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a b s t r a c t

Finding improved therapeutic protocols against non-Hodgkin’s lymphoma (NHL) remains an unmet clin-

ical demand. Phototherapy is a promising alternative treatment for traditional clinical therapeutic meth-

ods, but the limited tissue penetration blocks the therapeutics. Inspired by the excellent physical and

chemical properties of black phosphorus nanosheets (BPNSs), a fluorescence and thermal imaging guided

photo-/sono-synergistic treatment platform BPNSs@PEG-SS-IR780/RGD is developed. This ingenious mul-

tifunctional theranostic platform not only exhibits outstanding photothermal conversion efficiency and

highly efficient reactive oxygen species generation, but also has good biocompatibility, tumor-targeting

and tumor microenvironment responsiveness. In addition, BPNSs@PEG-SS-IR780/RGD could actively tar-

get the tumor sites and generate excellent photothermal, photodynamic and sonodynamic therapeutic ef-

ficacy. Both in vitro and in vivo experiments indicate that BPNSs@PEG-SS-IR780/RGD can be a promising

nanomaterial for NHL imaging and therapy. Taken together, this study not only expands the application

field of black phosphorus materials, but also provides a possibility to design a new generation of NHL

treatment regimens with clinical application potential.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Non-Hodgkin’s lymphoma (NHL) is a primary malignant disease

that occurs worldwide [1–3]. Unlike other malignant tumors, lym-

phomas can affect any organ and tissues throughout the body, pre-

senting as multiple lesions, and it is also prone to relapse [1,4].

Currently, conventional treatments for NHL include chemotherapy,

radiotherapy and immunotherapy etc. Although the remission rate

of certain aggressive NHL has been reached, the efficacy of regu-

lar treatment is very limited for relapses and refractory NHL [1,5].

Therefore, an efficient, non-invasive treatment method for NHL is

urgently needed in clinic.

With unique advantages of highly efficient, minimally invasive,

low side effects and systemic toxicity, phototherapy is becoming a

promising alternative and supplement for traditional tumor treat-

∗ Corresponding authors.

E-mail addresses: lij@nimte.ac.cn (J. Li), xuyoufeng2017@163.com (Y. Xu),

aiguo@nimte.ac.cn (A. Wu).
1 These authors contributed equally to this work.

ment [6,7]. However, phototherapy has its inherent drawbacks, for

instance, the photon intensity decreases obviously with the in-

crease of tissue depth. Moreover, the photo generated heat distri-

bution in tumor tissues is uneven during phototherapy, and the se-

vere hypoxia environment inside the tumor also results in the poor

efficacy. Therefore, a single treatment cannot eradicate tumors, es-

pecially those in deep tissue [8,9].

Sonodynamic therapy (SDT) is a non-invasive treatment based

on low-frequency ultrasound, in which ultrasound activates an

acoustic sensitizer to produce reactive oxygen species (ROS) and

induces tumor cell death through apoptosis and/or necrosis [10,11].

As ultrasound has a good penetration ability for soft tissue, it can

accurately position and produce good therapeutic effects on deep

tumors. Therefore, the combination of photo-/sono-therapy might

provide a new strategy for the NHL treatment. However, the sensi-

tizers could be used for both photo-/sono-therapy are quite limited

[6,8].

https://doi.org/10.1016/j.cclet.2023.108234
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Scheme 1. Schematic illustration of the BPNSs@PEG-SS-IR780/RGD preparation and

its application as fluorescence and photothermal imaging-guided phototherapy and

sonodynamic synergistic therapy.

In recent years, black phosphorus nanosheets (BPNSs) have at-

tracted great interest in biomedical science due to its high sur-

face area, outstanding biocompatibility, and good biodegradability

[12–15]. BPNSs-based nanomaterial has become a new multifunc-

tional theranostic platform with broad application prospects due

to its unique characteristics. After irradiation with laser, BPNSs can

produce obvious photothermal effects, and also has a certain role

as photodynamic and sonodynamic sensitizer [16–19]. Dong et al.

have combined PEGylated BPNSs with Ce6 as an imaging guided

photothermal/photodynamic cancer therapy platform, which can

be a promising nanotheranostic agent [20]. On the other hand, as

a piezoelectric material, Yang and co-workers also use BPNSs as

a sonodynamic sensitizer to safely ablate tumors [18]. However,

BPNSs electrostatic adsorption small molecule fluorescent dyes di-

rectly will lead to fluorescence quenching [20], and the selection of

targeting ligand also plays a very important role in rational design

and preparation of novel anticancer drugs [21].

Thus, a novel multifunctional theranostic nanoplatform com-

bining BPNSs and heptamethine cyanine dye IR780 and targeted

molecule RGD has been designed in this work (Scheme 1). This

BPNSs@PEG-SS-IR780/RGD nanoplatform was prepared by electro-

statically adsorbing positively charged water-soluble NH2-PEG-S-

BDMT-IR780 (NH2-PEG-SS-IR780) and NH2-PEG-RGD on the sur-

face of the BPNSs. In this construction, BPNSs not only serve as car-

rier, but also is a photothermal and sonodynamic sensitizer; NH2-

PEG-RGD serve as the targeting section, helping to actively target

the tumor area; The disulfide bonds in NH2-PEG-SS-IR780 can re-

lease IR780 in the tumor environment, avoiding the fluorescence

quenching of the loaded IR780. Furthermore, the NH2-PEG-RGD

and NH2-PEG-SS-IR780 also can be used to improve the stability

of the BPNSs [22–24]. IR780 not only have the photothermal and

fluorescence imaging capabilities, but also can serve as the sensi-

tizer for photo-/sono-therapy. This strategy does not only endow

the theranostic nanoplatform with the capacity of effective target-

ing and responsive release in tumor environment, but also pos-

sesses strong fluorescence emission, photo-/sono-therapy capabil-

ity. To the best of our knowledge, it is the first time that the pho-

totherapy combined with sonodynamic therapy used for the NHL

research, and the BPNS-based platform has not served as the sen-

sitizer for photo-/sono-synergistic therapy before.

Firstly, the NH2-PEG-SS-IR780 was synthesized (Fig. S1 in Sup-

porting information) and the high-resolution mass spectrometry

was used to characterize its structure with satisfactory result (Figs.

Fig. 1. (A) TEM image, (B) zeta potential (mV) of bare BPNSs, NH2-PEG-SS-IR780,

and BPNSs@PEG-SS-IR780/RGD. (C) UV-vis-NIR spectra, (D) FT-IR spectrum, (E) pho-

tothermal heating curves of samples. (F) Sonodynamic therapy performance of

BPNSs@PEG-SS-IR780/RGD under an ultrasound irradiation (1.0 MHz, 1.0 W/cm2,

50% duty cycle).

S2 and S3 in Supporting information). On the other hand, the BP-

NSs were prepared with a liquid exfoliation method [12,25]. Trans-

mission electron microscopy (TEM) and atomic force microscopy

(AFM) were used to observe the morphology of BPNSs. The TEM

image displayed that the lateral size of BPNSs was around 200 nm

(Fig. 1A) and the lattice fringes of the BPNSs. The thickness of BP-

NSs was measured to be less than 10 nm by AFM images (Fig.

S4 in Supporting information). The chemical composition of BP-

NSs was validated by X-ray photoelectron spectroscopy (XPS) anal-

ysis (Fig. S5A in Supporting information), The XPS pattern that ex-

hibited the peaks at 129.5 and 130.4 eV were referred to the P

2p3/2 and P 2p1/2 orbitals in the P 2p spectrum, respectively. Oxi-

dized phosphorus signal (i.e., PxOy) caused by slight degradation

of BPNSs appears as a low peak near 133 eV as previously re-

ported [26]. From X-ray diffractometry (XRD), BPNSs could be in-

dexed into orthorhombic crystal structure consistent with the stan-

dard JCPDS card No. 73-1358 (Fig. S5B in Supporting information).

Furthermore, the Raman spectra were used to verify the structure

of BPNSs (Fig. S5C in Supporting information). The peaks located

at 356.9, 430.6 and 456.9 cm−1, correspond to A1g, B2g, and A2g

modes of BP, respectively, manifested that the structure of exfoli-

ated BPNSs was not affected comparing with bulk counterparts.

After being adsorbed with NH2-PEG-RGD and NH2-PEG-SS-

IR780, the average lateral size almost remains constant. The size

distribution detected by dynamic light scattering (DLS) revealed

that BPNSs and BPNSs@PEG-SS-IR780/RGD were 190.9 ± 75.2 nm
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and 195.9 ± 70.3 nm, respectively (Fig. S6 in Supporting infor-

mation). The zeta potential of BPNSs@PEG-SS-IR780/RGD increased

from −25.4 ± 0.9 mV to −10.9 ± 0.4 mV comparing with bare

BPNSs (Fig. 1B). The successful loading of NH2-PEG-RGD and NH2-

PEG-SS-IR780 onto BPNSs was testified by UV-visible spectropho-

tometer (UV-vis), fourier transform infrared spectroscopy (FT-IR),

and fluorescence spectrometer. BPNSs exhibited a broad absorp-

tion band proportional to the concentration spanning from UV

to NIR region. BPNSs@PEG-SS-IR780/RGD in PBS demonstrated a

new absorption peak around 780 nm compared to BPNSs, refers

to the characteristic band for IR780 (Fig. 1C). The structures of

the products were also characterized by FT-IR (Fig. 1D). With ab-

sorption bands at 2700-3000 cm−1 and 880-1700 cm−1, which

were attributable to the PEG segment, the coating of NH2-PEG-

RGD and NH2-PEG-SS-IR780 was confirmed. The fluorescence spec-

tra demonstrated that the fluorescence peak of BPNSs@PEG-SS-

IR780/RGD was at 803 nm, confirming the successful loading of

NH2-PEG-SS-IR780 (Fig. S7 in Supporting information). The load-

ing behavior of BPNSs with NH2-PEG-SS-IR780 was also investi-

gated. Different ratios of NH2-PEG-SS-IR780 were added into BP-

NSs suspension, with the concentration ratio of IR780 to BPNSs

was 2, 4, 6, 8 and 10, respectively. After removing superfluous free

NH2-PEG-SS-IR780, the obtained BPNSs@PEG-SS-IR780 was mea-

sured by UV-vis spectra, and the loading capacities of NH2-PEG-

SS-IR780 were shown in Fig. S8 (Supporting information). Once in-

creasing the concentration ratio of NH2-PEG-SS-IR780/BPNSs, the

loading capacity is nonlinearly increased, which may be due to the

large specific surface area of BPNSs.

To evaluate the photothermal property of BPNSs@PEG-SS-

IR780/RGD, the temperature changes were investigated by a ther-

mal imaging camera to record the photothermal curves and im-

ages. Fig. 1E and Fig. S9 (Supporting information) demonstrated

that the temperature rises were 36.7, 36.5, 38.3 and 38.3 °C
for BPNSs, NH2-PEG-SS-IR780, BPNSs@PEG-SS-IR780, BPNSs@PEG-

SS-IR780/RGD, respectively after 10 min laser irradiation (660

nm) with the power density of 0.6 W/cm2. The temperature of

BPNSs@PEG-SS-IR780/RGD could dramatically reach 63.3 °C, af-

ter being irradiated for 10 min at a relatively low concentration,

which contains 25 μg/mL BPNSs and 11.5 μg/mL IR780. As de-

picted in Fig. S10 (Supporting information), the temperature of BP-

NSs (25 μg/mL) increased by 25.5 and 36.7 °C at the power den-

sity of 0.45 and 0.6 W/cm2, respectively, indicating BPNSs dis-

played power density- and concentration-dependent temperature

variation behavior. Additionally, the photothermal conversion ef-

ficiency (η) of BPNSs and NH2-PEG-SS-IR780 was calculated to

be 40.7% and 37.2%, respectively (Fig. S11 in Supporting informa-

tion), demonstrating the excellent photothermal effect of BPNSs

and IR780. As displayed in Fig. S12 (Supporting information), even

after five on/off irradiation cycles with a 660 nm laser (0.6 W/cm2),

BPNSs can also keep a stable photothermal effect, revealing satis-

factory photostability, while PEG-SS-IR780 degraded quickly during

the first two cycling processes.

ROS generation performance is the key factor to esti-

mate SDT and PDT properties of nanomaterials [7], so 1,3-

diphenylisobenzofuran (DPBF) was taken as the probe to evaluate

the ROS generation. As illustrated in Figs. S13A-C (Supporting in-

formation), there were almost no changes in absorbance was ob-

served for BPNSs group after irradiated under 660 nm laser, even

the laser power density reached 0.6 W/cm2. However, after be-

ing treated with the ultrasound, the absorbance intensity of the

BPNSs at peak 410 nm dropped gradually corresponding to the

power density and time, suggesting a good ROS generation capac-

ity (Figs. S14A and B in Supporting information). As for NH2-PEG-

SS-IR780, the absorbance dropped quickly both at peak 410 and

780 nm throughout the 660 nm laser or ultrasound irradiation

process (Figs. S13D-F, S14C and D in Supporting information). This

Fig. 2. In vitro cellular uptake and ROS generation of (A) PBS, (B) BPNSs,

(C) BPNSs@PEG-SS-IR780, (D) BPNSs@PEG-SS-IR780/RGD via confocal fluorescence

imaging. Intracellular ROS generation of Raji cells treated with above-mentioned

different samples and irradiated with ultrasound and 660 nm laser (Green: DCFH-

DA as ROS probe; Blue: nuclear were stained with DAPI; Red: IR780).

phenomenon indicates that although IR780 has an excellent ROS

yield, it still can be rapidly degraded under the laser and ultrasonic

irradiation. As shown in Fig. 1F, BPNSs@PEG-SS-IR780/RGD also ex-

hibited a good ROS performance under ultrasonic irradiation, while

the decomposition of IR780 was not obvious.

In vitro cellular uptake and ROS generation properties of

BPNSs@PEG-SS-IR780/RGD were investigated by confocal flu-

orescence imaging. After incubation with NH2-PEG-SS-IR780,

BPNSs@PEG-SS-IR780 and BPNSs@PEG-SS-IR780/RGD for 4 h,

human Burkitt’s lymphoma cells Raji demonstrated obvious red

fluorescence in cytoplasm, indicating excellent cellular uptake of

those three samples (Fig. 2 and Fig. S15 in Supporting information).

2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA) was used as

a ROS probe, which can react with ROS to produce green fluo-

rescence to evaluate the intracellular SDT and PDT performance

of nanomaterials. When Raji cells were only cultured with BPNSs,

there were only weak green fluorescence in cytoplasm after the

660 nm laser exposure, but more obvious green fluorescence was

observed after ultrasound exposure (Fig. S16 in Supporting infor-

mation), indicating that the intracellular ROS generation properties

of SDT is better than that of PDT. When Raji cells were cultured

with NH2-PEG-SS-IR780, BPNSs@PEG-SS-IR780 or BPNSs@PEG-SS-

IR780/RGD irradiated with 660 nm laser or/and ultrasound, the

cytoplasm exhibits abundant bright green fluorescence, verifying

robust ROS generation performance in vitro (Fig. 2 and Fig. S15).

In vitro cell viability and photo-/sono-therapeutic effects of

BPNSs@PEG-SS-IR780/RGD were demonstrated by cell counting kit-

8 (CCK-8) assay and Calcein-AM/PI. For the cells intervened with

BPNSs, NH2-PEG-SS-IR780, BPNSs@PEG-SS-IR780 or BPNSs@PEG-

SS-IR780/RGD without laser and ultrasound irradiation, cell sur-

vival rates were still more than 75%, even the concentration of BP-

NSs or IR780 is high up to 50 μg/mL (Fig. 3A). After laser (660

nm, 0.6 W/cm2, 5 min) and ultrasound irradiation (1.0 MHz, 1.0

W/cm2, 30 s), 39% of Raji cells were alive after being treated

with BPNSs@PEG-SS-IR780/RGD (BPNSs: 12.5 μg/mL, IR780: 5.5

μg/mL), which was much lower than that of being irradiated by the

laser (62%) or ultrasound alone (73%). The therapeutic effects of

BPNSs@PEG-SS-IR780/RGD further enhanced with increasing con-

centration, and almost all Raji cells were killed when the concen-

tration reached 50 μg/mL under laser and ultrasound irradiation

(Fig. 3B). Overall, the combination of BPNSs@PEG-SS-IR780/RGD
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Fig. 3. Relative viabilities of Raji cells after treated with different samples at differ-

ent concentrations: (A) without or (B) with the irradiation of laser and US (the rel-

ative viabilities of Raji cells cultured with different concentrations of BPNSs@PEG-

SS-IR780/RGD). (C) Fluorescence images of Raji cells stained with Calcein AM (green

fluorescence, live cells) and PI (red fluorescence, dead cells) after various treat-

ments. Laser: 660 nm, 0.6 W/cm2, 5 min; US: 1.0 MHz, 1.0 W/cm2, 50% duty cycle,

30 s.

with both ultrasound and laser irradiation shows the outstanding

cytotoxicity superior to the combination with ultrasound or laser

alone. As we know, calcein AM can be hydrolyzed by endogenous

esterases to emit green fluorescence in living cells, while propid-

ium iodide (PI) can bind with the nuclear DNA of apoptosis or dead

cells with strong red fluorescence emission. The therapeutic effects

of BPNSs@PEG-SS-IR780/RGD were further verified by the Calcein

AM/PI. As illustrated in Fig. 3C, almost all the cells cultured with

BPNSs@PEG-SS-IR780/RGD were dead after the US and laser irradi-

ation, while a high cell viability was observed when only introduc-

ing BPNSs, BPNSs@PEG-SS-IR780, and BPNSs@PEG-SS-IR780/RGD.

Taken together, the results of CCK-8 and Calcein AM/PI tests both

confirmed the advantage of photo-/sono-synergistic cancer therapy.

Encouraged by the promising anticancer efficacy of synergistic

therapy in vitro, the in vivo applications of BPNSs@PEG-SS-

IR780/RGD was further evaluated, and all performances of in vivo

experiments followed the guidelines and regulations of Care and

Use of Laboratory Animals of Ningbo University and approved by

the Animal Ethics Committee of Animal Experiments at Ningbo

University (Permit No. SYXK (Zhe) 2019-0005). Firstly, the biosafety

of nanomaterials was investigated on ICR mice, and no mice died

during the 14 days observation period after the tail intravenous

injection of PBS, BPNSs, BPNSs@PEG-SS-IR780 and BPNSs@PEG-SS-

IR780/RGD, respectively. At day 14, all mice were euthanatized for

blood and main organs (heart, liver, spleen, lung, and kidney) were

collected. The results of blood routine analysis and serum bio-

chemistry assay did not differ significantly among tested groups

(Fig. S17 in Supporting information). Furthermore, histological

analysis revealed that there was no evident damage to the main

organs of mice in each group (Fig. S18 in Supporting information).

All these results indicated that the BPNSs@PEG-SS-IR780/RGD has

excellent biocompatibility and was tolerable by mice.

The fluorescence and thermal dual imaging were further con-

ducted by using BPNSs@PEG-SS-IR780/RGD on Raji-bearing BALB/c

nude mice. After tail intravenous injection of BPNSs@PEG-SS-

IR780 and BPNSs@PEG-SS-IR780/RGD, fluorescence imaging was

performed to monitor the dynamic fluorescence change to explore

the in vivo distribution and tumor accumulation of these nano-

materials. As displayed by Fig. 4A, the fluorescence signal of the

BPNSs@PEG-SS-IR780 and BPNSs@PEG-SS-IR780/RGD could be ob-

served at the tumor sites at 6 h post-injection, and gradually in-

creases until 72 h after injection. Compared with the BPNSs@PEG-

SS-IR780, BPNSs@PEG-SS-IR780/RGD was more likely to accumu-

late at tumor location through RGD active targeting and enhanced

permeability and retention (EPR) passive targeting effect. The ex

vivo fluorescence images of tumor and organs resected at 72 h

post-injection were showed in Fig. S19 (Supporting information).

As for the BPNSs@PEG-SS-IR780/RGD group, more strong fluores-

cence could be observed in the tumor site, also elucidating better

tumor targeting capacity than BPNSs@PEG-SS-IR780. The biodistri-

bution of BPNSs@PEG-SS-IR780 and BPNSs@PEG-SS-IR780/RGD was

quantified by the parameter of average radiant efficiency (Fig. 4B

and Fig. S20 in Supporting information), and displayed the same

results as the fluorescence imaging.

In addition, a thermal imaging camera was used to monitor the

temperature at the tumor location under 660 nm laser irradiation.

The representative temperature curve at the tumor site of different

groups were shown in Fig. 4D. The temperature of mice treated

with BPNSs@PEG-SS-IR780/RGD increased about 20 °C within 10

min irradiation, which might be due to the efficient tumor accu-

mulation and the robust photothermal property of BPNSs@PEG-SS-

IR780/RGD. In the PBS group, by contrast, the temperature varia-

tion at the tumor site after laser irradiation was almost negligible.

The corresponding thermal images evidently displayed the changes

of temperature at the tumor site (Fig. 4C). Consequently, the dual-

modal of BPNSs@PEG-SS-IR780/RGD would provide precise guid-

ance during tumor treatment process.

To further verify the antitumor efficacy of BPNSs@PEG-SS-

IR780/RGD, Raji-bearing mice were randomized divided into 10

groups for different treatments: PBS, BPNSs, BPNSs@PEG-SS-IR780

and BPNSs@PEG-SS-IR780 with or without laser or ultrasound ir-

radiation. After 24 h caudal vein injection of different agents,

the tumor sites of the mice in the predetermined groups were

exposed to 660 nm laser (0.6 W/cm2) and/or ultrasound (1.0

MHz, 1.0 W/cm2, 50% duty cycle) for 10 min, respectively. Af-

ter being treated, the tumor volume and body weight of all

groups were recorded every other day for 14 days and standard-

ized with their initial values (0 day). All groups of mice expe-

rienced a slow increase in body weight and no mice died dur-

ing the treatment period (Fig. 4E). As illustrated in Fig. 4F, PBS,

PBS+ Laser+US, BPNSs, BPNSs@PEG-SS-IR780, and BPNSs@PEG-

SS-IR780/RGD all experienced rapid tumor growth during the

treatment period, indicating very limited therapeutic effect. How-

ever, tumor volumes increased slowly for BPNSs+ Laser+US,

BPNSs@PEG-SS-IR780+ Laser+US, BPNSs@PEG-SS-IR780/RGD+US,

and BPNSs@PEG-SS-IR780/RGD+ Laser group, indicating the tu-

mor growth was inhibited effectively. Excitingly, BPNSs@PEG-SS-

IR780/RGD+ Laser+US group displayed the most excellent tu-

mor ablation effect, which is in accordance with that of the in

vitro synergistic anticancer efficacy. After 14 days, blood routine

4
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Fig. 4. In vivo fluorescence imaging, thermal performance and antitumor study on Raji-tumor-bearing mice. (A) fluorescence images of mice bearing Raji tumors after

injection of BPNSs@PEG-SS-IR780 or BPNSs@PEG-SS-IR780/RGD, and (B) the corresponding fluorescence intensity of tumor site changing with time in vivo was quantified by

average radiant efficiency. (C) Thermal images of tumor-bearing mice after injection of different samples followed by irradiation with a 660 nm laser (0.6 W/cm2, 10 min),

the temperature curves of tumor sites during laser irradiation as displayed in (D). (E) The body weights of mice were monitored every other day during the anti-tumor

therapy period. (F) Relative tumor growth curves in different groups of mice treated in different protocols. The relative tumor volumes were normalized to their initial sizes.

and serum biochemistry assay were performed for BPNSs@PEG-

SS-IR780/RGD+ Laser+US group, the measured indexes showed no

significant difference between tested group and PBS group (Fig. S21

in Supporting information). Furthermore, the major organs (heart,

liver, spleen, lung, and kidney) were harvested and stained with

H&E for pathological analysis, the images of H&E staining dis-

played that there was no observed damage of the major organs

(Fig. S22 in Supporting information), further confirming the favor-

able biocompatibility of BPNSs@PEG-SS-IR780/RGD, and this syner-

gistic therapy was tolerable by mice. Additionally, the proliferative

and apoptotic activity of tumors cells after photo-/sono-synergistic

treatment with BPNSs@PEG-SS-IR780/RGD was assessed by H&E

and immunohistochemical staining assay. As illustrated in Fig. S23

(Supporting information), the most obvious apoptosis or necrosis

of tumor cells were shown in the group of synergistic therapy,

and the proliferative cells were sporadically visible in tumor tis-

sue. These results verified that the BPNSs@PEG-SS-IR780/RGD can

effectively kill tumor cells and inhibit their proliferation by syner-

gistically treatment.

In summary, this tumor microenvironment responsive BPNSs-

based multifunctional nanosystem has been successfully devel-

oped. The prepared BPNSs@PEG-SS-IR780/RGD with excellent sta-

bility and biocompatibility exhibits good tumor-targeting property,

efficiently ROS yield, good photothermal conversion efficiency and

strong fluorescence. The presented hybrid nanoplatform demon-

strates a remarkably enhanced antitumor efficacy through photo-

/sono-synergistic treatment in in vitro and in vivo experiment, pre-

senting a great potential for precise NHL imaging and therapy. The

successful application of this novel tumor microenvironment sen-

sitive multimodal platform may provide new possibility in devel-

oping next generation of multifunctional nanomaterials for cancer

treatment.
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