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ABSTRACT: Nanomedicines intergrating both therapy and diagnosis
functions provide a promising strategy for anticancer treatment. As novel
two-dimensional materials, black phosphorus nanosheets (BPs) possess
unique properties for biomedical applications, pratically for photothermal
therapy (PTT) of cancer, but their lack of air and water stability may hinder
their application. Herein, a covalent functionalization strategy based on
Nile Blue (NB) dye via diazonium chemistry is established to modify BPs,
not only enhancing the stability of BPs but also rendering BPs via near-
infrared (NIR) fluorescence, forming a novel multifunctional nanomedicine
with both PTT and NIR imaging capabilities. In vitro tests demonstrate that
the dye-modified BPs (named NB@BPs) have good biocompatibility and
exhibit strong PTT and NIR imaging efficiency. In vivo experiments show
that the NB@BPs can mark the tumor site with red fluorescence and lead
to efficient tumor ablation under NIR irradiation. These results reveal a

potential BP-based nanomedicine with multiple functionalities that bode well for anticancer applications.

B INTRODUCTION

Nanomaterials that interact with near-infrared (NIR) light
provide a unique opportunity in biophotonic nanomedicine."
On the basis of the light-activatable multimodal nanoparticles,
imaging-guided therapy can be designed. A typical example is
the integration of strong NIR absorption and fluorescence
capabilities into a single nanostructure enabling imaging-guided
photothermal therapy (PTT) for cancer.”® To date, different
kinds of nanoparticles have been proposed as optical
nanomedicines for bioimaging and/or therapy, such as metallic
nanostructures, metal-based semiconductor nanoparticles,
carbon nanomaterials, etc.”'” However, even with promising
application potential, most of them still suffer from poor
biodegradability, and concerns about deleterious effect
Hence, developing new strategies for producing
biodegradable multifunctional nanomaterials with capacity for
synergistic combination therapy is still the main challenge.

As a new member of the family of two-dimensional (2D)
materials, black phosphorus (BP) has received much interest
because of its unique 2D layered structure and layer-dependent
bandgap of 0.3—2.0 eV."” Atomically thin BP nanosheets (BPs)
with different lateral sizes can be synthesized by using different
strategies such as liquid exfoliation.””~> Because of its excellent
optical properties such as strong NIR absorption and high
photothermal conversion efliciency, BPs have recently been
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adopted medically for photothermal therapy,”® photodynamic
therapy,”” and drug delivery.”® Compared to other nano-
particles, BP can degrade in aqueous media forming nontoxic
phosphate and phosphonate.””*" Furthermore, phosphorus is
one of the essential elements in human organs, making up ~1%
of the total body weight,”>~>* and is inherently biocompatible.
However, atomically thin BPs are very reactive in the presence
of oxygen and water, thus causing rapid degradation of the
optical performance in aqueous media.”>~** This problem has
hitherto hampered in-depth investigation and application of
BPs to biophotonic nanomedicine.

The degradation mechanism of BPs has recently been
clarified, and much effort has been devoted to prevent the rapid
degradation of BPs via chemical modification.””™* For
instance, we have proposed a surface coordination strategy in
which titanium sulfonate ligand coordination enhances the
stability of BPs in air and water.”” A covalent modification
scheme utilizing diazonium salts has been proposed by Hersam
and co-workers'' to enhance the air stability of BPs in
nanoelectronic applications, and a perylene-3,4,9,10-tetracar-
boxylic dianhydride (PTCDA) molecule self-assembly method
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Figure 1. Fabrication and characterization of NB@BPs. (A) Schematic illustration of fabrication of NB@BPs. (B) TEM and inset HR-TEM images.

(C) HR-XPS P 2p spectra. (D) HR-XPS C 1s spectra. (E) Raman spectra.

Figure 2. Optical properties of bare BPs and NB@BPs. (A) Absorption spectra. (B) Photothermal heating curves under 808 nm and 1.0 W cm™

2

laser irradiation. (C) Fluorescence emission spectra (4., = 570 nm). (D) Macroscopic fluorescence images (4, = 570 nm). (E) Bright-field and (F)

fluorescence micrographs of microsized NB@BPs.

has been proposed by Wang and co-workers.*’ In spite of the
progress, simple and effective modification strategies are still
needed to promote biophotonic application of BPs.

Herein, a modification strategy utilizing a fluorescent dye via
diazonium chemistry is described. The fluorescent dye Nile
Blue 690 [NB (Scheme 1A)] is converted into its diazonium
tetrafluoroborate salt [named NB-D (Scheme 1B)]. NB-D then
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reacts with BPs, forming stable C—P bonds on the BP surface
by aryl diazonium coupling. The NB-modified BPs (named
NB@BPs) not only exhibit robust stability against rapid
degradation in optical performance but also are endowed
with strong NIR fluorescence. In vitro and in vivo experiments
are performed to evaluate the applicability of the NB@BPs,
inferring that NB@BPs can be used as multifunctional
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Figure 3. Stability examination. Time-dependent variations in the (A) absorption ratios at the respective peak wavelength (A/A,) and (B)
temperature increase of bare BPs and NB@BPs in water under 808 nm and 1.0 W cm ™ laser irradiation for 10 min. (C) Time-dependent variation
in the fluorescence intensity of NB@BPs in water. Optical images of microsized (D) bare BPs and (E) NB@BPs exposed under ambient conditions

for different dispersion times.

nanomedicine in imaging-guided photothermal therapy of
cancer.

B RESULTS AND DISCUSSION

Preparation and Characterizations of NB@BPs. A
classical diazo reation is adopted to convert the free amino
group of NB into the diazonium tetrafluoroborate salt to
produce the fluorescent dye NB-D as shown in Figures S1—54.
NB-D exhibits characteristc Raman peaks at 591.2 and 673.4
cm™! arising from the in-plane CCC, CNC, and NCC modes
and other peaks at 344.0, 467.2, 497.5, and 750.2 cm™!
consistent with previous reports.*”*> In the absorption
spectrum, NB-D shows two typical peaks at 596 and 630 nm,
and under 570 nm excitation, NIR fluorescence at ~680 nm is
observed, demonstrating that NB after diazonium tetrafluor-
oborate modification retains its fluorescence properties.

The BPs are synthesized in N-methyl-2-pyrrolidone (NMP)
by a liquid exfoliation technique.”® The transmission electron
microscopy (TEM) images show that the average lateral size is
~35.0 nm and the thickness is ~6.0 nm, and high-resolution
TEM (HR-TEM) reveals lattice fringers of 0.23 nm ascribed to
the (014) plane of the BP crystal (see Figure S5). The exfloited
BPs react with NB-D via the covalent modification method as
illustrated in Figure 1A. This reaction depends on the transfer
of an electron from the surface of BPs to aryl diazonium ions to
liberate N, and create a highly reactive aryl radical to form a
covalent C—P bond.*"*” After modificaiton, the NB@BPs are
washed successively with acetonitrile, ethanol, and ultrapure
water to remove the unbonded NB-D molecules. As shown in
the TEM images in Figure 1B and Figure SSA, the NB-D
modification has not changed the morphology and structure of
the BPs, and the HR-TEM image reveals lattice fringes of 0.33
nm ascribed to the (021) plane of the BP crystal,”! suggesting
that the structure of BP is preserved after chemical
modificaiton.

Covalent modification of BPs with NB-D is confirmed by
high-resolution X-ray photoelectron spectroscopy (HR-XPS) in
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Figure 1C. The NB@BPs show the P 2p,;; and P 2p,,
doublets at 129.8 and 130.8 eV, respectively, characteristic of
crystalline BP,” and the broad peak at 133.3 eV corresponds to
phosphorus-aryl cornpounds,41 corroborating formation of C—
P covalent bonds. A P,O, sub-band emerges at 134.9 eV
probably due to partial oxidation during synthesis and
measurement.”® As shown by the C 1s XPS spectra in Figure
1D, in addtion to C—O and C=0O peaks at 284.8, 286.3, and
288.6 eV, the P—C peak at 284.2 eV*' confirms the existence of
the P—C bond.

Raman scattering is further performed, and as shown in
Figure 1E, the bare BPs show three prominent Raman peaks
related to out-of-plane phonon mode Alg at 361.5 cm™" and in-
plane modes B,, and AZg at 4382 and 466.0 cm™!,
respectively.'” All the Raman peaks of BP and NB can be
observed from NB@BPs.

Optical Properties of NB@BPs. Figure 2A shows the
absorption spectra of bare BPs and NB@BPs dispersed in
water. The bare BPs show a broad absorption band spanning
the UV and NIR region, and for NB@BPs, additional NB
absorption peaks due to integration of the two components are
observed.

The photothermal properties of bare BPs and NB@BPs
dispersed in water are determined with pure water as the
control. The relationship between temperature and time is
studied with 808 nm and 1.0 W cm ™2 NIR laser irradiation. As
shown by the photothermal heating curves in Figure 2B, the
water solution containing either the bare BPs or NB@BPs (50
ppm) exhibits excellent photothermal conversion ability, and
the temperature increases by ~27.5 °C after 10 min compared
to an increase of only 3.5 °C in pure water. The photothermal
performance of NB@BPs is as good as that of bare BPs.

Although it has been reported that the mechanically
exfoliated single-layer phosphorene can luminesce at ~850
nm," it is still difficult to observe fluorescence of liquid
exfoliated BPs particularly when they are dispersed in solution.
In our study, the fluorescence properties of bare BPs and NB@
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Figure 4. In vitro cell culture performance. Relative cell viabilities of (A) MCF7 cells and (B) LO2 cells incubated with bare BPs and NB@BPs at
different concentrations (5, 10, 25, 50, and 7S ppm). (C) Relative viabilities of MCF7 cells incubated with different concentrations of NB@BPs after
irradiation with an 808 nm and 1.0 W cm ™ laser for 10 min. (D, F, and H) White light images and (E, G, and I) corresponding fluorescence images
of MCF7 cells incubated with PBS, bare BPs, and NB@BPs, respectively.

BPs dispersed in water are determined, and the emission
spectra (4, = 570 nm) are shown in Figure 2C. The NB@BPs
show typical NB NIR fluorescence at ~680 nm. Figure 2D
further demonstrates bright fluorescence from NB@BPs,
whereas bare BPs do not fluoresce. To further investigate the
fluorescence characteristics of NB@BPs, microsized BPs (see
Figure S6) are synthesized by the liquid exfoliation method as
well as NB modification as described above. Panels E and F of
Figure 2 show the bright-field and fluorescnece images of the
microsized NB@BPs, respectively. Intense red fluorescence can
be directly observed from the microsized NB@BPs under 570
nm light excitation. These results demonstrate successful
synthesis of fluorescent BPs by NB-D covalent modification,
suggesting good potential as a light-activatable multifunctional
agent.

Evaluation of the Stability of NB@BPs. To evaluate the
role of NB-D covalent modification in BP stability, the bare BPs
and NB@BPs are dispersed in water and exposed to air for 0, 1,
2, and 3 days. The time-dependent optical absorbance is
monitored, and the variation in the A/A, absorption ratios at
630 nm is shown in Figure 3A. The absorbance intensity of the
bare BPs decreases obviously with time, showing an ~40%
reduction after 3 days. Degradation of BPs depends on the
reaction between P and oxygen (P — PxOy), and water
facilitates conversion of P,O, to the final anions (i.e., PO,*").%
When the bare BPs are dispersed in water, quick removal of
P,O, and continuous exposure of fresh P, to oxygen accelerate
BP degradation, so the absorbance decreases continuously. In
contrast, the absorbance of NB@BPs is maintained in water,
and the peak absorbance intensity decreases by only 3% after 3
days.

The photothermal stabilities of the bare BPs and NB@BPs
are compared. In particular, the increase in temperature with
time is determined from the bare BPs and NB@BPs in water
under 808 nm and 1.0 W cm™ NIR laser illumination for 10
min. The time-dependent variation is shown in Figure 3B. With
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respect to the bare BPs, the original temperature increase is
28.3 °C and the temperature decreases to 18.4 °C after 3 days.
In contrast, the temperature of the NB@BP solution increases
by 25.3 °C after 3 days, which is close to the original value. The
difference in the photothermal performance between the bare
BPs and NB@BPs is consistent with the optical absorbance
variations. As shown in Figure 3C, the fluorescence intensity of
NB@BPs is stable in water for at least 3 days.

The microsized bare BPs and NB@BPs are placed on Si/
SiO, substrates for further assessment of the stability under
ambient conditions. Panels D and E of Figure 3 present the
typical optical images after exposure to humid air for 0, 1, 2,
and 3 days. Small water droplets are observed from the bare
BPs after 1 day, and the droplets become larger and denser with
time. These findings are consistent with the previously reported
morphological changes on BP sheets in air.””** In comparison,
the microsized NB@BPs are almost unchanged after exposure
to air for 3 days. The results demonstrate the efficacy of NB-D
covalent modification in preventing BPs from rapidly
degrading.

In Vitro Cytotoxicity Assays, Photothermal Effect, and
Fluorescence Imaging. Nanomaterials for application to
biomedicine must be sufficiently biocompatible, so the
cytocompatibility of the bare BPs and NB@BPs is evaluated.
The standard Cell Counting Kit-8 (CCK-8) assay is performed
to determine the relative viabilities of MCF7 breast cancer cells
and LO2 normal cells when the cells are separately incubated
with bare BPs and NB@BPs at different concentrations for 48
h. As shown in panels A and B of Figure 4, no cytotoxicity can
be observed from the two types of cells even at a high
concentration of 75 ppm, confirming the good biocompatibility
and suitability of biomedical application.

In addition to the cytocompatibility assessment, the
photothermal effects of the NB@BPs on cancer cells are
examined (see Figure 4C). The MCF7 cancer cells are
incubated with different concentrations of NB@BPs for 4 h,
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Figure S. In vivo fluorescence bioimaging and photothermal therapy. (A) Fluorescence images of the MCF7 breast tumor-bearing nude mice treated
with the NB@BPs via the tail vein at different time points postinjection. (B) Fluorescence images of the tumor and major organs from the mice
treated with NB@BPs 1 h postinjection. Abbreviations: Br, brain; H, heart; Sp, spleen; Lu, lung; Li, liver; K, kidney; T, tumor. (C) Fluorescence
micrographs of tumor sections from mice treated with BPs and NB@BPs. Red fluorescence refers to NB@BPs and blue fluorescence to nuclei
stained with DAPI. (D) Time-dependent temperature increase. (E) Typical photograph. (F) Tumor growth curves of the MCF7 breast tumor-
bearing nude mice irradiated by the 808 nm and 1.5 W cm™ NIR laser for 10 min after intravenous injection of bare BPs and NB@BPs.

and the cells are illuminated with the NIR laser for 10 min. The
CCK-8 assay is used to determine the relative cell viabilities
after irradiation, and dose-dependent photothermal effects on
MCEF?7 cells are observed. As shown in Figure 4C, ~90% of the
cells are killed in the presence of only S0 ppm of NB@BPs after
exposure to the NIR laser. It should be noted that when the
dose of NB@BPs is only 50 ppm, the threshold of
photothermal cell destruction using the 808 nm laser is 1.0
W cm ™ for 10 min. These conditions are more moderate than
those required by other photothermal nanoagents for in vitro
photothermal cell destruction.*”*

The cell staining capability of fluorescent NB@BPs is also
evaluated. In brief, the MCF7 cancer cells are incubated with
PBS, bare BPs, and NB@BPs for 4 h and examined by
fluorescence microscopy. Panels D—I of Figure 4 show that the
cells incubated with NB@BPs exhibit intense fluorescence
under 570 nm light excitation, but no fluorescence can be
observed from the PBS and bare BP groups. These results
demonstrate that the NB@BPs are capable of labeling cancer
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cells with bright NIR fluorescence. Moreover, a co-staining
experiment using Hoechst 33528 is performed to determine the
destination of internalized NB@BPs. As shown in Figure S7,
strong red fluorescence signals from NB@BPs appear mainly in
the cytoplasm of cells, whereas little red fluorescence is found
in nuclei, which is co-stained blue by Hoechst. These results
suggest that the internalized NB@BPs are mainly distributed in
the cytoplasm.

To explore the cellular uptake process of NB@BPs, the
endocytosis process is studied. Generally, external nanomateri-
als can enter into cells mainly through three types of
endocytosis processes: (a) caveolae-mediated endocytosis, (b)
clathrin-mediated endocytosis, and (c) macropinocytosis.”'
Thus, we investigated these processes individually by different
endocytosis inhibitors, including methyl-f-cyclodextrin
(mBCD), sucrose, and amiloride, which inhibit caveolae-
mediated endocytosis, clathrin-mediated endocytosis, and
macropinocytosis, respectively. As shown in Figure S8, the
intracellular intensity of red fluorescence from NB@BPs is
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significantly decreased upon treatment with amiloride,
indicating that the endocytosis of NB@BPs is mainly mediated
by the micropinocytosis process.

In Vivo Fluorescence Imaging and Photothermal
Therapy. In vivo experiments are performed to evaluate the
bioimaging capability of the NB@BPs. Briefly, Balb/c nude
mice bearing the MCF7 breast tumors are treated with the
solution of NB@BPs via the tail vein (100 uL of a solution of 1
mg of BP mL™") and examined by fluorescence imaging (see
Figure SA). Compared with the disorganized fluorescence
signal distribution 1 h postinjection, considerable fluorescence
signals can be observed from the tumor and some organs 24 h
postinjection. Forty-eight hours postinjection, the fluorescence
signal fades almost completely, suggesting clearance of NB@
BPs from the body through the reticuloendothelial system
(RES).

Figure SB shows the typical ex vivo fluorescence images
obtained 1 h postinjection. NB fluorescence can be observed
mainly from the tumor and lung at this time point.
Cryosections of the tissue are further studied by using DAPI
to stain the nuclei blue (see Figure SC). As expected, no
fluorescence can be observed from bare BP groups, whereas
NB@BPs exhibit strong NIR fluorescence in the tumor section.
These results confirm that the NB@BPs can penetrate the
tumor cells producing fluorescence from the tumor region.

The fluorescence intensity in blood is further examined by
fluorometry at different time intervals postinjection, and the
change in the intensity ratio (A/A,) is plotted in Figure S9, in
which A and A are the fluorescence intensities at time ¢ and 0 h
postinjection, respectively. The blood circulation of NB@BPs
obeys the typical two-compartment model. After the rapid
distribution phase (first phase) with a half-life of ~3.3 h, the
fluorescence intensity in the circulating blood shows an
elimination phase (second phase that is the predominant
process for the clearance of NB@BPs) with a half-life of ~15.5
h. The bioimaging results reveal bright NIR fluorescence from
NB@BPs and considerable uptake of the nanoagents by the
tumor because of the enhanced permeability and retention
(EPR) effects. Because P is abundant in organisms, it is very
difficult to trace the biodistribution of bare BPs.>> Nonetheless,
the NB@BPs with bright NIR fluorescence properties after NB
modification enable non-invasive monitoring of the agent in
animals.

To evaluate the potential of NB@BPs in photothermal
cancer therapy, the Balb/c nude mice bearing the MCF7 breast
tumors are successively treated via the tail vein with 100 uL of
bare BPs and NB@BPs (1 mg of BP mL™"), and then the entire
region of the tumor is irradiated with the 808 nm laser (1.5 W
cm™?) for 10 min 1 h postinjection. As shown in Figure SD, the
tumor temperature of the mice treated with NB@BPs increases
by 23.5 °C under NIR laser irradiation and is high enough for
tumor ablation. On the other hand, the tumor temparature of
the mice treated with BPs increases by only 11.5 °C, which may
be attributed to rapid degradation of bare BPs during blood
circulation. These results indicate the high efficiency of NB@
BPs as a photothermal therapy agent during in vivo tumor
ablation.

After the photothermal treatment, the tumor size is
determined every 2 days, and no obvious toxic side effects
such as abnormal body weight, activity, eating, drinking, or
neurological issues can be observed in the two groups. As
shown in panels E and F of Figure S, the tumors in the mice
treated with NB@BPs shrink gradually and are completely
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cured within 16 days. In contrast, tumor growth in the mice
treated with BPs does not abrade. These results demonstrate
the high efficacy of NB@BPs in NIR photothermal cancer
therapy.

H CONCLUSION

In summary, a NB diazonium tetrafluoroborate salt is
synthesized to covalently modify BPs by aryl diazonium
chemistry to produce stable and fluorescent NB@BPs for
NIR imaging-guided photothermal cancer therapy. In contrast
to serious degradation of bare BPs, NB@BPs show bright NIR
fluorescence and inappreciable degradation of their optical
properties. In vitro experiments demonstrate that the BPs after
NB-D covalent modification are nontoxic. As a result of the
stable NIR fluorescence and photothermal characteristics, the
NB@BPs are successfully used in both NIR fluorescence
imaging and photothermal tumor ablation during in vivo
experiments. This effective and simple method enhances the
stability of BPs and also endows the materials with multiple
functions, spurring potential biological and biomedical
applications.

B EXPERIMENTAL SECTION

Materials. The BP crystals were purchased from a commercial
supplier (Smart-Elements) and stored in a dark Ar glovebox. NMP
(99.5%, anhydrous), ethanol (EtOH), sodium nitrite (NaNO,), and
hydrochloric acid (HCI) were obtained from Aladdin Reagents, and
acetonitrile (CH;CN, 99.9% anhydrous) and tetrafluoroborate (HBF,)
were obtained from Alfa-Aesar. Nile Blue 690 and tetrabutylammo-
nium hexafluorophosphate ([Bu,N]*PF~) were obtained from Sigma-
Aldrich. All the chemicals were analytical reagent grade and used
without further purification.

Synthesis of NB-D. One milliliter of 2.75 mmol of NaNO, was
added dropwise to an ice-cold mixture of Nile Blue 690 (1 mmol) in
13% HCI (2.5 mL, 1 mmol). After the mixture had been stirred for 1 h
at 0 °C, 50% HBF, (240 uL, 1.5 mmol) was added, and the mixture
was stirred for an additional hour at 0 °C. The mixture was filtered and
washed with cold water and then cold methanol. After the mixture had
dried at room temperature, dark blue powders were obtained: 'H
NMR (400 MHz, DMSO) 8y, 8.73 (t, 1H, J = 8.0 Hz), 841 (t, 1H, ] =
8.0 Hz), 7.96 (q, 1H), 7.87—7.75 (m, 2H), 7.22 (t, 1H, J = 8.0 Hz),
8.95 (d, 1H, J = 8.0 Hz), 8.79 (d, 1H, J = 8.0 Hz), 3.66 (q, 4H), 1.24
(t, 6H); '*C NMR (100 MHz, DMSO) & 161.2, 154.0, 153.4, 148.1,
1334, 132.9, 132.8, 1317, 130.0, 129.6, 124.5, 124.3, 1229, 115.5,
97.0, 96.3, 45.8, 13.1; HRMS (M — N,)* CyoH,,N,0" caled 303.1497,
found 303.1491.

Synthesis of BP Nanosheets (BPs). The BPs were synthesized by
a liquid exfoliation method. In brief, 20 mg of the bulk BP powders
was dispersed in 20 mL of NMP and sonicated with a sonic tip
(ultrasonic frequency of 19—25 kHz) for S h (period of 2 s with an
interval of 4 s) using a power of 1200 W. The mixture was sonicated
for 8 h in an ice bath using a power of 300 W. The dispersion was
centrifuged for 20 min at 4000 rpm, and the collected supernatant was
centrifuged for 20 min at 7000 rpm. The supernatant containing the
BPs was decanted gently.

Synthesis of NB@BPs. A proper amount of NB-D with
[Bu,N]*PF,~ was added to the BP solution in CH;CN (for 100 ug
of BP in 1 mL of CH;CN, add 1 mL of a 10 mg/mL NB-D solution in
CH,CN), and the mixture was stirred in darkness under nitrogen for
20 h. The mixture was centrifuged at 7000 rpm for 10 min, and the
residue was washed with CH;CN (2 mL), ethanol (2 mL), and water
(2 mL) twice successively. After the wash, the NB@BPs were
resuspended in ethanol or water. For subsequent experiments, the
solution was centrifuged at 7000 rpm for 10 min and the precipitated
NB@BPs were collected.

Characterization. The TEM and HR-TEM images were recorded
on the Tecnai G2 F20 S-Twin transmission electron microscope at an

DOI: 10.1021/acs.chemmater.7b01106
Chem. Mater. 2017, 29, 7131-7139


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b01106/suppl_file/cm7b01106_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.7b01106

Chemistry of Materials

acceleration voltage of 200 kV. Raman scattering was conducted on a
Horiba Jobin-Yvon Lab Ram HR VIS high-resolution confocal Raman
microscope equipped with a 633 nm laser. XPS was conducted on the
Thermo Fisher Escalab250Xi XPS instrument 3 days after samples
were placed on the Si/SiO, substrate. The ultraviolet—visible—NIR
absorption spectra were recorded at room temperature on the Hitachi
U-3900 spectrophotometer with QS-grade quartz cuvettes, and the
fluorescence spectra were recorded on the Hitachi F-4600
spectrophotometer. The optical images of the Si/SiO, substrates
were recorded on the Keyence VHX-2000C optical microscope. The
in vitro fluorescence images were recorded on the Olympus-BX63
fluorescence microscope, and the in vivo fluorescence images were
recorded for the mice using the Caliper Ivis Spectrum imaging system.

NIR Laser-Induced Heat Conversion. A 1 cm path length quartz
cuvette containing 0.5 mL of the bare BPs or NB@BPs was covered
with a foam cap. The cuvette was clamped on the top part above the
sample surface, and the bottom of the cuvette was kept ~0.5 cm above
the magnetic stirrer. A continuous fiber-coupled semiconductor diode
laser (808 nm, KS-810F-8000, Kai Site Electronic Technology Co.,
Ltd, Shanxi, China) with a power density of 1.0 W cm™ was
employed as the light source, and an infrared thermal imaging camera
(Fluke Ti27) was used to monitor the temperature change.

Cellular Toxicity Assay. The MCF7 breast cancer cells were
obtained from China type culture collection (CTCC). The cells were
cultured on a 96-well plate (1 x 10* cells/well) in Dulbecco’s modified
Eagle’s medium (Gibco BRL) supplemented with 10% (v/v) fetal
bovine serum, 100 IU mL™" penicillin, and 100 IU mL™" streptomycin
in a humid atmosphere of 5% CO, at 37 °C. After 12 h, the DMEM
was replaced with 200 uL of the DMEM containing 20 uL of the
desired sample per well (bare BPs and NB@BPs at different
concentrations of 5, 10, 25, 50, and 7S5 ppm). Five multiple holes
were set for every sample. The cells were treated with the samples for
48 h, and then the cell viability was assayed by adding 10 L of a CCK-
8 solution to each well. After the cells were incubated with CCK-8 at
37 °C for 2 h, the absorbance that correlated with the number of viable
cells in each well was determined on a Thermo Reader at 450 nm. The
following formula was used to calculate the inhibition of cell growth:
cell viability (%) = (mean of the absorbance value of the treatment
group/mean absorbance value of the control) X 100%.

In Vitro Photothermal and Fluorescence Imaging Experi-
ments. To determine the photothermal efficacy of NB@BPs, the
standard CCK-8 assay was employed to determine the relative viability
of the MCF7 cancer cells. The cell viability was normalized to the
control group without any treatment. In particular, the MCF7 cells (1
x 10* cells/well) were seeded on 96-well plates and incubated in a
humidified atmosphere of 5% CO, at 37 °C overnight. The MCF7
cells were rinsed twice with PBS (pH 7.4) and incubated without and
with NB@BPs for 4 h. The fluorescent ability of the NB@BPs to label
the MCF7 cells is evaluated on the Olympus-BX63 fluorescence
microscope. In the photothermal experiments, the cells were irradiated
with the 808 nm laser (1.0 W cm™2) for 10 min. The laser spot was
adjusted to fully cover the area of each well. After being illuminated,
the cells were incubated for 12 h, and the cell viability was determined
by the same CCK-8 assay as mentioned above.

In Vivo Fluorescence Imaging and Photothermal Experi-
ments. The healthy female Balb/c nude mice (6 weeks old) were
obtained from Slac Laboratory Animal Co. Ltd. (Hunan, China), and
all the in vivo experiments followed the protocols approved by the
Animal Care and Use Committee of the Shenzhen Institutes of
Advanced Technology, Chinese Academy of Sciences. To establish the
MCF?7 breast tumors in situ in the Balb/c nude mouse, 1 X 10” MCF7
cells in 100 uL of PBS were subcutaneously injected into the left
foreleg armpit of each mouse. When the tumor volume reached 200
mm?®, the mice were randomly divided into two groups (n = 3 per
group), and aliquots (100 mL) of bare BPs and NB@BPs (1 mg of BP
mL™") were injected separately into the nude mice intratumorally. The
fluorescent ability of NB@BPs to label tumors in the mice was
evaluated by the Caliper Ivis Spectrum imaging system at the indicated
times.
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In the ex vivo fluorescence imaging experiments, the mice treated
with NB@BPs were killed by cervical dislocation and the
corresponding major organs and tissues, including the liver, spleen,
kidney, heart, stomach, lung, intestine, and tumor, were collected and
imaged. The tumors were fixed in a 4% polyformaldehyde fixing
solution and embedded in a 30% aqueous sucrose solution. Sections of
the whole tumor were stained using DAPI (colored blue) to label all
nuclei of the tumor cells. The fluorescence images of the tumor
sections were obtained on an Olympus-BX63 fluorescence microscope.
As part of the blood analysis, blood circulation was assessed by
drawing 10 uL of blood from the tail vein of the Balb/c nude mice at
certain time intervals after injection of the NB@BPs. Each blood
sample was dissolved in 1 mL of lysis buffer (cell lysis buffer for
Western and immunol precipitation, Beyotime biotechnology); the
fluorescence intensity of the blood was determined from the
fluorescence spectrum recorded on a Fluoromax 4 fluorometer
(Horiba Jobin Yvon), and the A/A, values were calculated.

To evaluate the photothermal potential of the NB@BPs, the mice
were anesthetized 0.5 h postinjection, and the entire region of the
tumor was irradiated with the 808 nm and 1.5 W cm™ NIR laser for
10 min. The temperature of the tumors was recorded by an infrared
thermal imaging camera (Ti27, Fluka). After laser irradiation, the
tumor size was measured by a caliper every 2 days according to the
formula volume (V) = (tumor length)(tumor width)?/2, and no
mouse died during the course of therapy. The relative tumor volume
was calculated as V/V;, with V, being the initial tumor volume at the
start of the treatment. Daily clinical observations, including weekends
and holidays, were performed to monitor the animals for signs of
distress. When the tumor size reached 20 mm in any direction or the
mouse displayed restriction, inability to access food or water, or
pressure on internal organs or sensitive regions of the body, the mice
were euthanized.
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Figure S1. Optical characterization of NB-D: (A) Raman spectra, (B) Absorption
spectra and (C) Fluorescence emission spectra (e = 570 nm) of water solution

containing NB-D.



Figure S2. "H NMR spectra of NB-D




Figure S3. °C NMR spectra of NB-D
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Figure S4. Mass spectra of NB-D.
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Figure S5. Characterization of BPs: (A) TEM and inset HR-TEM images; (B) AFM

image of BPs



Figure S6. TEM image of micro-sized BPs synthesized by the liquid exfoliation

method.



Figure S7. Confocal microscopic images of MCF-7 cells with 25 ppm NB@BPs for
3 h. Blue fluorescence refers to nuclei staiend by Hoechst 33528, and red

fluorenscence refers to NB@NBs. BL refers to bright light.



Figure S8. Inhibition of endocytosis with different inhibitors to evaluate mechanism
of NB@BPs cellular uptaken by MCF-7 cells. (A) Fluorescence micrographs;
(B)Intracellular fluorescence intensity of MCF-7 cells under different treatments: no
treatment (control), MBCD (10 mM), sucrose (450 mM) and amiloride (2 mM).
MCEF-7 cells were treated for 2 h with each inhibitor, then the medium was replaced
by fresh medium with 25 ppm NB@BPs for 2 h. To further quantify the intracellular
fluorescence intensity, the cells were lysed with RIPA lysis buffer, and the intensity of
fluorescence from NB@BPs was measured on a fluorescence spectrophotometer.

The data are shown as mean £+ SD (n=3). (Scale bar = 50 um)



Figure S9. Fluorescence intensity ratios (4/4p) in blood at different time points
post-injection of the NB@BPs, where 4 and 4 are the fluorescence intensities at time

A and at 0 h post-injection (Ay).



