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Abstract: Biological systems have high transparence to
700-1100-nm near-infrared (NIR) light. Black phospho-
rus quantum dots (BPQDs) have high optical absorbance
in this spectrum. This optical property of BPQDs inte-
grates both diagnostic and therapeutic functions together
in an all-in-one processing system in cancer theranostic
approaches. In the present study, BPQDs were synthe-
sized and functionalized by targeting moieties (PEG-NH -
FA) and were further loaded with anticancer drugs
(doxorubicin) for photodynamic—photothermal-chemo-
therapy. The precise killing of cancer cells was achieved
by linking BPQDs with folate moiety (folic acid), internal-
izing BPQDs inside cancer cells with folate receptors and
NIR triggering, without affecting the receptor-free cells.
These in vitro experiments confirm that the agent exhib-
ited an efficient photokilling effect and a light-triggered
and heat-induced drug delivery at the precise tumor sites.
Furthermore, the nanoplatform has good biocompat-
ibility and effectively obliterates tumors in nude mice,
showing no noticeable damages to noncancer tissues.
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Importantly, this nanoplatform can inhibit tumor growth
through visualized synergistic treatment and photoa-
coustic and photothermal imaging. The present design
of versatile nanoplatforms can allow for the adjustment
of nanoplatforms for good treatment efficacy and mul-
tiplexed imaging, providing an innovation for targeted
tumor treatment.
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synergistic therapy; photoacoustic imaging; drug release.

1 Introduction

Cancer remains as a major disease with high morbidity
and mortality [1, 2]. Radiation, chemotherapy, surgery, and
combined strategies remain as the cornerstone in cancer
treatment [3, 4]. However, these treatment methods often
have poor efficacy due to the lack of targeting abilities
and severe side effects [5, 6]. Nanosystems have been pro-
posed with minimal invasiveness and high effectiveness,
integrating diagnosis and drug delivery [6]. Theranostic
nanoplatforms with photodynamic therapy (PDT), pho-
tothermal therapy (PTT), chemotherapy, and multimodal
imaging are expected to achieve better treatment efficacy,
when compared to monotherapies [7, 8].

The newly discovered black phosphorus quantum
dots (BPQDs) present an intriguing advantage in the field
of biomedicine [9-11]. A BPQD is a metal-free layered semi-
conductor and has a thickness-dependent band gap that
can be tuned from 0.3 eV for bulk to 2.0 eV for single layer
[12]. Black phosphorus (BP) has a higher ratio of surface
to volume, when compared to other two-dimensional
(2D) materials [13-15], such as selenium, transition metal
disulfide (TMD), and graphene, for the puckered lattice
configuration. This property of BP may increase its capac-
ity for drug loading. Black phosphorus is also a highly effi-
cient photosensitizer for unique electronic structures and
has been used to generate singlet oxygen for PDT [16]. The
nanoparticles (NPs) and quantum dots of BP both have a
wide absorption of visible light spectrum, possessing the
near-infrared (NIR) photothermal properties for PTT [17].
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Thus, BPQDs can reduce economic problems and ecologi-
cal concerns and degrade in aqueous medium, forming
nontoxic phosphate and phosphonate. Furthermore, phos-
phorus, which makes up approximately 1% of total body
weight in humans, is an essential element that is inherently
biocompatible [18]. Therefore, BP is considered suitable for
developing novel delivery systems for cancer treatment.

Folate receptor (FR) is expressed in many cancer cells
and can be targeted by folic acid (FA) for delivering drugs
[19, 20] to HeLa cells [21], 293T cells [22], and ovarian
tumors [23]. The present study aimed to investigate the
anticancer effect of a drug delivery system that targets FR
in a mouse tumor model of 293T cells.

2 Experimental section

2.1 Concept of the drug delivery system

The drug delivery system was named FA-PEG@BPQD@
DOX (Figure 1). Briefly, the nanocomposites are admin-
istered. Then, a laser was used to induce the production
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Figure 1: A schematic of the preparation of the FA-PEG@BPQD@
DOX nanocomposite and its anticancer mechanism of the
combination of photodynamic therapy, photothermal therapy, and
chemotherapy.
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of reactive oxygen and heat in the BPQD, resulting in cell
damage. In the meantime, the temperature was raised,
and the drug was released from the nanocomposite.
The cell lethality of FA-PEG@BPQD@DOX was approxi-
mately 10 times of PEG@BPQD@DOX with the same
irradiation, which could mean biological and clinical
significance.

2.2 Materials

Bulk BP crystals were obtained from XFNANO Materials
Tech (Nanjing, China) and kept in a dark glovebox filled
with Ar. The FA, polyethylene glycol (PEG, Mw=5000),
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydro-
chloride (99%), and N-hydroxysuccinimide (NHS, 98%)
were purchased from J&K Chemical, Ltd. The doxorubicin
hydrochloride (DOX) was purchased from Beijing Maiso
Chemical Technology. Dulbecco modified Eagle medium
(DMEM), fetal bovine serum, penicillin (100 mg/ml), strep-
tomycin (100 mg/ml), phosphate-buffered saline (PBS),
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT) were obtained from Invitrogen (Carlsbad,
CA, USA). All experiments used deionized water (Milli-Q
System; Millipore, MA, USA).

2.3 Characterization

The morphology and structure of the obtained nano-
composite were examined using a transmission electron
microscope (TEM; JEM-2100HR; JEOL, Japan) operating
at 120 kV and an atomic force microscope (AFM; FM-
Nanoview 1000; FSM-Precision, China). Raman scattering
was excited using a 633-nm laser (Horiba Jobin-Yvon Lab
Ram HR VIS). The spectra of the absorption were recorded
using a Perkin—Elmer UV-vis-NIR Lambda 750 spectrome-
ter. The dynamic light scattering (DLS) and zeta potential
were measured at 25°C (Zetasizer Nano ZS90 analyzer;
Malvern Instruments, UK). Confocal laser scanning micro-
scopy was performed using a laser scanning confocal
microscope (Nikon, Japan). The photothermal effects were
evaluated using an 808-nm consecutive NIR laser with a
spot size of 5x5 mm (Changchun New Industries Opto-
electronics Technology, China). The thermal images were
obtained using an infrared thermal-imaging camera, with
an accuracy of 0.1°C (InfraTec; VarioCAM™ Research,
Germany). Both photoacoustic (PA) and ultrasound (US)
images were taken with a consecutive excitation of 680—
970 nm and a focal depth of 2 cm (VevoLAZR; FujiFilm
VisualSonics, Mountain View, CA, USA).
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2.4 Preparation of BPQDs

The BPQDs were synthesized according to a previ-
ous report [24]. First, the bulk BP was triturated into BP
powder using a mortar. Then, approximately 40 mg of BP
powder and 20 mg of NaOH were gently mixed with 30 ml
of n-methylpyrrolidone. This mixture was mildly stirred for
8 h at 150°C. Then, the bulk BP was removed by centrifu-
gation (3000 rpm, 10 min). Afterward, the BPQD products
were further centrifuged at 30,000 rpm for 20 min, repeat-
edly washed with water, and dispersed in deionized water.

2.5 The synthesis of FA-PEG@BPQD@DOX

Folic acid was linked to PEG-diamine (H,N-PEG-NH,),
forming FA-PEG-NH, [25]. Briefly, 0.5 g of BoC,0 was dis-
solved in 10 ml of chloroform (CHCIL) and cooled to 0°C.
Then, the solution was added dropwise to 25 ml of anhy-
drous CHCI, containing 5 g of PEG. The reaction lasted for
24 h at room temperature. Next, a gummy oil was obtained
and added into 50 ml of CH,Cl, which was washed in
200 ml of NaCl solution for several times and dried with the
help of Na,S0,. After running over filter paper, the solvent
was removed in reduced pressure. Then, FA (0.5 g) was dis-
solved in 20 ml of dimethyl sulfoxide, was added with DCC
and NHS, and was stirred in the dark for 24 h. Afterward,
the reaction byproducts were removed by filtration using
polyvinylidene fluoride membrane. The FA-NHS was pre-
cipitated using ethanol and ether and washed using ether.
Dimethyl sulfoxide (20 ml) was added with 0.3 g of FA-NHS
and 0.4 g of PEG-Boc and was stirred overnight. A yellow
precipitation was formed by the addition of ethanol and
ether and was washed in ether. Then, this was added with
5 ml of trifluoroacetic acid (TFA) and stirred for 5 h. Under
reduced pressure, the TFA was eliminated, during which
15 ml of dimethylformamide was added. The precipitation
was washed, as previously described. The excessive FA was
removed, and the final PEG-Boc was lyophilized and stored.

Black phosphorus quantum dots of 1 mg were dis-
persed in 5 ml of water and mixed with 5 mg of FA-PEG-
NH,. Then, the mixture was sonicated for 1 h and stirred
for 6 h. Afterward, the excess FA-PEG-NH, was removed
by centrifugation at 10,000 rpm and washed with water,
resulting in FA-PEG@BPQD. The PEG-BPQDs were pre-
pared using the same method.

For DOX loading, an FA-PEG@BPQD solution was
added with DOX and vigorously stirred at room tem-
perature for 24 h. The, the supernatant was removed
by centrifugation. The resulting FA-PEG@BPQD@DOX
nanocomposites were resuspended in PBS. The DOX
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concentration in the supernatant was measured using
ultraviolet-visible (UV-vis) spectral analysis and a stand-
ard curve. The amount of nanoparticle-loaded DOX was
calculated by subtracting the measured amount of DOX
from that added at the beginning.

2.6 Detection of'0,

The characterization of reactive oxygen species (ROS) was
performed using the photo-oxidation of 1,3-diphenyliso-
benzofuran (DPBF). The ROS rapidly oxidized DPBF to
o-dibenzoylbenzene, resulting in its degradation and
reduction in fluorescence intensity. The DPBF loss was
measured through the reduction in its fluorescence inten-
sity at 490 nm, upon excitement at 405 nm. An FA-PEG@
BPQD@DOX of 20 ul (30 ug/ml of P, determined by induc-
tively coupled plasma mass spectrometry) was added with
2 ml of DPBF (12 mm), followed by irradiation for equal
intervals. The reduction in DPBF absorbance intensity
indicates the ROS production during the BPQD photo-
sensitization. The rate of DPBF degradation with irradia-
tion time was used for measuring the ROS yields due to
the proportional relationship.

2.7 Photothermal heating experiment

Typically, the NIR photothermal effect was measured
by employing a consecutive 808-nm NIR laser. A quartz
cuvette with a 1-cm path length, containing 0.5 ml of
FA-PEG@BPQD@DOX, was exposed to a laser of 1.0 W/cm?,
covering the whole sample surface. A thermocouple
microprobe (¢=0.5 mm) was submerged in the solution
for monitoring the temperature. Using an infrared camera,
the in vivo real-time thermal images were obtained for the
measurement of the highest temperature.

2.8 Cell culture

Human embryonic kidney 293T (HEK 293T) cells were pur-
chased from Shanghai Meixuan Biotechnology Co., Ltd.
(China). These cells were cultured in DMEM containing
10% calf serum, 100 U/ml of penicillin, 100 mg/ml of strep-
tomycin, and 100 mg/ml of neomycin at 37°C with 5% CO,.

2.9 In vitro cytotoxicity assay

The cytotoxicity of FA-PEG@BPQD@DOX was evaluated
in 293T cells using MTT assays. Briefly, 293T cells in the
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logarithmic growth phase were transferred to a 96-well
plate for 24 h, and FA-PEG@BPQD@DOX (0, 50, 100, 150,
200, and 250 ug/ml) was added for another 24 h. Cells cul-
tured in the medium alone served as the control. Then, the
medium was removed, and 10 pl of MTT (5 mg/ml) was
added for 1.5 h. The optical density at 450 nm was read
using an iEMSAnalyzer (Lab-system) and compared to
that of the control cells (n=4 wells per group).

2.10 Synergistic antitumor efficacy of in vitro
PDT/PTT/chemotherapy

In order to determine the antitumor efficacy of FA-PEG@
BPQD@DOX, 293T cells were transferred into a 96-well
plate at a density of 1x10° cells/well and incubated
overnight. Then, FA-PEG@BPQD@DOX of different con-
centrations was added overnight. Afterward, these cells
were washed twice before being illuminated at 808 nm
(1 W/cm?). The 293T cells were further cultured for 24 h,
and the viability was assessed using the MTT method.

2.11 Animal model

All animals were manipulated in accordance to the rules
issued by the Institutional Committee for Animal Care and
the National Ministry of Health. HeLa cells were subcuta-
neously seeded into 4-week-old BALB/c female nude mice
(Shanghai BK Laboratory Animal, China).

2.12 Invitro and in vivo PA imaging

All images were obtained using an optoacoustic tomo-
graphic imaging system (VevoLAZR; FujiFilm VisualSonics,
Mountain View, CA, USA) for both the in vitro phantom and
in vivo experiments, with a consecutive excitation at 680—
970 nm and a 2-cm focal depth. The in vitro absorption wave-
length of FA-PEG@BPQD@DOX was measured between 680
and 970 nm and was at the maximum at 680 nm. A laser of
680 nm was used to acquire the signals of the PA and US.

For the in vivo PA imaging, 3x10°¢ 293T cells (100 ul)
were subcutaneously injected into the right foreleg of
mice. Then, these tumors were allowed to grow to 150 mm?
within 2 weeks. The FA-PEG@BPQD@DOX or PEG@
BPQD@DOX solution was administered via the tail vein.
The PA images were taken at 0, 2, 4, 6, and 24 h postinjec-
tion. During the scans, these animals were anesthetized
with 1%—-2% isoflurane, with the body temperature main-
tained at 37.5°C.
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2.13 Synergistic antitumor efficacy of in vivo
PDT/PTT/chemotherapy

A total of 2x 107 293T cells were subcutaneously injected
into the flank of mice. Then, the tumor was allowed to
grow to 100 mm’. Afterward, these animals were arbi-
trarily divided into four groups, with six mice per group:
tail vein injected with PBS as control group (G1); tail vein
injected with PEG@BPQD@DOX with laser irradiation
(G2); tail vein injected with FA-PEG@BPQD@DOX (G3);
and tail vein injected with FA-PEG@BPQD@DOX with
laser irradiation (G4). Nanomaterials of the same amount
of P were injected into the tumors in mice in G2-G4. At
4 h after injection, the lung tumor sites were irradiated
(808 nm, 2 W/cm?, 20 min). The tumor growth and body
weight were monitored to evaluate the treatment effect
of the PDT/PTT/chemotherapy. The volume of tumors (V)
was calculated using the following formula:

_ tumor length x tumor width
2

%4

2.14 Histological examination

One mouse in each group was euthanized after the anti-
tumor therapy. The lung, heart, kidney, liver, and spleen
were resected. The tissues were stained with hematoxylin
and eosin (H&E). Briefly, a small tissue block was fixed
with 10% formalin, paraffin-embedded, cut into 8-um
sections, and stained. These sections were imaged using
a microscope (Leica QWin, Leica TCS SP8 CARS, Leitz,
Wetzlar, Germany).

3 Results and discussion

The morphology of BPQDs was examined using TEM; the
presence of ultrasmall BPQDs was confirmed (Figure 2A).
Lattice fringes with an interplanar spacing of 0.34 nm
were presented in the high-resolution TEM (HRTEM)
images, which was very similar to the (021) planes of the
BP (Figure 2B, C). The single-crystal nature of the BP NPs
is shown in the fast Fourier transform image (Figure 2D).
The topographic morphology of BPQDs was presented
by AFM (Figure 2E), and the thickness was measured
using cross-sectional analysis. The height measure-
ments of 1.19, 0.63, 1.23, 0.60, and 0.61 nm corresponded
to BPQDs with approximately 1 or 2 layers, respectively.
The mean lateral size of 200 BPQDs revealed by TEM was
5.542.0 nm (Figure 2F). The X-ray diffraction revealed
that BPQDs have a similar crystal structure to that of the
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Figure 2: Morphology and characterization.

(A) The examination of BPQDs, the HRTEM images of lattice fringes (B and C), and the fast Fourier transform (D) using TEM. (E) The AFM
imaging (left). The white line denotes the height profiles (right). (F) The histogram of the sizes of 200 BPQDs measured from the TEM image.
(G) The X-ray diffraction pattern of bulk BP and BPQDs. (H) The Raman spectra of BPQDs and the bulk BP.

bulk BP (Figure 2G). Three typical Raman peaks of BP cor-
responded to the out-of-plane vibration mode A 'and the
in-plane vibration modes Bzg and Agz, respectively (Figure
2H). It can be observed that the three Raman peaks of
BPQDs all variously red-shifted from the bulk BP, sug-
gesting that the mean thickness of the BPQDs was pretty
small [26].

The characterizations of various concentrations of
BPQDs were performed using UV-vis-NIR absorption
spectroscopy (Figure 3A). The FA-adorned pegylated
BPQD was produced by coating the FA-PEG conjugate
(FA-PEG-NH,) on the surface of BPQDs. After FA-PEG-
NH, coating, the FA-PEG@BPQD NPs had a peak of uv/
Vis absorbance at 280 nm, showing the existence of FA
in the NPs (Figure 3B). The optical absorption spectra of
the FA-PEG@BPQD exhibited a wide band that covered
UV-vis-NIR spectra stronger than BPQDs, owing to the
FA-PEG. Moreover, as previously reported, BPQDs func-
tionalized with FA-PEG-NH, also can improve their bio-
compatibility and physiological stability [27-29].

Many 2D nanomaterials, such as graphene and
TMDs, have been used as drug carriers due to their high
surface area [30]. Black phosphorus quantum dot—based

materials are expected to have high loading abilities. The
calculation of the drug loading capacity was performed
based on DOX concentrations in the supernatant. Higher
DOX concentrations (0-3.5 ug/ml) resulted to a higher
loading capacity of DOX, showing a linear relationship
and a saturation level at 2.5 (Figure 3C). The saturation of
DOX loading was approximately 65% in the present study,
which was significantly higher than the 10%-30% of the
drug loading capacity of a previously reported NPbased
nanodelivery.

The DLS revealed that the mean size of the PEG-FA-
modified BPQD (8+1 nm) was slightly greater than the
BPQD (6.5+1 nm) (Figure 3D, E). In order to investigate
the ROS generation of these BPQDs, DPBF was used as an
ROS indicator, with PBS as the control. These BPQDs dra-
matically decreased the DPBF absorbance at 410 nm with
808-nm excitement (1 W/cm?), while the FA-PEG@BPQD@
DOX resulted in almost the same decrease in the DPBF
absorbance with the same laser irradiation conditions
(Figure 3F). These results suggest that the modification
has no effect on the ROS production of BPQDs. In order to
determine whether the reaction was induced by the pro-
duced '0,, sodium azide (NaN,) was added with ultrathin
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Figure 3: Characterization of FA-PEG@BPQD@DOX.

FA-PEG@BPQD (mg/mL)

(A) The ultraviolet-vis-NIR spectra of BPQDs of different concentrations in water. (B) The absorbance spectra of FA, FA-PEG-NH, and FA-PEG@
BPQD. (C) The DOX loading capacities of FA-PEG@BPQD with different DOX concentrations. (D and E) The particle size distribution of BPQD
before and after this was FA-PEG coated and measured by DLS. (F) The normalized absorbance of DPBF when BPQDs were present. (G) The
photothermal heating curves of BPQDs in different conditions (1 ml, BPQD =100 ug/ml) under laser irradiation (2 W/cm?, 808 nm). (H) The
photothermal heating/cooling curves of FA-PEG@BPQD@DOX (1 ml, BPQD =100 pg/ml) with laser on/off. (I) The viability of 293T cells in

various concentrations of FA-PEG@BPQD.

BPQD to consume '0,. After the addition of NaN,, no sig-
nificant change in the absorption of DPBF was noticed,
even after the laser irradiation for 15 min, suggesting that
'0, was the active species generated by BPQD (Figure 3F).

The temperature of the FA-PEG@BPQD dispersion
significantly increased, when compared to PBS, if both
were treated with laser irradiation (1 W/cm?, 808 nm;
Figure 3G). The photothermal performance FA-PEG@
BPQD@DOX was almost the same as FA-PEG@BPQD but
was superior to that of BPQDs. This could be explained by
the better optical absorbance after coating with FA-PEG.
The temperature of the FA-PEG@BPQD@DOX dispersions
raised to the highest depicted negligible difference, even
with three cycles of laser on/off (Figure 3H), suggesting
the good photothermal stability with laser treatment.

The biocompatibility of FA-PEG@BPQD was inves-
tigated (Figure 3I). The 293T cells were incubated with

FA-PEG@BPQD at 200 ug/ml for 24 h, and no obvious
cytotoxicity was found (200 pg/ml).

All these results suggest that FA-PEG@BPQD@DOX
has low cytotoxicity, excellent PDT and PTT effect, and
high drug loading capacity.

The internalization of the drug nanostructure system
into 293T cells was investigated by tracking the DOX signal
(red fluorescence) (Figure 4). The incubation with FA-PEG@
BPQD@DOX for 2 h significantly increased the DOX fluores-
cence intensity, when compared to PEG@BPQD@DOX. This
result suggests that FA conjugation increased the binding
and uptake of NPs to FR-positive 293T cells. The fluorescence
of both FA-PEG@BPQD@DOX and PEG@BPQD@DOX was
initially observed in the cytoplasm and was observed in the
nuclei after laser irradiation, indicating that DOX-loaded
BPQDs are internalized through the endocytosis pathway
and localized in cellular compartments, and finally, the
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Figure 4: In vitro imaging and anticancer effect of FA-PEG@BPQD@DOX drug delivery platform.
The confocal microscopy of 293T cells treated with (A) FA-PEG@BPQD@DOX and PEG@BPQD@DOX. The bar in Ais 20 um. (B) The cell
viability after incubation with BPQDs-based NPs with 808-nm laser irradiation (1 W/cm?, 15 min).

loaded DOX is released into the nuclei (Figure 4A). These
results show that FA-PEG@BPQD@DOX can release these
drugs in response to the NIR laser.

The synergistic effects of the PDT, PTT, and chemo-
therapy of this BPQDs-based nanosystem were evalu-
ated in vitro. The highest cytotoxicity was found in the
FA-PEG@BPQD@DOX + laser group due to the synergis-
tic effect (Figure 4B). The FA-PEG@BPQD@DOX + laser
group had a higher cytotoxicity, when compared to the
PEG@BPQD@DOX + laser group. These results could be
explained by the slower endocytosis of PEG@BPQD@DOX
and its nontargeting nature.

Mice with 293T tumors were treated with or without
the targeted BPQDs-based drug delivery system, and the
thermal images were taken. No significant change in
temperature was noticed in the control group, even after
300 s of irradiation at 808 nm (2 W/cm?, Figure 5A). In the
PEG@BPQD@DOX group, 5 min of NIR irradiation mildly

10s 50 s

150 s

300 s
62.5°C

PEG@
PBS >

FA-PEG@
BPQD@DOX BPQD@DOX

28.0°C

Figure 5: In vivo photothermal effects of FA-PEG@BPQD@DOX.

increased the tumor site temperature to 44.2°C, because
the nontargeting NPs coated with PEG did not effectively
target the tumor sites. However, after 4 h and the intra-
venous injection of FA-PEG@BPQD@DOX, the tumor site
temperature rapidly increased along with the irradiation
duration. The irradiation of 300 s at 808 nm (2 W/cm?)
rapidly raised the temperature to 56.8°C, which is suffi-
cient for killing tumor cells. These present findings show
that FA-PEG@BPQD@DOX has a good PTT effect and
accurate targeting ability for tumor ablation.

The as-fabricated FA-PEG@BPQD@DOX compos-
ites were examined for the PA properties. The light in
the “NIR optical window” has deeper tissue penetration
and reduced photodamage and was usually considered a
promising method for in vivo imaging. FA-PEG@BPQD@
DOX was tested with various NIR wavelengths to examine
its performance. The increase in the laser wavelength from
680 to 980 nm decreased the PA signal intensity (Figure 6).
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Figure 6: PA performance of FA-PEG@BPQD@DOX.

(A) The PA spectrum of FA-PEG@BPQD@DOX and PBS. (B) The FA-PEG@BPQD@DOX NP dispersions of different concentrations were
irradiated at 680 nm to obtain the PA images and the corresponding PA signal intensity. (C) The quantified PA signals in tumors. (D) The
tumor PA images after injecting PEG@BPQD@DOX and FA-PEG@BPQD@DOX NPs with irradiation at 680 nm.

A laser irradiation shorter than the thermal transport time
of the absorbed energy can cause transient thermoelastic
expansion and a subsequent PA pressure wave in optical
absorbing materials, such as BPQDs. The efficiency of
converting light energy to PA pressure wave is critical for
generating the PA signals during the thermal expansion in
an optical absorber. The conversion efficiency is primar-
ily determined by the light absorbance and heat capacity
of the optical absorber. Therefore, the PA signal intensity
of the FA-PEG@BPQD@DOX diminished when the optical
absorption decreased from 680 to 980 nm. These results
suggest that 680 nm produced the optimal signal and
was used for the subsequent tests. The FA-PEG@BPQD@
DOX of various concentrations from 0.3 to 50 pg/ml was
irradiated at 680 nm, and the PA images and correspond-
ing PA signal intensities were examined (Figure 6B). As
the nanoparticle concentration was increased from 0.3 to
50.0 pug/ml, the enhancement of the PA signal exhibited

a linear relationship with the concentration of BPQDs.
These findings suggest that FA-PEG@BPQD@DOX has
good potential for in vivo PA imaging and PTT. FA-PEG@
BPQD@DOX NPs were injected into tumor-bearing mice,
and tumor PA images were taken (Figure 6D). Weak signals
in the tumors were shown by the precontrast images. After
the BP NPs were intravenously injected, the contrasts of
the tumor were significantly increased along with longer
circulation time, suggesting the accumulation of BP NPs
in the tumor.

The antitumor efficacy of FA-PEG@BPQD@DOX
when utilizing the combination of PDT, PTT, and chemo-
therapy was investigated in vivo. Mice with 239T tumors
were randomly assigned into four groups (n=6 per
group): (G1) PBS alone, (G2) PEG@BPQD@DOX plus
808-nm laser, (G3) FA-PEG@BPQD@DOX only, and (G4)
FA-PEG@BPQD@DOX plus 808-nm laser. Phosphate-
buffered saline (100 ul) or PEG@BPQD@DOX, FA-PEG@
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BPQD@DOX (200 pg/ml) was administrated via intrave-
nous injection. After conducting different treatments,
the body weight and tumor volumes were measured
every 4 days. The treatment with FA-PEG@BPQD@
DOX and 808-nm irradiation significantly inhibited
the tumor growth, and the triple therapy achieved the
smallest tumor (Figure 7A). All groups exhibited no sig-
nificant body weight loss, suggesting the generally good
safety of NPs and laser irradiation (Figure 7B). Mice in
G1, G2, and G3 exhibited a significant increase in tumor
volumes. However, mice in G4 exhibited a significant
inhibition in tumor growth (Figure 7C). These results
could be explained by the nontargeting nature of PEG@
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Figure 7: In vivo therapeutic effects of FA-PEG@BPQD@DOX.
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BPQD@DOX nanocomposites and its low concentration
in tumors.

Remarkably, in G4, 100% of mice survive through the
40-day study period (Figure 7D). In comparison, the treat-
ment with PBS, PEG@BPQD@DOX and laser irradiation,
and FA-PEG@BPQD@DOX alone showed significantly
shorter survival times. The tumors obtained from mice
treated with FA-PEG@BPQD@DOX and 808-nm laser were
smaller than those obtained from mice that received other
treatments (Figure 7E). The H&E staining of the major
organs revealed no obvious inflammation in the other three
treatment groups, when compared with the control group,
suggesting the good safety of the present NPs (Figure 7F).
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(A) The images of mice injected with different agents. (B) The changes in body weight and (C) tumor volume of the mice. (D) The survival
analysis of mice. (E) The resected tumors after PDT treatment for 20 days. (F) The H&E staining results.
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4 Conclusion

A BPQDs-based nanoplatform with drug delivery capa-
bility and triple collaborative targeted tumor therapy
was designed. The BPQD exhibited a significantly higher
loading capacity for DOX. FA-PEG@BPQD@DOX NPs had
good biocompatibility and can be efficiently internal-
ized by targeted cells. The nanosheet-like nanocarriers
release the drug in prompt response to the NIR laser irra-
diation. Black phosphorus quantum dots can be used as
both PDT and PTT agents. The BP-based drug delivery
system with targeted synergistic PDT, PTT, and chemo-
therapy exhibited an excellent antitumor effect in mice.
These results present the potential of FA-PEG@BPQD@
DOX NPs as a promising cancer therapy with good bio-
logical safety.
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