastasis and drug-resistance.40 One emerging
model for the development of drug-resistance and metastasis of
tumors related to a self-renewing malignant primogenitor
known as cancer stem cells (CSCs). CSCs can generate an
abnormal organ of the tissue from which they derive, with a
series of cell types at distinct stages of differentiation.41 Thus,
due to the failure of deracinating CSCs, the cancers figure
relapse after remission. The PA-1 cell line, derived from human
ovarian teratocarcinoma cells, is a well-accepted model for
studying cancer cell stemness and expresses endogenous, non-
functional wild-type p53.42–44 However, due to the low trans-
fection efficiency of the normal commercial delivery agents in
PA-1 cells or stem cells, new delivery systems with low toxicity
and high transfection efficiency are urgently needed. In our
study, we prepared the multifunctional BP quantum dots
(BP-QDs)-based siRNA nanocarriers, which exhibited good
transfection efficiency. Furthermore, BP-QDs possess good
biocompatibility and low cytotoxicity at concentrations as high
as 5 mg mL�1. Therefore, BP-QD nanoparticles could be poten-
tially translated for clinical research application in cancer
therapy.

Fig. 4 Gene expression evaluations of PA-1 cells treated with different
BP-QD nanocomplexes. PA-1 cells (cultured in 6-well plate) were treated
with PBS, QDs@PAH (20 mg), QDs@PAH/LSD1-siRNA (20 mg/1.3 mg),
QDs@PAH/scramble-siRNA, Lipo2000/LSD1-siRNA and Oligo/LSD1-siRNA
for 4 hours, and then all the cells were washed with PBS and re-incubated in
fresh cell medium for an additional 44 hours. (A) Relative mRNA expression
levels detected by RT-PCR. (B) Relative protein expression levels detected
by western blotting. H3 and b-actin were used as the protein loading control
for samples. Values are means � SEM, n = 3; **P o 0.01 vs. control and
QDs@PAH.
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4. Conclusion

In summary, for the first time, we developed a novel nanodrug
based on BP-QDs for CSCs with a combination of photothermal
therapy and gene therapy. Here, the delivery of LSD1 siRNA by
BP-QDs@PAH shows a high rate of internalization in PA-1 cells
and exhibits a 80% inhibition rate of cell proliferation under NIR
light. On the other hand, negligible toxicity was observed in cells
treated with BP-QDs. In conclusion, a BP-QD-based siRNA delivery
system exhibits superior transfection efficiency, biocompatibility
and non-toxicity, which shows great potential to be used in
biomedical research for cancer therapy (especially the CSC therapy)
and other disease treatments. A further in vivo study of BP-QD-siRNA
is undergoing in our lab and will be reported in due course.
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