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Abstract

Near-infrared (NIR) light triggered photothermally enhanced cellular internalization strategy
shows great potential to improve antitumor effect to fight against cancer. In this work, a black
phosphorus (BP) nanosheet-based nanomedicine, which is composed of BP nanosheet, human
serum albumin (HSA) and paclitaxel (PTX), was developed for mild hyperthermia-enhanced
intracellular drug delivery and chemo-photothermal combination therapy. BP nanosheet was
successfully synthesized by a one-pot biomimetic synthesis method using HSA as exfoliating agent
and capping agent. Meanwhile, PTX can be efficiently loaded by HSA via hydrophobic interactions.
The PTX-loaded HSA functionalized BP (BP-HSA-PTX) exhibits great photothermal performance,
excellent biodegradability/biocompatibility, and effective drug loading. Upon NIR laser illumination,
mild hyperthermia (~43 °C) or photothermal effect can be achieved to improve the intracellular
drug delivery efficiency and antitumor effect of BP-HSA-PTX. Our results indicate that
HSA-functionalized BP has great potential for the loading, delivery, cellular uptake enhancement of
chemotherapeutics and chemo-photothermal combination antitumor effect.

Key words: black phosphorus nanosheets, photothermal, mild hyperthermia, enhanced chemotherapy,
combination therapy.

Introduction

Since many clinical chemotherapeutic drugs,
such as paclitaxel (PTX) and doxorubicin (DOX), only
act on intracellular targets [1-3], the enhanced
intracellular drug delivery strategy plays a significant
role in improving the chemotherapeutic effect. In
recent years, various strategies have been explored to
enhance the cellular uptake efficiency of drug-loaded
nanoparticles [4-6]. For example, positive charge or
ligand modification can enhance the cellular uptake of
nanoparticles due to their strong binding to cell
membranes by electrostatic or ligand-receptor

interactions [7]. The hyperthermia method is another
strategy to enhance intracellular delivery of
chemotherapeutic drugs. When the tumor cells are
heated to the designated temperature (~43 °C), their
cellular uptake efficiency would be significantly
enhanced due to the increased cell membrane
permeability [8, 9]. This mild hyperthermia strategy
shows good potential because the hyperthermia can
be applied to tumor site locally without affecting
normal tissues. Among the hyperthermia methods,
near-infrared (NIR) light (650-950 nm) induced
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hyperthermia holds many merits of high safety,
controllability and relatively low absorption of
biological tissues and blood in this NIR region [10-14].
Furthermore, by adjusting the power density of NIR
light, combined photothermal and chemotherapy also
can be realized in this strategy. Photothermal
conversion agents (PTCAs) are crucial moieties that
absorb NIR light energy and convert it into heat, thus
raising the local temperature [15-17]. However, the
uses of many PTCAs are limited by their
nonbiodegradability (e.g., noble metal nanomaterials,
transition metal chalcogenides, carbon nanomaterials)
or low photothermal stability (e.g., NIR dyes). Hence,
the development of new PTCAs with excellent
biodegradability / biocompatibility and photothermal
stability is greatly demanded.

Black phosphorus (BP), one of the allotropes of
phosphorus, is a new two dimensional layered
material [18-20]. BP nanosheets with different
thicknesses and sizes have been developed by
mechanical and liquid exfoliation methods and
applied in the electronic and optical fields [21-24].
However, little has been done to explore BP
nanosheets for biomedical applications. Considering
the excellent biodegradability /biocompatibility and
the broad absorption across the ultraviolet (UV) and
NIR region of BP nanomaterials [20], we expect that
they may be great PTCAs to generate hyperthermia,
which can be further applied in cancer therapy.

In this work, we report a PTX-loaded HSA
functionalized  BP  (BP-HSA-PTX) for mild
hyperthermia-enhanced chemotherapy and
chemo-photothermal combination therapy. Firstly, BP
nanosheet was prepared by one-pot biomimetic
synthesis method using human serum albumin (HSA)
as exfoliating/capping agents. In the exfoliation
process, HSA macromolecules can bind to the surface
of BP nanosheets. The HSA functionalized BP
(BP-HSA) was purified by centrifugation. Secondly,
PTX was loaded by BP-HSA via hydrophobic
interactions between the hydrophobic domain on
HSA and the PTX molecule. Finally, upon tuning NIR
laser irradiation, BP nanosheets can convert the
absorbed optical energy into heat, thus promoting the
intracellular delivery of PTX. In our system, BP
nanosheet was used as a photothermal agent to
induce hyperthermia upon NIR laser irradiation. PTX
was selected as a model anticancer drug. Most
intriguingly, HSA plays triple roles such as
exfoliating/capping agents of BP nanosheet and a
carrier of PTX.
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Experimental section

Materials

Black phosphorus (BP) powder was purchased
from ACS Material (Medford, MA). Human serum
albumin (HSA), methyl thiazolyl tetrazolium (MTT)
and dimethyl sulfoxide (DMSO) was obtained from
Sigma-Aldrich. Paclitaxel (PTX) was purchased from
Biotang (Waltham, MA).

One-pot biomimetic synthesis of

BP-HSA-PTX
The BP-HSA nanosheets were first prepared by
one-pot biomimetic synthesis method using

HSA-directed exfoliation of BP powder (Fig. 1A) [25].
In brief, 5 mg of the BP powder was dispersed in 10
mL of pure water bubbled with nitrogen. Then HSA
(50 mg) was added to the solution and the mixture
was sonicated in ice bath for 12 h. The resulting
suspension was centrifuged for 5 min at 3000 rpm to
remove the unexfoliated large particles. The
supernatant was further centrifuged for 10 min at
8000 rpm and the resulting BP-HSA precipitate was
collected and re-dispersed into water for further use
and characterization. To prepare BP-HSA-PTX, 5 mg
of BP-HSA was dispersed in 2.5 mL of pure water.
Then 20 pL of PTX (20 mg/mL in DMSO) were added
to the BP-HSA solution and stirred overnight in dark
and then dialyzed against pure water (MWCO: 12-14
kDa) for 2 days to remove DMSO and unbound PTX.

Characterization of the nanosheets

High Performance Liquid Chromatography
(HPLC) (Agilent Technologies 1200) was used to
determine the PTX loading efficiency of the
BP-HSA-PTX. Tecnai TF30 transmission electron
microscope (TEM) (FEI, Hillsboro, OR) and PicoForce
Multimode atomic force microscopy (AFM) (Bruker,
CA) were used to observe the size and morphology of
the BP-HSA-PTX. Thermal gravimetric analysis
(TGA) was employed to further determine the
chemical composition of the BP-HSA. Genesys 10S
UV-Vis  spectrophotometer (Thermo Scientific,
Waltham, MA) were used to measure the UV-vis-NIR
absorption spectra of the BP-HSA-PTX at room
temperature. For the stability characterization,
BP-HSA-PTX dispersed in water, PBS or DMEM +
10% FBS and incubated for 4 h. To evaluate the
biodegradability of BP, BP-HSA-PTX dispersed in
water and incubated in air atmosphere. At
appropriate time points, the absorbance of the
solution was measured by UV-Vis spectrophotometer.
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Figure 1. Preparation and characterization of the BP-HSA-PTX: (A) Preparation process; (B) TEM image; (C) HR-TEM image; (D) Element mapping; (E) AFM image
of HSA; (F) AFM image of BP-HSA-PTX; (G) Height profiles along the white lines in Fig. 1F.

Measurement of photothermal conversion
performance

To measure the photothermal conversion
performance of the BP-HSA-PTX, 200 pL of the
BP-HSA-PTX aqueous solutions with different
concentrations (i.e., 0.05, 0.1 and 0.2 mg/mL) were
placed in tubes and irradiated by an 808 nm NIR laser
(power densities: 0.1~1.0 W/cm?) for 10 min. The
real-time thermal images and temperature changes of
the samples were recorded by a FLIR thermal camera.
In this study, pure water was used as a control group.
The photothermal conversion efficiency (1) of the
BP-HSA-PTX was determined by the following
equations: [12, 26]

7= (hSATmax - Qs)/ I (1-10-2808)
hS =mC/s

In the equations, h is the heat-transfer coefficient,
S is the surface area of the container, ATmax is the
temperature change of the solution at the maximum
steady-state temperature, Qs is the heat associated
with light absorption by the solvent. I is the laser
power, A808 is the absorbance of the solution at 808
nm. The variable 1, is the sample-system time
constant, and m and C are the mass and heat capacity

of the deionized water used as the solvent.

Mild hyperthermia-enhanced cellular
internalization

To observe the cellular uptake behavior of the
BP-HSA-PTX with or without NIR light irradiation,
fluorescein isothiocyanate (FITC) was used as the
fluorescent  substance. @ The  preparation  of
FITC-labeled BP-HSA-PTX was the same as
mentioned above except that HSA was replaced with
FITC-conjugated HSA. U87MG cells were seeded in
an 8-well slide in 200 pL of DMEM at 37 °C under 5%
CO; atmosphere. Then FITC-labeled BP-HSA-PTX
was added to the wells. After incubation for 30 min
with (the power densities were adjusted to maintain
the media temperature at 42.5 £ 0.5 °C) or without
NIR light irradiation, the cells were fixed and then
stained with 4’,6-diamidino-2-phenylindole (DAPI).
Then the confocal images were acquired by an
Olympus confocal microscope. To maintain the media
temperature, pre-experiment need to be performed to
determine the laser power scope. The media with a
fixed concentration of BP were irradiated by NIR laser
with different power densities and the temperature of
the media was monitored by using an IR thermal
imaging system. Thus an approximate power density
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that can raise the medium temperature to about 42 °C
in 30 min was determined. In the cell experiments, we
use the power density that determined above and the
media temperature was also monitored by using an IR
thermal imaging system. In the process of laser
irradiation, the power density might be tuned slightly
to ensure the temperature at 42.5 + 0.5 °C.

In vitro cytotoxicity

The cytotoxicity of the BP-HSA was determined
by a MTT assay. US7MG human glioblastoma cells
were seeded in a 96-well plate in 200 pL of Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal
bovine serum (FBS) and incubated with BP-HSA with
different concentrations (i.e., 0.1, 0.2, 0.3, 0.4 and 0.5
mg/mL) for 24 h under 5% CO. atmosphere. Then 20
pL of MTT solution (5 mg/mL) was added to each
well. After another 4 h incubation at 37 °C, the culture
media were removed and 200 pL of DMSO was added
to each well. The absorbance of each well was
measured at a wavelength of 570 nm. The group
without BP-HSA incubation was used as a control.
Then survival percentages were calculated by the
following equation. Cell viability (%) = (Absorbance
value of treatment group/Absorbance value of
control group) x 100%.

In vitro mild hyperthermia-enhanced
chemotherapy

To evaluate the in vitro mild
hyperthermia-enhanced chemotherapy, US7MG cells
were seeded in a 96-well plate in 100 pL of DMEM
with 10% FBS and incubated at 37 °C for 24 h. Then
the cells were incubated with different concentrations
of BP-HSA-PTX with (the power densities were
adjusted to maintain the media temperature at 42.5 +
0.5 °C) or without NIR light irradiation for 30 min.
Thereafter, the cells were washed with phosphate
buffer solution (PBS) and incubated with fresh culture
media for another 24 h at 37 °C. The relative cell
viabilities were then measured by MTT assay as
mentioned above. Meanwhile, the live/dead cells
were costained with Calcein AM and propidium
iodide (PI), and then imaged by an Olympus inverted
microscope.

In vitro combination therapy

For in vitro chemo-photothermal combination
therapy, US87MG cells were seeded in a 96-well plate
in 100 pL of DMEM with 10% FBS and incubated at 37
°C for 24 h. Then the cells were incubated with PBS,
BP-HSA or BP-HSA-PTX (0.4 mg/mL) for 2 h,
followed by exposure to an 808 nm laser at different
power densities (i.e., 0.2, 04, 0.6, 0.8, 1.0 and 1.2
W/cm?) for 5 min. Thereafter, the cells were washed
with PBS and incubated with fresh culture media for
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another 24 h at 37 °C. The relative cell viabilities were
then measured by MTT assay as mentioned above.
The group without laser irradiation was used as a
control.

Results and Discussion

Preparation and characterization of the
BP-HSA-PTX

So far, BP nanomaterials were successfully
prepared by several methods, such as mechanical or
liquid exfoliation [20-22, 27]. However, those
synthesis methods of BP mnanomaterials usually
require harsh environments or toxic organic solvents.
Additionally, further surface modification of BP
nanomaterials is necessary to achieve better
water-solubility and stability for biomedical
applications. Therefore, a facile, green, and
biomimetic synthesis method of BP nanomaterials is
highly desirable. In this study, we report a one-pot
biomimetic method for effective exfoliation of BP in
water by using HSA as an exfoliating agent and
capping agent. The HSA not only can exfoliate the
bulk BP into nanosheets, but also can serve as a
capping agent to improve the stability of BP
nanosheets. Meanwhile, the HSA can also serve as
drug carriers, especially for loading/delivering PTX
molecules.

The morphology of the BP-HSA-PTX was
examined by TEM and AFM. As shown in Fig. 1B, the
size of as-prepared BP-HSA-PTX was about 300 nm.
The high-resolution TEM (HRTEM) image showed
clear lattice fringes of 0.226 nm, which were attributed
to the (014) plane of the BP crystal (Fig. 1C) [22]. The
element mapping in Fig. 1D showed that the
BP-HSA-PTX were composed of P, O and N elements,
indicating successful preparation of HSA modified BP
nanosheets. The AFM analysis showed that the
thickness of BP-HSA-PTX was about 30 nm, which
may be attributed to the HSA modification (Fig.
1E-G). The PTX loading efficiency in the BP-HSA-PTX
was measured to be 4.2% by HPLC.

TGA was employed to further determine the
chemical composition of the BP-HSA nanosheets. As
shown in Fig. 2A, the bulk BP showed almost
complete mass loss at around 500 °C. In comparison
to the bulk BP, the mass loss of BP-HSA in range of
200-400 °C represents the HSA decomposition. The
stability of BP-HSA-PTX was also studied, as shown
in Fig. 2B, the BP-HSA-PTX can be well dispersed in
water and exhibit excellent stability in water, PBS and
culture medium containing 10% FBS, which may be
attributed to the HSA surface modification.
Furthermore, the BP nanomaterials can be degraded
gradually in water [19]. As shown in Fig. 2C, during
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the 21 days observation period, the absorbance of the
BP-HSA-PTX solution decreased with time, and the
brown suspension became light in color, which
indicated the degradation of the BP nanosheets.
Indeed, the blood of animal is oxygen enriched
environment and may lead to BP degradation.
However, most of the blood oxygen was combined
with hemoglobin, leading to a low free oxygen
concentration. In this case, the degradation of BP in
vivo is a relative long time process (approximately
several weeks) and not affects its functions. Thus,
BP-based nanomaterials show great potential for in
vivo applications. The UV-vis-NIR absorption spectra
showed that the BP-HSA-PTX had absorption in both
UV and NIR regions with a good linear correlation
between the absorbance at 808 nm and concentration
(Fig. 2D), which similar to other 2D nanomaterials [28,
29].

Photothermal conversion performance of the
BP-HSA-PTX

The photothermal conversion performance of the
BP-HSA-PTX was investigated by measuring the
temperature increase of BP-HSA-PTX suspension
upon 808 nm NIR laser irradiation. Both BP-HSA-PTX
concentration and laser power density dependent
temperature increases were evaluated. As shown in
Fig. 3A, when exposed to an 808 nm NIR laser (1.0
W/cm?) for 10 min, the temperature of BP-HSA-PTX
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suspension increased rapidly. Even at a very low
concentration (0.2 mg/mL), the temperature of
BP-HSA-PTX solution can increased to more than 40
°C after 10 min of laser irradiation. In contrast, the
pure water showed little temperature increase within
10 min. These results indicated that the BP-HSA-PTX
can convert NIR light into heat effectively.
Meanwhile, the photothermal performances of
BP-HSA-PTX (0.1 mg/mL) exposed to NIR laser at
different power densities (0.1-1.0 W/cm?) were also
investigated. Fig. 3B showed that when the power
density of exposed NIR laser was increased, the
steady-state temperature of the BP-HSA-PTX
suspension increased. To evaluate the photothermal
stability of BP-HSA-PTX, the temperature changes of
BP-HSA-PTX suspension with an NIR laser
irradiation for 5 min (on) and without irradiation for
additional 5 min (off) were monitored. As shown in
Fig. 3C, in five laser on-off cycles, the photothermal
effect of BP-HSA-PTX showed great stability without
deterioration. Furthermore, after laser irradiation, the
absorption spectra of BP-HSA-PTX showed little
change, which further demonstrated the stability of
BP-HSA-PTX (Fig. 3D). The photothermal conversion
efficiency (7) of the BP-HSA-PTX was determined to
be 32.74% (Figure 3E and F), which is significantly
higher than that of gold nanorods (21%) [30].
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Figure 2. (A) TGA of BP, HSA and BP-HSA. (B) Photographs of BP-HSA-PTX dispersed in water (i), PBS (ii) and DMEM + 10% FBS (jii). (C) Time-dependent changes
in absorption spectra of BP-HSA-PTX solution. Inset: photographs of BP-HSA-PTX dispersed in water for different times. (D) Absorbance spectra of BP-HSA-PTX
supernatant. Inset: The absorbance of BP-HSA-PTX at a wavelength of 808 nm as a function of the concentration.
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Figure 3. (A) Photothermal heating curves of pure water and the BP-HSA-PTX supernatants upon irradiation of an 808 nm laser (1.0 W/cm?). (B) Photothermal
heating curves of the BP-HSA-PTX (0.1 mg/mL) upon irradiation of an 808 nm laser at different power densities. (C) Heating of the BP-HSA-PTX supernatant for five
laser on/off cycles. (D) Absorption spectra of BP-HSA-PTX before and after five laser on/off cycles. (E) Photothermal heating curve of the BP-HSA-PTX aqueous
solution upon 808 nm laser irradiation (1.0 W/cm?) and then the laser was shut off. F) Linear time data versus — In 6 obtained from the cooling stage of Figure 3E.
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Figure 4. Schematic illustration (A) showing the photothermally enhanced cellular uptake of BP-HSA-PTX. Confocal images of U87MG cells incubated with PBS (B),
FITC-labeled BP-HSA-PTX without (C) or with (D) NIR light irradiation (30 min). The temperature of cell medium was maintained at 42.5 * 0.5 °C by adjusting the
power density. (E) Mean FITC fluorescence intensity determined in cells in Figure 4B-D.

Mild hyperthermia-enhanced cellular uptake

It has been reported that enhanced cellular
internalization of nanoparticles can be achieved by a
mild photothermal heating (~ 43 °C) due to the

increased permeability of cell membrane at this
temperature [31, 32]. The cellular uptake behavior of
FITC-labeled BP-HSA-PTX was assessed by using
confocal microscope. As shown in Fig. 4A, US7MG
cells were incubated with the FITC-labeled

http://lwww.ntno.org



Nanotheranostics 2017, Vol. 1

BP-HSA-PTX with or without NIR laser irradiation
(30 min). To avoid hyperthermia-induced cell
damage, the temperatures of cell media were
maintained at 42.5 + 0.5 °C by adjusting the power
densities of NIR laser. As shown in the confocal
images (Fig. 4B-4D), significant increase of
fluorescence intensity was observed in the cells
incubated with the FITC-labeled BP-HSA-PTX under
NIR light irradiation. Semiquantitative fluorescence
intensity analysis of FITC in cells confirmed the
higher uptake of FITC-labeled BP-HSA-PTX with
laser irradiation than that without laser irradiation
(Fig. 4E). These results indicated that the NIR light
treatment can enhance the cellular uptake by
photothermal effect.

In vitro cytotoxicity

For PTCAs and drug carrier materials, the
biocompatibility is important property that influences
their application and further clinical translation.
UB7MG cells were used to evaluate the cellular
cytotoxicity of the BP-HSA. The concentration of
samples ranged from 0.1 to 0.5 mg/mL. As shown in
Fig. 5, following 24 h incubation with BP-HSA
solution, the viabilities of U87MG cells were still more
than 80% even at a high concentration of 0.5 mg/mL,
suggesting good biocompatibility of the BP-HSA.

In vitro mild hyperthermia-enhanced
chemotherapy

To assess the mild hyperthermia-enhanced
intracellular delivery of PTX, U87MG cells were
incubated with BP-HSA-PTX with or without NIR
laser treatment (the temperatures of cell media were
maintained at 42.5 + 0.5 °C). To serve as a control,
U87MG cells were incubated with BP-HSA at the
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same concentration and irradiated with NIR laser. As
shown in Fig. 6A, the BP-HSA with 30 min of NIR
light irradiation showed low cytotoxicity even at a
high concentration of 0.5 mg/mL, which indicated the
mild hyperthermia in such a short time didn’t cause
significant cell damage. In contrast, the cells incubated
with the BP-HSA-PTX showed reduced cell viabilities
due to the antitumor effect of PTX. It should be noted
that the antitumor effects of BP-HSA-PTX with NIR
light irradiation were higher than that of
BP-HSA-PTX without NIR light irradiation. The
calcein AM (green fluorescence, live cells) and PI (red
fluorescence, dead cells) co-staining results (Fig. 6B)
also confirmed the effective antitumor effect of the
BP-HSA-PTX with NIR laser irradiation, which were
consistent with the MTT results. These results may be
attributed to the mild hyperthermia-enhanced
intracellular drug delivery.
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Figure 5. Viability of U87MG cells after incubation with BP-HSA for 24 h.
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Figure 6. (A) Relative viabilities of U87MG cells after incubation with different samples with or without NIR light irradiation (30 min) and then washed with PBS and
reincubated in fresh cell medium for 24 h. (B) Fluorescence images of Calcein AM/PI costained U87MG cells after different treatments.
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In vitro combination therapy

Besides the mild hyperthermia-enhanced
intracellular drug delivery, a chemo-photothermal
combination therapy effect also can be achieved as we
increased the power density of NIR laser [33]. To
demonstrate the chemo-photothermal combination
effect of BP-HSA-PTX at the cellular level, we tested
the laser power density-dependent cancer cell killing
at the same BP-HSA concentration. As shown in Fig.
7, for both BP-HSA and BP-HSA-PTX, increasing the
laser power density would lead to enhanced
photothermal cell killing. When the power density
was increased to 0.8 W/cm?, almost all the cells were
effectively killed. As expected, compared with
BP-HSA-PTX without laser irradiation and BP-HSA
with laser irradiation, the BP-HSA-PTX with laser
irradiation induced the most effective treatment
efficacy, showing an obvious combination therapy
effect.
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Figure 7. Relative viabilities of U87MG cells incubated with BP-HSA or
BP-HSA-PTX (0.4 mg/mL) after laser irradiation at different power densities for
5 min.

Conclusions

In this work, a novel black phosphorus
nanosheet-based nanomedicine was developed for
mild hyperthermia-enhanced chemotherapy and
chemo-photothermal combination therapy. The
BP-HSA nanosheets are prepared by one-pot
biomimetic synthesis method wusing HSA as
exfoliating/capping agents. Then PTX was loaded by
BP-HSA via hydrophobic interactions between the
hydrophobic domain on HSA and the PTX molecule.
In our system, BP nanosheet is used as a PTCA to
induce hyperthermia with excellent biodegradability
and great photothermal stability. Most intriguingly,
HSA plays triple roles such as exfoliating/capping
agents of BP nanosheet and a carrier of PTX. Upon
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NIR laser irradiation, the cellular uptake efficiency of
BP-HSA-PTX can be markedly enhanced by the mild
hyperthermia (~43 °C), resulting in better antitumor
effect. Furthermore, by adjusting the power density of
NIR laser, chemo-photothermal combination therapy
can be achieved to improve the antitumor effect of
BP-HSA-PTX. Our results indicated that the BP-HSA
has great potential for the loading, delivery, and
cellular uptake enhancement of drug, gene, dye, or
imaging contrast agents.
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