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Functionalized black phosphorus (BP) nanosheets have been considered as promising nanoagents
in cancer therapy due to their excellent photothermal conversion e±ciency. However, it is still
di±cult to visually monitor the dynamic localization of BP nanoagents in cancer cells. In this
paper, we systematically studied the second-harmonic generation (SHG) signals originating from
exfoliated BP nanosheets. Interestingly, under the excitation of a high frequency pulsed laser at
950 nm, the SHG signals of BP nanosheets in vitro are almost undetectable because of their poor
stability. However, the intracellular SHG signals from BP nanosheets could be measured by
in vivo optical imaging due to the e±cient enrichment of living HeLa cells. Moreover, the SHG
signal intensity from BP nanosheets increases with the prolonged incubation time. It can be
expected that the BP nanosheets could be a promising intracellular SHG nanoprobe employed for
visually in vivo biomedical imaging in practical cancer photothermal therapy (PIT).

Keywords: Second harmonic generation nanoprobe; black phosphorus nanosheets; in vivo im-
aging; HeLa cells; visual monitoring.

1. Introduction

Biomedical optical imaging has been an essential
approach in cancer diagnosis and therapy. Owing to
their intriguing features such as noninvasiveness,

deep penetration depth, high sensitivity, and high

resolution, nonlinear optical techniques inclu-

ding two-photon excitation °uorescence (TPEF)

and second-harmonic generation (SHG) have been
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successfully employed in in vivo biomedical optical
imaging.1,2 Typically, the second-harmonic signal
with a 2! frequency can be generated when an op-
tical wave with a ! frequency penetrates through a
noncentrosymmetric microstructure.3 Generally, the
excitation of optical wave is a pulsed laser because
the power of pulsed light is enough for the genera-
tion of anharmonic signals.4 Prior to the SHG mea-
surement, any staining or pretreatment for samples
is no longer needed. In addition, unlike °uorescent
signals su®ering from signi¯cant limitations such as
saturation, bleaching, and blinking, the SHG signals
do not saturate with the increasing intensity of ex-
citation light. In view of these advantages, it is of
considerable signi¯cance to design novel SHG
nanoprobe for in vivo biomedical imaging.

Most recently, there is an increasing attention in
studying two-dimensional (2D) materials-based
nonlinear optical properties. It has been demon-
strated that few layered 2D materials such as gra-
phene,5–7 hexagonal boron nitride,8,9 transition
metal dichalcogenides (TMDCs),8,10–12 have shown
strong second-order nonlinear optical response due
to the quantum con¯nement in noncentrosym-
metric crystal structures. Very recently, Huang
et al.13 demonstrated a highly stable harmonic pulse
generation using the nonlinear saturated absorption
feature originating from 2D material MXene
(V2CTxÞ. Unlike other 2D material crystals with
planar honeycomb structure, the new superstar
black phosphorus (BP) has a puckered honeycomb
lattice, resulting in signi¯cant in-plane anisotro-
py.14–16 It is worth noting that the large anisotropy
of BP can produce novel physical phenomena such
as nonlinear saturable absorption and optical Kerr
e®ect.17 To date, the studies on nonlinear optical
e®ect of BP are still in their nascent stage. Theo-
retically, Hipolito et al.18 reported a calculation of
third harmonic generation (THG) in BP. In addi-
tion, Zhou et al.19 theoretically investigated the
second harmonic wave in BP nano°akes using ¯nite
di®erence time-domain method. Experimentally,
Wu et al.20 observed that the THG response from
multilayer BP °akes is highly dependent on the
polarization of excitation light due to its signi¯cant
anisotropy. Also, Rodrigues et al.21 reported the
nonlinear THG in few-layered BP, showing that the
THG signals is three orders of magnitude larger
than that of graphene. In addition, Youngblood
et al.22 observed the layer-tunable THG at 519 nm
in multilayer BP using an ultrafast near-IR laser at

1557 nm. Afterwards, Autere et al.23 characterized
the THG from exfoliated BP nanosheets employing
a scanning multi-photon microscopy. It is worth
noting that those observations mainly focus on the
basic nonlinear optical responses of BP in vitro. Up
to now, there is no report on the nonlinear optical
response from BP in living cells or tissues.

To date, photothermal therapy (PIT) has been a
promising strategy employed for cancer nanomedi-
cine.24 In particular, engineered BP nanostructures
also have shown great potential in PIT because of
good photothermal conversion e±ciency.25–27 Re-
cently, various engineered BP and BP analogs have
been successfully employed in PIT applications28–33

due to their excellent biocompatibility and biode-
composability. However, it is an important but still
a di±cult task to visually trace the dynamic local-
ization of black phosphorus nanoagents during the
cancer therapy. The precise orientation of BP
nanoagents in cancer cells can signi¯cantly improve
photothermal treatment e®ects. Herein, we ¯rst
reported the observation in localization of BP
nanosheets using SHG imaging technique in HeLa
cells. Few-layered BP nanosheets were fabricated
by a liquid-phase exfoliation approach. Under the
illumination of a pulsed laser at 950 nm, the obvious
SHG signals from BP nanosheets treated with HeLa
cells can be obtained by in vivo imaging, due to the
possibly existing intracellular enrichment e®ect. We
believe that the intriguing SHG feature originating
from BP nanosheets has promising application in
real-time monitoring the dynamic localization of BP
nanoagents in practical cancer therapy.

2. Materials and Methods

2.1. Materials

BP crystal (99.998%) stored in a sealed glass tube
was obtained from Nanjing XFNANO Materials
Tech Co., Ltd. Rhodamine 6G was purchased from
Beyotime Biotechnology. Cell Counting Kit-8
(CCK8) assay kits were purchased from KeyGen
BioTech. N-Methyl pyrrolidone (NMP, 99%,
ReagentPlus) was purchased from Sigma-Aldrich.
Ethanol (100%) was bought from Aladdin Reagents.
HeLa cells were obtained from American Type Cul-
ture Collection, USA. The reagents employed for cell
culture (such as Dulbecco minimum essential medi-
um (DMEM), penicillin-streptomycin, and fetal bo-
vine serum) were purchased from Hyclone. All the
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chemical reagents were used without further puri¯-
cation. The ultrapure water with a resistivity of
18.2 M�/cm was used in all the experiments.

2.2. Liquid-phase exfoliation of BP

nanosheets and characterization

Under an ice bath, the BP nanosheets in the NMP
were exfoliated from BP bulk counterpart using an
ultrasound sonication technique. According to the
previously reported method with some modi¯ca-
tions,34 60mg BP powder was added into a 100mL
sealed beaker containing 50mL NMP. Under an
operation power of 800mW, the solventNMP con-
taining BP powder was continuously sonicated for
8 h by a sonic tip. The working time of ultrasound
probe is 2 s, and there is a 4 s interval before the
next work time. To remove large size BP nanosh-
eets, the obtained mixture was centrifuged for
20min at 5000 rpm. Then, the supernatant was
further centrifuged for 20min at 10,000 rpm. Fi-
nally, the obtained precipitate was washed twice by
ethanol and ultrapure water, respectively. The
obtained BP nanosheets were re-suspended in ul-
trapure water. The characterization of BP nanosh-
eets was performed on a transmission electron
microscope (JEM-1230 CX, JEOL Ltd, Japan) with
an operation voltage at 200 kV. The absorption
spectra of BP nanosheets in ultrapure water were
obtained with a UV-Vis spectrophotometer (UV

1780, Shimadzu, Japan). The Raman scattering of
BP nanosheets and bulk BP crystal was recorded
using a high-resolution confocal Raman spectrom-
eter (Renishaw, inVia) equipped with a 785 nm laser
as the excitation wavelength.

2.3. Cell culture and cytotoxicity assay

Under a condition of 5% carbon dioxide (CO2Þ and
humidity, HeLa cells were placed in a temperature-
controlled incubator at 37�C, and continuously
cultured in DMEM containing 10% fetal bovine
serum, and 1% penicillin-streptomycin.

In order to evaluate the biocompatibility of
obtained BP nanosheets, a standard cytotoxicity
assay by using CCK-8 kit was performed onto HeLa
cells.35 In 96-well plates, approximately 10,000 of
HeLa cells were seeded into each well and further
cultured overnight for attachment. The next day,
various concentrations of BP nanosheets (25, 50,
100, and 200 �g/mL) were added onto the HeLa
cells. For each concentration, there were six repli-
cates. After incubation for 24 h, the solution in each
well was extracted. Then, the mixture solutions
containing 10 �L CCK-8 and 100 �L fresh culture
medium were added into each well. After another
incubation time for around 1–2 h, the chromogenic
reaction occurred. For each well, the OD value
at 450 nm wavelength was measured using a
microplate reader.

Fig. 1. (a) TEM image of BP nanosheets. Scale bar: 50 nm. (b) Raman spectra of BP nanosheets (red) and bulk BP crystal (black).
(c) Absorbance spectra of the BP nanosheets in ultrapure water at di®erent concentrations (600�g/mL (black), 300�g/mL (red),
150�g/mL (blue)).
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2.4. SHG imaging

Prior to SHG imaging, HeLa cells were stained with
Rhodamine 6G solutions. After 1 h incubation, the
cell lines were washed thrice using PBS bu®er so-
lution. Next, the cell lines were uniformly seeded
into four cell confocal dishes. For every 2 h, 50�L
500 �g/mL BP nanosheets were added into the cell
lines, respectively. After 6 h, the four samples were
washed twice by PBS bu®er solution, respectively.
All the transmission and SHG images were obtained
by a Leica super-resolution microsystem (TCS SP8
STED 3X).36,37 All the images were measured at the
focal plane of the 100� oil objective with high N.A
of 1.4. To excite the SHG signals, a pulsed laser

(Spectra-Physics) with 80MHz pulse rate was used.
The SHG imaging of BP nanosheets in vitro and
in vivo was measured. In this experiment, we ¯rst
selected 850, 900, 950, 1000, and 1100 nm as the
excitation wavelength to generate the SHG signals.
The corresponding detection interval of SHG sig-
nals is 415–435 nm, 440–460 nm, 465–485 nm, 490–
510 nm, and 540–560 nm, respectively. In addition,
the °uorescence of Rhodamine 6G was measured by
single photon excitation of 514 nm.

3. Results and Discussion

The BP nanosheets were exfoliated from bulk BP
crystal, and eventually suspended in ultrapure
water. Transmission electron microscopy (TEM)
was used to examine the morphology of exfoliated
BP nanosheets, as shown in Fig. 1(a). A general
pro¯le of the BP nanosheets demonstrated that the
lateral sizes of BP nanosheets range from 30 to
60 nm. Therefore, the sizes of obtained BP
nanosheets make it possible for entering living cells
through e±cient cell endocytosis. In addition, the
BP nanosheets were characterized by Raman spec-
troscopy, as shown in Fig. 1(b). There are three
strong Raman bands located at 361 cm�1 (A1

g: out-
of-plane phonon mode), 438 cm�1 (B2g: in-plane
phonon mode), and 466 cm�1 (A2

g: in-plane phonon
mode), respectively. Figure 1(c) shows that there is

Fig. 2. Cell viability of Hela cells after 24 h incubation with
cell culture, PBS bu®er solution, and di®erent concentrations of
BP nanosheets (25, 50, 100, and 200�g/mL).

Fig. 3. (a) Transmission image of BP nanosheets in vitro; The SHG images of BP nanosheets excited by the wavelength at 850 nm
(b), 900 nm (c), 950 nm (d), 1000 nm (e), and 1100 nm (f), respectively.
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a broad absorption behavior from 400 nm to
800 nm, indicating the BP nanoparticles can be
employed to perform PIT.

Prior to performing the intracellular nonlinear
optical e®ects, the BP nanosheets employed for the
following endocytosis should have good biocom-
patibility. Therefore, we studied the relative cell
viabilities of HeLa cells after 24 h incubation with
BP nanosheets at a series of concentrations such
as 20, 50, 100, and 200�g/mL, as shown in Fig. 2.

To better compare the cell cytotoxicity assay, the
control samples that HeLa cells incubated with me-
dium and PBS were also introduced. The obtained
results show that, after 24h incubation, the higher
the BP nanosheets concentration, the worse the cell
viability. However, when the concentration of BP
nanosheets reaches up to 200�g/mL, HeLa cells still
have high viability (more than 50%), indicating that
the exfoliated BP nanosheets is suitable for per-
forming the intracellular bioimaging.

Fig. 4. The single photon excitation °uorescence images of HeLa cells treated with Rhodamine 6G with respect to di®erent
incubation time such as 1 h, (a) 2 h, (d) 4 h, (g) and 6 h (j). The di®erential interference contrast images of HeLa cells treated with
BP nanosheets with respect to di®erent incubation time such as 1 h (b) 2 h, (e) 4 h, (h) and 6 h (k). The SHG images of BP
nanosheets in HeLa cells with respect to di®erent incubation time such as 1 h, (c) 2 h, (f) 4 h, (i) and 6 h. (l) Note: SP stands for single
photon; DIC denotes di®erential interference contrast; SHG corresponds to SHG. For Rhodamine 6G signals, the excitation
wavelength was 514 nm, the emission range is 525–625 nm. For SHG signals, the excitation wavelength was 950 nm, and the
emission range is 465–485 nm.
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It is worth mentioning that the near infrared
(NIR) window is indispensable to perform deep
nonlinear optical imaging including TPEF and
SHG, because it can avoid strong auto°uorescence.
Generally, both the NIR-I window from 700–950 nm
and NIR-II window ranging from 1000–1700 nm are
widely used.38 In this study, the SHG signals of BP
nanosheets in vitro were investigated by a super-
continuum white laser with 80 MHz pulse rate, as
shown in Fig. 3. Unfortunately, there is no detect-
able signal from the BP nanosheets by varying
various excitation wavelengths such as 850, 900,
950, 1000, and 1100 nm. The possible reason is that
the BP nanosheets exposed to a high-power pulsed
laser are unstable, and the BP nanosheets could be
broken into small pieces, due to the continuous il-
lumination of a pulsed laser.

However, after the BP nanosheets were incu-
bated with live HeLa cells, the signi¯cant SHG
signals of BP nanosheets can be obtained by in vivo
imaging, as shown in Fig. 4. To illustrate the
position of BP nanosheets in HeLa cells, both the
single photon °uorescence and di®erential interfer-
ence contrast images originating from HeLa cells
stained with Rhodamine 6G were carried out. The
detected °uorescence signals in Figs. 4(a), 4(d),
4(g), and 4(j), originated from Rhodamine 6G
molecules. In addition, no SHG signals could be
detected from the HeLa cells. With the help of cell
incubation, the BP nanosheets can enter Hela cells.
The four images including Figs. 4(c), 4(f), 4(i), and
4(l) clearly demonstrate that the obtained SHG
signals in Hela cells are from the BP nanosheets.
Moreover, as the incubation time is prolonged, the
SHG intensity becomes stronger. It can be found
that the SHG signals of BP nanosheets in HeLa cells
are distinct from in vitro measurement. A possible
reason is that the HeLa cells can e±ciently accu-
mulate the BP nanosheets, forming some hot spots
with relative high concentrations. It is worth noting
that compared to other 2D TMDCs such as MoS2
nanosheets with strong photoluminescence,39,40 BP
nanosheets almost have no photon luminescence.
So, there is no signal interference from two
photon excitation °uorescence during SHG imag-
ing. In addition, due to the strong interactions
between MoS2 nanosheets and Hella cells, the
MoS2 nanosheets usually su®er from °uorescence
quenching. However, there is no quenching for BP
nanosheets. Therefore, our observations have shown

the feasibility that BP nanosheets can act as an
excellent SHG nanoprobe for in vivo bioimaging.

4. Conclusions

In this study, we reported the discovery that BP
nanosheets can produce detectable SHG signals in
HeLa cells. Under the excitation of a high-frequency
pulsed laser at 950 nm, the SHG signals of BP
nanosheets in vitro is almost undetectable, due to
their poor stability. However, the intracellular SHG
signals from BP nanosheets can be detected by in
vivo bioimaging, after the BP nanosheets were
treated with HeLa cells. Furthermore, the intensity
of SHG signals from BP nanosheets in HeLa cells
increases with the prolongation of incubation time,
due to the possibly existing intracellular enrichment
e®ect. In view of the interesting nonlinear second-
order feature, the BP nanosheets could work as a
potential SHG nanoprobe for visually in vivo optical
imaging during cancer therapy.
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