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ABSTRACT: A proper photosensitizer and increased pene-
tration depth are still two major challenges in photodynamic
therapy (PDT). The conventional ultraviolet/visible irradi-
ation light has low tissue penetration, which thus limits its
clinical application. Herein, we for the first time designed a
novel multifunctional composite by integrating NaGd-
F,:Yb,Er@Yb@Nd@Yb upconversion nanoparticles
(UCNPs) and black phosphorus sheets (BPS) for a single
808 nm laser light-mediated PDT. UCNPs, which served as
the energy donor, were modified with poly(acrylic acid), and
the BPS were stabilized by the PEG-NH,; then the two
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counterparts were integrated into the UCNPs—BPS composite via electrostatic interaction. Under 808 nm near-infrared light
irradiation, the composite exhibits excellent antitumor efficiency because of the large amount of reactive oxygen species generated
compared with those under 650 and 980 nm irradiations with the same pump power, which has evidently been confirmed by in
vitro and in vivo results. In particular, our work may pave the way for the wide application of black phosphorus-based materials in

theranostics.

B INTRODUCTION

Photodynamic therapy (PDT) with unique advantages and low
systematic toxicity has been proposed as a relatively less
invasive tool, widely applied in the anticancer therapy and
nanomedicine fields."~"" Three essential components of PDT
treatments are a photosensitizer, reactive oxygen species
(ROS), and irradiation light.n_14 The conventionally used
organic photosensitizers exhibit poor water solubility, low
stability and quantum yield, and other ambiguous security
issues.>~"” The semiconductors and photocatalyst have been
proposed as new PDT agents, which can be responsive to a
broad range of wavelengths from ultraviolet to visible light."*~**
Black phosphorus (BP), as the most stable allotrope of
phosphorus, is being increasingly utilized as a metal-free
semiconductor with an adjustable band gap through controlling
the structure.”*>* The thin black phosphorus sheets (BPS)
could be produced in high yields using the liquid-phase
exfoliation by breaking down the interlayer van der Waals
forces.”” > Recently, Xie’s group reported that the black
phosphorus nanosheets with a high quantum yield could be an
effective PDT agent.”” However, despite the fact that the
ultrathin BPS could be used as a potential therapeutic material,
the irradiation wavelength located in the visible light region
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creates strong tissue interference, which greatly hinders its
actual biomedical applications because of the limited
penetration depth. Furthermore, the designed system has
seen limited clinical use because of the lack of diagnostic
function. To the best of our knowledge, there have been few
reports of the utilization of black phosphorus (nanosheets,
nanodots, etc.)-based materials in theranostics.”* Moreover,
when the therapy and diagnosis are performed under the same
conditions, the two usually required light sources are difficult
for real-time diagnostic application.3'5_37 Thus, the design of a
multifunctional composite to achieve the therapeutic and
diagnostic functions upon a single light irradiation will be
highly desirable.”*~*

Upconversion luminescent (UCL) materials could modify
the near-infrared (NIR) irradiation to visible light through a
multiple-photon process, which has been extensively applied in
imaging, antitumor therapy, and drug delivery fields."' >
However, the overlay of the absorbance of water in the body
with the commonly used 980 nm laser irradiation gives rise to a
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high absorbance of light, leading to a small penetration depth
and possible hyperthermia-induced tissue damage. Thus,
shifting the wavelength of the irradiated light to an optical
window (700—900 nm) that includes the minimal absorbance
for biomolecules is necessary. Recently, the Nd**-sensitized
UCL materials have been proposed using 808 nm NIR laser
light as the irradiation source, which is located in the optical
window with a large high penetration depth.”*** Just recently,
our group proposed a facile and general route for preparing 808
nm light-excited core—shell structured UCNPs, and the
obtained structure with the active shell has high UCL emission
in the visible range, which is an advantage for (:li:A.gnc)sis.G‘"’é4 It
is thus envisioned that when the UCNPs are combined with
BPS, the irradiation laser light can be utilized to motivate the
BPS and the generated emission can be used as an imaging
probe to track the platform, processes that were mediated by a
single irradiation source.

Herein, to achieve the 808 nm NIR light-mediated
photodynamic therapy, we for the first time designed and
fabricated a novel UCNP—BPS composite by integrating the
ultrathin BPS with the small NaGdF,:YbEr@Yb@Nd@Yb
UCNPs. The UCNPs were modified with PAA first, and the
BPS were stabilized by PEG-NH,; then the two materials were
integrated by electrostatic interaction. The efficiency of
generated ROS was measured with different 650, 808, and
980 nm laser sources with the same pump power for
comparison. The in vitro and in vivo experiments were also
performed to examine the cancer inhibition efficacy.

B EXPERIMENTAL SECTION

Reagents and Materials. All the chemical reagents used were
analytical grade without any further purification, including Gd,Oj3,
Yb,0;, Er,0; and Nd,O; (99.99%) (from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China), cyclohexane, n-hexane, and n-
methyl-2-pyrrolidinone (NMP) (from Tianjin Kermel -Chemical
Reagent Co., Ltd,, Tianjin, China), and oleic acid (OA), 1-octadecene
(ODE), polyacrylic acid (PAA, 1800 M,,), PEG-NH,, 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), 3-4,5-dimethylthiazol-2-yl-2,5-diphe-
nyltetrazolium bromide (MTT), glutaraldehyde, 4’,6-diamidino-2-
phenylindole (DAPI), calcein AM, and propidium iodide (PI) (from
Sigma-Aldrich). Peptide NH,-Gly-Arg-Gly-Asp-Ser (denoted as RGD)
was synthesized by Sangon Biotechnology Co. Ltd. (Shanghai, China).
Bulk black phosphorus (BP) was purchased from Nanjing XFNANO
Materials Tech Co., Ltd.

Preparation of Amino-Modified BPS. The ultrathin black
phosphorus nanosheets were prepared by liquid exfoliation of bulk
black phosphorus according to the reported literature with some
modification.”” Briefly, 20 mg of bulk BP was first ground by hand and
then dispersed in the mixture of 20 mL of the mixed solution of NMP,
HCI, and deionized water (2:1:1 volume ratio) under vacuum with an
ice/water bath for 8 h. Note that the ice/water bath was needed to
prevent oxidation. Then, the suspension was kept for further use after
being shaken softly and held in place. After that, the brown suspension
was kept under 2000 rpm centrifugation for S min once to remove the
unexfoliated bulk BP. The suspension was further centrifuged with
deionized water for S min at 8000 rpm, and the precipitate was kept.
For amino modification, the brown powder was dispersed into
deionized water with 20 mg of PEG-NH, (dissolved into a water
solution before immediate use) and stirred for 4 h under an ice/water
bath. Finally, the solution was centrifuged three times with deionized
water to remove surplus PEG-NH, and kept in cold storage for further
use.

Synthesis of OA-Coated NaGdF,:Yb,Er. OA-capped NaGd-
F,:Yb,Er was synthesized by the developed route. In a typical route, 1
mmol of RE(OA), (RE = 80% Gd, 19% Yb, and 1% Er), 12 mmol of
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NaF, and 30 mL of an oleic acid (OA)/1-octadecene (ODE) (1:1
volume ratio) mixed solvent were added to the reaction vessel and
heated to 110 °C under vacuum for 30 min to remove residual oxygen
and water. Subsequently, the temperature was increased to 300 °C,
and the sample was held for 1.5 h under a N, atmosphere. The
NaGdF,:Yb,Er nanoparticles were obtained after being washed several
times with ethanol and cyclohexane and dispersed in cyclohexane.

Synthesis of NaGdF,Yb,Er@Yb@Nd@Yb. The cyclohexane
solution containing NaGdF,:Yb,Er nanoparticles was added to a
three-neck reaction vessel with 30 mL of OA/ODE (1:1 volume ratio),
Gd(CF;CO0); (0.45 mmol), Yb(CF;COO),; (0.05 mmol), and
CF;COONa (0.5 mmol) together. The solvent was heated to 120 °C
under vacuum for 1 h and flushed with N,. Then, the temperature was
increased to 310 °C, and the sample was held for 1 h under a N,
atmosphere. After that, the solution was cooled to room temperature
to make the NaGdF,:Yb,Er@NaGdF,:Yb (denoted as NaGd-
F,:YbEr@Yb) for further crystallization. The method for synthesis
of the third shell of NaGdF,:Yb,Er@NaGdF, Yb@NaNdF,:Yb
(denoted as NaGdF,:Yb,Er@Yb@Nd) is similar, with the change of
Nd(CF;COO0); (0.45 mmol) and Yb(CF,COO); (0.05 mmol). For
the fourth shell of NaGdF,:Yb,Er@NaGdF,:Yb@NaNdF,:Yb@
NaGdF,:Yb (denoted as NaGdF,:Yb,Er@Yb@Nd@Yb) nanoparticles,
the amounts of Gd(CF;COO); (0.45 mmol) and Yb(CF,COO),
(0.0 mmol) changed. After that, the final NaGdF,:Yb,Er@Yb@Nd@
Yb nanoparticles that were denoted as UCNPs were achieved. The
sample was dispersed into S mL of cyclohexane for further use.

Synthesis of UCNPs—PAA. PAA powder (0.3 g) was dissolved in
15 mL of deionized water with ultrasonication, and then the solution
was mixed with the as-synthesized NaGdF,:Yb,Er@Yb@Nd@Yb
(UCNBPs) in cyclohexane. After the sample had been stirred for 6 h,
there is no separated layer, and the water-soluble UCNPs—PAA was
obtained after centrifugation.

Synthesis of UCNPs—BPS. UCNPs—PAA could be conjugated
with BPS through electrostatic adsorption. Briefly, 10 mL of the as-
prepared BPS, 1 mL of EDC (6 mg mL™"), and 1 mL of NHS (2 mg
mL™") were added and mixed with the as-prepared UCNPs—PAA in
30 mL of deionized water while being continuously stirred. After being
stirred for 6 h, the UCNPs—BPS were obtained via centrifugation and
dried at room temperature. Before the in vitro and in vivo experiment,
the RGD peptide was first modified. Typically, 30 mg of UCNPs—BPS
was mixed with 3 mg of RGD peptide in 30 mL of PBS. Three
milliliters of EDC (6 mg mL™") and 3 mL of NHS (2 mg mL™") were
added for better conjunction. After being stirred for 4 h, UCNPs—BPS
with modified RGD were prepared.

ROS Detection of UCNPs—BPS. DPBF was employed as a
chemical probe to determine singlet oxygen by measuring the
absorption via UV—vis spectroscopy. Typically, 1 mL of an ethanol
solution containing DPBF (1 mg mL™") was mixed with 1 mL of a
UCNPs—BPS solution (1 mg mL™") and put into the 24-well plate.
The solution was kept in the dark and irradiated with 650, 808, and
980 nm lasers (pump power of 1.44 W cm™2) for different periods of
time (0, 2, S, 10, and 20 min). Then, the solution was centrifuged at
5000 rpm, and the supernatant was collected for UV—vis detection.

The intracellular ROS assay was conducted using DCFH-DA. HeLa
cells were incubated in the six-well plate together with the coverslips.
After the monolayer cells were obtained, a 1 mg mL™" UCNPs—BPS
solution was added. After incubation for an additional 3 h, DCFH-DA
was added and incubated for 10 min and then rinsed three times with
PBS. After that, the cells were irradiated with different lasers with
wavelengths of 650, 808, and 980 nm for S min. All the pump powers
were 144 W cm™ The blank well without irradiation was also
detected as the control. The fluorescence images were recorded at an
irradiation wavelength of 488 nm.

In Vitro Cellular Uptake. The cellular uptake by HeLa cell lines
was studied with a confocal laser scanning microscope. Briefly, the cells
were cultured with coverslips to obtain a monolayer in the six-well
plates. Then, the cells were incubated with UCNPs—BPS at 37 °C for
different periods of time. The cells were washed with PBS and fixed
with 1 mL of 2.5% glutaraldehyde for 10 min. After a further rinse with
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Scheme 1. Diagram of the Synthesis of UCNPs—BPS

Exfoliation

LW 4
y 4

Bulk black phosphorus

#—

NaGdF,:Yb,Er

R

Black phosphorus nanosheet (BPS)

#-

Er@Yb@Nd@Yb UCNPs

4

BPS-NH,

=

UCNPs-BPS

UCNPs-PAA

Height (nm)

0 100 200 300 400 500
Distance (nm)
a 4
6 J
4
0 100 200 300 400 500

Distance (nm)

Figure 1. (a and b) TEM images of BPS. (c) AFM image and height profiles along the black lines of BPS.

PBS, the cells were stained with a S ug mL™" DAPI solution for an
additional 10 min.

In Vitro Cytotoxicity Using the MTT Assay and Live/Dead
State Detection. The cell viability of the HeLa cells incubated with
and without UCNPs—BPS was detected using the MTT assay and
calcein AM/PL The viability using the MTT assay was determined in a
96-well plate. Typically, the cells were incubated to obtain monolayer
cells, and then UCNPs—BPS samples at different concentrations (500,
250, 125, 62.5, 31.3, and 15.6 ug mL™') were added to the three
groups. After an additional 24 h, there different treatments (without
irradiation and with 650 and 808 nm irradiation) were performed for
10 min. Both of the pump powers were 1.44 W cm™>. Twenty
microliters of the MTT solution (5 mg mL™") was added to each well,
and the plate was incubated for an additional 4 h. The mixture was
abandoned and supplemented with 150 yL of dimethyl sulfoxide.
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Finally, the plate was recorded with a microplate reader at a
wavelength of 490 nm. Live/dead state detection was performed in
a six-well plate. After incubation with UCNPs—BPS for 3 h, the cells
were treated according to the MTT assay. One milliliter of calcein AM
and PI were added and held for 1 h. Finally, the coverslips were
washed with PBS and images recorded with a Leica TCS SP8
instrument.

Hemolysis Assay of UCNPs—BPS. Red blood cells were obtained
from human blood and washed and centrifugated several times. Then,
blood cells were diluted to 1:10 with a PBS solution; 0.3 mL of a
diluted cell suspension was mixed with 1.2 mL of PBS (as a negative
control), 1.2 mL of deionized water (as a positive control), and 1.2 mL
of PBS solutions at varying concentrations of 15.6, 31.3, 62.5, 125, 250,
500, and 1000 pg/mL. The samples were shaken and held for 2 h.
Finally, the mixtures were centrifuged, and the upper supernatants
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Figure 2. (a) TEM images of NaGdF,:Yb,Er, NaGdF,:Yb,Er@Yb, NaGdF,:Yb,Er@Yb@Nd, and NaGdF,:Yb,Er@Yb@Nb@Yb (from left to right,
respectively). (b) Schematic illustration of the core—shell structure of the proposed UCNPs. (c) Proposed energy transfer mechanisms in the
quenching-shield sandwich structure upon 808 nm laser excitation. (d) UCL emission spectra of the NaGdF,:Yb,Er core and UCNPs.

were kept and measured by UV—vis spectroscopy to obtain the
absorbance value. The hemolysis percentage was calculated by the
equation hem01YSis (%) = [Asample - Acontrol(—)]/[Acontrol(+) -
Acontrol(—)], where A is the absorbance.

In Vivo Anticancer Therapy. Female Balb/c (25—30 g) mice
were from Harbin Veterinary Research Institute of the Chinese
Academy of Agricultural Sciences (Harbin, China), and all the
experiments with mice were conducted in accordance with the criteria
of The National Regulation of China for Care and Use of Laboratory
Animals. Typically, the tumors were generated in the left axilla of each
mouse by subcutaneous injection of Ul4 cells. After growth for the
next 7 days, the tumor size was approximately 5—8 mm. Tumor-
bearing mice were separated into three groups randomly: the control
group without any treatment, the group under 808 nm irradiation, and
the group into which UCNPs—BPS were injected under 808 nm
irradiation. The irradiation pump power was 1.44 W cm™ for 10 min
(after intravenous injection for 4 h). The mouse was injected every 2
days with 100 uL of UCNPs—BPS (1 mg mL™"). The tumor site was
irradiated every 2 days for 14 days.

Histology Examination. On day 14, the mice were euthanized,
and representative kidney, liver, heart, lung, spleen, and tumor tissues
were collected for histology analysis. The tissues were sliced and
dehydrated successively and embedded in liquid paraffin. After that,
the tissues were sliced to 3—5 mm for hematoxylin and eosin (H&E)
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staining. The final stained slices were put on the coverslips and images
recorded using a Leica TCS SP8 instrument.

Biodistribution Detection in Vivo. The biodistribution of
UCNPs—BPS was detected at different times after intravenous
injection. Typically, Balb/c mice were injected intravenously with
UCNPs—BPS (20 mg/kg dose). The mice (n = 3) were euthanized at
different time points (1 h, 4 h, 12 h, 24 h, 3 days, 7 days, and 14 days).
The tumor and major organs (heart, liver, spleen, lung, and kidney)
were collected and dissolved with S mL of HNO; and HCI (1:3
volume ratio) and then heated at 70 °C for S min to obtain clear
solutions. After that, the solutions were centrifuged and the
supernatant was kept for further ICP-OES analysis.

Characterization. Powder X-ray diffraction (XRD) measurements
were performed on a Rigaku D/max TTR-III diffractometer using Cu
Ka radiation (4 = 0.15405 nm) with a scanning rate of 15°/min in the
20 range of 10—80°. The morphology and structure were recorded via
transmission electron microscopy (TEM) (FEI Tecnai G* S-Twin).
Atomic force microscope images were recorded by CSPMS500. The
X-ray photoelectron spectrum was measured on a VG ESCALAB MK
II electron energy spectrometer using Mg KR radiation (1253.6 V) as
the X-ray excitation source. Fourier transform infrared spectroscopy
(FT-IR) spectra were recorded on a PerkinElmer S580B IR
spectrophotometer using the KBr pellet as the background. UCL
emission spectra were recorded on an Edinburgh FLS 980 instrument
using an 808 nm laser diode controller and a 650 nm laser product
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Figure 4. (a and b) Photographs of the solutions and (c and d) absorbance spectra at different time points of UCNPs—BPS dispersed in PBS and

serum solutions.

(MW-GX-650/2000 mW) as separate laser sources. The lasers were
purchased from Changchun New Industries Optoelectronics Tech-
nology Co., Ltd. All of the diode lasers are fixed wavelength with the
fiber of multitransverse mode. The ultraviolet visible (UV—vis)
absorbance spectra of the solutions were recorded on a UV-1601
spectrophotometer. Confocal laser scanning microscopy (CLSM)
images were recorded using a Leica SP8 instrument. The UCL images
were obtained on a Nikon Ti-S instrument with external 808 nm laser
irradiation.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the Sample. Scheme
1 presents an illustration of the synthesis of UCNPs—BPS,
which contains two main parts: synthesis of BPS-NH, and
UCNPs—PAA. The UCNPs could convert NIR light (808 nm)
to visible light (green and red emission) through an
upconversion energy transfer process. Meanwhile, both
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irradiation and emission light could donate energy to BPS to
generate ROS, and the emitted green light could be utilized for
diagnosis. Thus, through integration of the two parts, the
UCNPs—BPS could be excited under 808 nm light for imaging-
guided photodynamic therapy. Panels a and b of Figure 1 show
the TEM images of black phosphorus nanosheets; the atomic
force microscopy (AFM) image of BPS and its height profiles
along the black lines are shown in Figure 1c. As shown, the BPS
with an average height of 3 nm is very thin. The TEM images of
the UCNDPs synthesized at different steps are given in Figure 2a.
It can be seen that the particle size gradually increases with an
increase in the number of coated layers, and the shape and
dispersity of the four-layer UCNPs (Figure 2b) can well be
maintained with an average size of ~50 nm.

Figure S1 shows the XRD patterns of BPS, UCNPs, and
UCNPs—BPS. As depicted, the crystals of UCNPs are well
assigned to the hexagonal NaGdF, (JCPDS Card No. 27-0699).
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In the XRD pattern of BPS, the obvious (020), (040), and
(060) lattice planes indicate the typical two-dimensional (2D)
sheet structure. After conjunction of UCNPs, the XRD pattern
of the UCNPs—BPS complex comprises two sets of crystal
lattices, the BPS and UCNPs.

The AFM image and TEM image of UCNPs—BPS further
indicate that the complex maintains good dispersity (Figure
3a,b), which is also verified by the results of statistical AFM
analysis given in Figure S2. As indicated, the smaller UCNPs
are distributed well on the surface of BPS. The average height
of the composite is 62 nm, which is basically consistent with the
whole thickness of BPS (~3 nm) and UCNPs (~50 nm). The
average size of the UCNPs—BPS complex is 197 nm, and the
maximal size is 400 nm (Figures S2 and S3), which can be
applied for further biomedical uses. The XPS spectrum of
UCNPs—BPS (Figure 3c) indicates that the P, C, O, and F
elements exist in the composite. All TEM, XRD, AFM, and
XPS results described above confirm the successful integration
of BPS and UCNPs.

When the compounds are used as potential theranostic
agents, it is essential to evaluate the biostability in the
stimulated body fluid, such as PBS and serum. We detected
the stability of the UCNPs—BPS dispersed into the PBS
solution and serum-containing medium. After the two solutions
had been stirred softly at 37 °C for different times of 0, 2, S, 10,
and 20 days, the photographs of the solutions and the
corresponding absorbance spectra were recorded. As shown in
panels a and b of Figure 4, the samples remained stable in the
two separate solutions. The absorbance intensity decreases little
(Figure 4c,d) with an increase in time because of little
degradation of BPS, and the absorbance exists in the whole
visible region, which indicates there are 2D nanosheets.® On
day 20, the dynamic light scattering properties reveal the
UCNPs—BPS almost maintain good dispersion (Figure S4a,b),
and the average diameters in the PBS solutions and serum-
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containing media are 190 and 295 nm, respectively. Figure S5
shows the { potential curves of the samples in the two media
(—=28.2 and —23.9 mV), indicating the sample can be stable in
the PBS and serum media.

The functionalization of PAA and RGD peptide on the
samples was characterized by FT-IR spectroscopy, and the
corresponding spectra of UCNPs—PAA, UCNPs—BPS, and
UCNPs—BPS—RGD are presented in Figure S6. As shown, the
similar band in all three samples at 3345 cm™ is due to —OH
stretching. The characteristic absorption bands of C—H (1465
cm™"), uncharged C=0 (1570 cm™"), charged C=0 (1710
cm™'), and —CH (2940 cm™) in UCNPs—PAA suggest the
successful linkage of PAA. Compared with UCNPs with an
oleic acid coating, stronger peaks are displayed in the UCNPs—
PAA, indicating uncharged carboxylic acid groups were
generated and increased in frequency during the modification
process. The unique absorption peaks at 1432 and 1048 cm™'
are from —NH, and —COOR, respectively, due to the
successful conjunction of PEG-NH,-modified BPS. After
modification with the RGD peptide finally, the unique peaks
of —CO-NH- (804 cm™'), C—O (1076 cm™), and —NH
(1633 cm™) are characteristic of the RGD peptide.

To achieve the highest UC emission for more efficient PDT,
we designed a four-layer core—shell NaGdF,:Yb,Er@Yb@Nd@
Yb structure. As expected, the UCL emission intensity of
UCNPs has been dramatically increased compared with that of
the NaGdF,:Yb,Er core because of efficient elimination of the
back energy transfer from Er** to Nd*" by the quenching-shield
NaGdF,:Yb shell (Figure 2b—d). The UCL properties of
UCNPs and UCNPs—BPS are given in Figure 5. In Figure Sa,
the emissions at 409, 520—560, and 650—670 nm of UCNPs
under 808 nm laser excitation are assigned to the respective
2H9/2 - 4115/2» 21‘111/2/453/2 - 4I15/2; and 41:9/2 - 4I15/2
transitions of Er’* ions, respectively. After modification with
BPS, there is an obvious decrease in the whole emission region.
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Figure 6. Photodynamic properties of UCNPs—BPS. The absorbance spectra of DPBF mixed with UCNPs—BPS under different lasers at
wavelengths of (a) 650, (b) 808, and (c) 980 nm at different irradiation time points. (d) Normalized absorbance at a wavelength of 410 nm at
different irradiation time points. (e) Confocal laser scanning microscopy images of HeLa cells with oxidized DCF fluorescence under different

irradiation lasers. All the laser pump powers were 1.44 W cm™

In particular, the red emission at 650 nm almost disappears,
indicating the efficient energy transfer from UCNPs to BPS
caused by the fluorescence resonance energy transfer (FRET)
process. The decay curves at 543 nm (*S;, = “I;/, transition)
and 654 nm (*Fy, — “I)5,, transition) of UCNPs and
UCNPs—BPS under 808 nm laser excitation are depicted in
panels b and c of Figure S. As shown, the lifetimes of the two
groups decrease from 0.74 to 0.23 ms and from 0.59 to 0.12 ms,
respectively, further confirming the FRET process. Under 808
nm laser irradiation, a strong green light band can still be found
for the UCNPs—BPS dispersed in the PBS solution, suggesting
its possible use as a bioimaging probe (Figure Sd).
Extracellular and Intracellular Singlet Oxygen Detec-
tion. The photodynamic properties of the samples are
examined, as presented in Figure 6. Here, a DPBF solution is
utilized to evaluate the amount of ROS in the solution, and
DCFH-DA was used for the in vitro measurement. When ROS
are generated, DPBF will be oxidized, leading to the decrease in
the absorbance intensity at a wavelength of 410 nm. In Figure
6a—c, when different laser sources are used, all of the
absorbance intensities in the three groups decrease with a
prolonged time. From the calculated curves (Figure 6d), the
normalized absorbance at 20 min irradiated with wavelengths of
650, 808, and 980 nm is 35.9, 25.3, and 36.2%, respectively,
indicating the 808 nm laser light can cause the largest amount
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of ROS. There are two reasons for this. First, the UCNPs—BPS
could generate ROS under whole visible light.‘?’3 That means
the irradiations at 650 and 808 nm themselves are both effective
sources for motivating the UCNPs—BPS. Meanwhile, under
808 and 980 nm irradiation, the emitted visible light in the
green and red regions due to the two-photon upconversion
energy transfer process is also effective. Second, the solution
agents have the decreased absorbance of lasers with the
irradiation wavelengths decreased from 980 to 808 nm and
then to 650 nm. The 650 nm laser has the largest penetration
depth in water, but the 808 nm laser has the largest penetration
depth in the biofluid (hemoglobin and water). In summary, the
808 nm light has the highest rate of ROS production. Also, we
detected the intracellular ROS yield using DCFH-DA. The dye
of DCFH-DA could not emit fluorescence but could be taken
up by cells. After hydrolysis to DCFH by intracellular esterase,
the DCFH molecules that could be oxidized to DCF with
strong green luminescence at an irradiation wavelength of 488
nm remain. The CLSM images of HeLa cells with oxidized
DCEF fluorescence are shown in Figure 6e. The relatively
stronger green luminescence also shows the highest ROS
generation capability of 808 nm laser light.

In Vitro and In Vivo Cytotoxicity and Imaging. As
UCNPs—BPS could generate ROS under visible light and near-
infrared light, the antitumor efficiency was further detected
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Figure 7. (a) Viability of HeLa cells incubated with UCNPs—BPS under different laser conditions using the MTT assay. (b) Corresponding
microscopy images marked with calcein AM/PI. (c) Photographs of mice and tumors on day 14. (d) Body weight and (e) tumor volume with
prolonged times. (f) H&E-stained images of the tumors from different groups.

against HeLa cells in vitro and in vivo. The uptake by cells of the
UCNP—BPS nanoparticles was first examined. As shown in
Figure S7, the red fluorescence arising from the material itself is
enhanced with an increase in incubation time from 0.5 to 3 h.
Meanwhile, under 808 nm light irradiation, the cells can emit
bright green light, which can be used for imaging to track the
carrier and diagnose tumor position (Figure S8). In Figure 7a,
after incubation with UCNPs—BPS without irradiation, the
viability of cells remained high (91.5—102.1%), indicating that
UCNPs—BPS are weakly toxic to cells. When samples were
irradiated with 650 and 808 nm light, there was a
concentration-dependent cytotoxicity with viabilities of 33.7—
76.5 and 29.8—65.6%, respectively, and the corresponding ICs,
values were 57.1 and 42.7 ug mL™’, respectively, indicating the
high anticancer efficiency. This result could also be vividly
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proven by the live/dead states of different treatment groups
(Figure 7b). It is noted that low toxicity to cells is detected for
808 nm laser irradiation alone, indicating the 808 nm laser light
has no obvious side effects on cells and tissues.

To be applied in vivo, the in vivo biocompatibility and
biodistribution should be clarified first. The result of hemolysis
of the sample using human red blood cells is shown in Figure
S9a. In water, the red solution is caused by the presence of
hemoglobin separated from red cells in the water (inset of
Figure $9a). No visually red color is found in the PBS solutions
mixed with UCNPs—BPS with varied concentration from 15.6
to 1000 pg/mL. The highest hemolytic value of UCNPs—BPS
is 0.91%, indicating almost no hemolysis occurs. The good
compatibility of UCNPs—BPS with blood suggests the samples
can be potentially used in live cells. The biodistribution of
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UCNPs—BPS with different times after intravenous injection
was detected by ICP-OES. As shown in Figure S9b, there is
little accumulation in the whole stage in the heart and kidney,
and the amount of the Gd element decreases in all organs and
tumor with increased time. In the early stages (1 h, 4 h, 12 b,
and 1 day), the Gd element mainly appears in the liver, spleen,
and lung. Meanwhile, the particles could be targeted to the
tumors because of the targeted RGD peptide. On days 7 and 14
after injection, the particles in the liver, spleen, lung, and tumor
are much smaller than those on the first day. The results reveal
that the injected UCNPs—BPS can be excreted from the mice
with prolonged times.

The in vivo antitumor performance was further examined.
The tumor-bearing mice are divided into three groups: the
blank group as control, the groups treated with pure 808 nm
irradiation, and UCNPs—BPS with 808 nm light irradiation.
After being treated with different conditions every 2 days for 14
days, the mice and tumors from different groups are shown in
Figure 7c. As shown, UCNPs—BPS with 808 nm light
irradiation show the strongest tumor inhibition effect, while
pure 808 nm NIR light has a negligible effect on the therapy,
which is quite consistent with the in vitro results. In Figure 7d,
the tumor sizes decrease from the first group to the third. In the
third group, the tumors are almost inhibited, also indicating the
high anticancer efficiency of UCNPs—BPS under 808 nm light
irradiation. Meanwhile, the body weights continue to increase,
showing there is no side effect of UCNPs—BPS (Figure 7e).
The H&E-stained images of tumors from different groups
reveal that UCNPs—BPS under 808 nm light irradiation can
efficiently kill the cells and induce apoptosis (Figure 7f). The
H&E-stained images of the tissues (heart, liver, spleen, lung,
and kidney) from different groups are presented in Figure S10.
There are no abnormal phenomena in the third group: no
damage is found in the hepatocytes, no fibrosis appears in the
pulmonary, and no concentration is observed in the glomerulus.
All the in vitro and in vivo results evidently demonstrate the
potential applicability of UCNPs—BPS as an antitumor agent
under a single 808 nm irradiation.

Bl CONCLUSIONS

In summary, a novel UCNPs—BPS composite composed of
ultrathin black phosphorus nanosheets and the small
NaGdF,:Yb,Er@Yb@Nd@Yb UCNPs was first fabricated for
808 nm excited photodynamic therapy. Upon 808 nm NIR
light irradiation, the UCNPs—BPS composite has ROS
generation capability greater than those of 650 and 980 nm
irradiations, resulting in enhanced anticancer properties, as
verified by in vitro and in vivo results. Meanwhile, the emitted
green light could be used for diagnosis.
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