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a b s t r a c t

The accurate delivery of nanoparticles and organic small molecule drugs remains a serious challenge in

nanoparticle-based tumor therapy. Dual-targeted therapy combining tumor cell targeting and organelle

targeting is an effective solution. Here, an anticancer nanoformulation accurate delivery system was pre-

pared using hyaluronic acid (HA) targeting CD44 receptors on the surface of tumor cells and IR780

iodine (IR780) targeting mitochondrial for delivery. The system is based on an ultra-small Janus struc-

tured inorganic sensitizer TiO2-x@NaGdF4 nanoparticles (TN NPs) prepared by one-step pyrolysis, further

loaded with organic small molecule acoustic sensitizer IR780 and mitochondrial hexokinase II inhibitor

lonidamine (LND), followed by encapsulation of HA. Ultra-small size nanoparticles exhibit strong tissue

penetration, tumor inhibition and in vivo metabolism. Under ultrasound radiation, TN NPs and IR780

could produce a synergistic effect, effectively increased the efficiency of reactive oxygen species (ROS)

production. Meanwhile, the released IR780 could smoothly target the mitochondria, and the ROS pro-

duced by IR780 can destroy the mitochondrial structure and disrupt the mitochondrial respiration. LND

could inhibit the energy metabolism of tumor cells by reducing the activity of hexokinase II (HK II), which

further accelerates the process of apoptosis. Furthermore, since the Janus structure allows the integration

of multifunctional components into a single system, TN NPs can not only serve as an acoustic sensitizer

to generate ROS, but the Gd element contained can also act as the nuclear magnetic resonance (MR)

imaging contrast agent, suggesting that the nanoformulation can enable imaging-guided diagnosis and

therapy. In conclusion, a new scheme to enhance sonodynamic therapy (SDT) and chemotherapy syner-

gistically is proposed here based on ultra-small dual-targeted nanoformulation with Janus structure in

the ultrasound radiation environment.

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

Medica, Chinese Academy of Medical Sciences.

As a promising form of cancer treatment, SDT is based on ultra-

sound (US) triggered acoustic sensitizers that induce an excess pro-

duction of ROS, resulting in various anti-tumor effects [1–4]. Re-

cently, a number of inorganic acoustic sensitizers (e.g., porphyrins,

TiO2, Bi2MoO6 and MnWOX) [5–9] and organic small molecule

acoustic sensitizers (e.g., HMME, PpIX, Ce6 and IR780) [10–13] have

been developed with impressive therapeutic results. TiO2 has been

well studied due to the capacity to generate ROS and the high

chemical stability [14,15]. However, traditional TiO2 nanoparticles

typically display low efficiency of ROS generation due to their wide

band gap (∼3.20 eV) and the rapid recombination of electrons (e−)
and holes (h+) in the energy band structure [16]. Recently, some

groups have started to solve this problem through various strate-
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gies, such as forming oxygen-deficient layers on the TiO2 surface

[17], combining TiO2 nanoparticles with other noble metals (e.g.,

Pt, Fe, Au) [18–20] and compounding with semiconductors [21].

Particularly, TiO2-x with an excellent oxygen-deficient layer has at-

tracted our attention [22]. Unfortunately, in tumor therapy, in ad-

dition to the effect of nanoparticles, the therapeutic effect was lim-

ited by the accumulation and intracellular localization of nanopar-

ticles at the tumor site, while the long-term accumulation also

posed a significant health risk at the tumor site [23–26]. Therefore,

it was important for us to improve the metabolism of nanoparticles

in vivo while enhancing the accumulation and intracellular distri-

bution of nanoparticles at the tumor site.

In order to prolong the circulation time of nanoparticles in

the blood and enhance the accumulation at tumor sites, vari-

ous drug delivery systems based on surface-coupled organic ma-

terial strategies have been developed and widely used in cancer

therapy [27–30]. Among them, HA has good biocompatibility and
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biodegradability, and can bind to CD44 receptors overexpressed on

the surface of tumor cells, which is commonly used in various

drug delivery systems in tumor therapy [31–33]. After entering the

tumor microenvironment, HA-based encapsulated nanocomposites

can be easily internalized through CD44 receptor-mediated recog-

nition [34–36]. During the process of endocytosis, HYAL-2 (one

type of hyaluronidases) initiates hydrolysis, degrading HA into frag-

ments of approximately 20 kDa. The fragments then enter the

lysosome and are further degraded by HYAL-1 (another type of

hyaluronidases), ensuring the rapid release of the HA-encapsulated

nanodrug into the tumor cytoplasm for action [37–39]. In addi-

tion to the strategy of targeting tumor cells, the development of

nanoformulations with organelle targets is also of great signifi-

cance [40–42]. Specifically, mitochondria have been implicated in

cellular respiration as energy converters and have served as intra-

cellular “engines” and “power plants”. As research has shown, mi-

tochondria are important organelles in cancer cells that undergo

metabolic reprogramming. The number, structure and function of

mitochondria are changed differently compared to normal cells to

accommodate the rapid growth and reproduction of cancer cells

[43–45]. Therefore, mitochondria-targeted approaches were consid-

ered to be an effective cancer treatment. IR780, as a near-infrared

heptamethyl anthocyanin dye, has a strong affinity for tumor mi-

tochondria and can be preferentially retained in the mitochondria

[46,47]. Under the stimulation of applied ultrasound, IR780 can act

as an acoustic sensitizer [48], generating significant amounts of

ROS and inducing apoptosis [49,50]. LND, a potent inhibitor of gly-

colysis, not only reduced energy metabolism in tumor cells by in-

hibiting hexokinase II (HK II) activity, but also disrupted mitochon-

drial structure and interrupted cell respiration [51–53]. In addi-

tion to intercepting the energy supply of cancer cells, the immune

system would also be more effectively regulated for cancer treat-

ment. Therefore, we propose the hypothesis that IR780 utilized as

an oxidative stress regulator to induce mitochondrial dysfunction

by generating large amounts of ROS to synergize with LND and ac-

celerate the apoptotic process of tumor cells.

Small size nanoparticles also have a significant impact in in-

creasing the tumor penetration, cellular internalization and in vivo

excretion of nanomaterials [54]. Studies have shown that, on the

one hand, ultra-small nanoparticles could achieve deep penetration

into the tumor tissue without modification, increasing the abil-

ity of nanoparticles to accumulate at the tumor site; on the other

hand, ultra-small nanoparticles could be easily removed over a pe-

riod of time and reduce the side effects of nanomaterials [55–57].

For a long time, the preparation of ultra-small Janus particles has

been an important research direction and a difficult direction in

materials science. Such asymmetric nanoparticles typically consist

of several functional compartments, which allow for the integra-

tion of multi-functional components into a single system and ex-

pands the value of application in tumor therapy [58–61]. There-

fore, ultra-small nanoparticles with Janus structure not only have

excellent combined therapeutic or diagnostic effects, but also have

inherent advantages in terms of in vivo metabolism and clearance.

Based on the above background, ultra-small Janus composite

nanoparticles integrating SDT, cellular energy supply inhibition and

dual-targeting function of tumor cells/cellular organelles may be

a very promising strategy for cancer therapy. In our design, ultra-

small TN NPs with Janus structure were synthesized in one step by

improving the thermal decomposition strategy (Scheme 1A) [62].

Then, a TiO2-x@NaGdF4@IR780@LND-HA (TNILH) nanoplatform was

Scheme 1. Schematic diagram of material synthesis and anti-tumor mechanism. (A) Synthesis method of ultra-small TN NPs. (B) Schematic diagram of the synergistic

multimodal antitumor therapy of TNILH.
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Fig. 1. Characterization of TNILH nanoformulation. (A) TEM image of TN NPs. (B) HAADF-STEM and elemental mapping images of TN NP. (C) XRD spectra. (D) UV-vis spectra

of HA, TN, TNI, TNIL and TNILH. (E) Release rate of IR780 of TNILH dispersed in different conditions. (F) Mechanistic diagram of the synergistic effect of TN NPs and IR780 to

enhance the efficiency of ROS production. (G) ESR spectra indicating •OH generation by US-activated TNH and TNIH. (H) ESR spectra indicating 1O2 generation by US-activated

TNH and TNIH. (I) The change of absorption intensity of DPBF in different solutions under ultrasound radiation.

constructed by loading IR780, LND and surface-coated HA. Upon

targeting of CD44 to tumor cells, hyaluronic acid was decomposed

by HAase overexpressed in the tumor microenvironment, leading

to the reduction in particle size and the increase in charge of the

TNILH nanoformulation, which increases the endocytosis effect of

tumor cells. IR780 can act as an acoustic sensitizer and synergize

with TN NPs to improve ROS production efficiency and enhance

SDT effect; when released in the acidic tumor microenvironment,

IR780 can target mitochondria and synergize with hexokinase II in-

hibitor LND to induce mitochondrial damage and dysfunction and

enhance the destructive effect on tumor tissues (Scheme 1B). It

is worth mentioning that the Janus structure of TN NPs not only

endows this nanoplatform with SDT functions, but also with MR

imaging properties due to the presence of Gd elements, allow-

ing real-time tracking of this nanoformulation for imaging-guided

tumor synergistic therapy [63–65]. In addition, pharmacokinetic

analysis demonstrated that the nanoformulation has a good in vitro

efflux effect.

The synthesis steps were shown in Scheme 1A. Homogeneous

and stable TN NPs were synthesized by thermal decomposition

by adding titanium(IV) ethoxide, 1-octadecanol and ammonium

fluoride (NH4F) to the mixture of oleylamine, oleic acid and 1-

octadecene, and after reacting at 280 °C for 1 h, the temperature

was continued to 310 °C. Then rare earth precursors were added

to the reaction system by direct injection, and the reaction was

maintained for 1 h to obtain ultra-small and homogeneous TN NPs.

Transmission electron microscopy (TEM) showed that the TN NPs

had a Janus structure, with a length diameter of 12.74 nm, and had

good monodispersity and homogeneity (Fig. 1A). High-angle annu-

lar dark-field scanning transmission electron microscopy (HAADF-

STEM) and energy dispersive spectroscopy (EDS) elemental map-

ping images showed that the elements of Gd, Na and F were uni-

formly distributed in the same site, and the elements of Ti was

distributed in another region (Fig. 1B). It further validated the suc-

cessful synthesis of asymmetric TN NPs. X-ray diffraction (XRD)

patterns of TN NPs showing typical diffraction peaks at 17.34°,
29.75°, 42.44°, 52.01° and 59.17° which were associated with the

(100), (200), (201), (102) and (102) planes of the face-centered

cubic phase of NaGdF4, respectively; typical diffraction peaks at

25.40°, 37.52°, 48.29°, 52.94°, 63.08°, 70.10° and 75.29° were as-

sociated with the (101), (004), (200), (105), (204), (215) and (220)

planes of the face-cantered cubic phase of TiO2-x (Fig. 1C).

Polyethylene glycolized DSPE has excellent amphiphilic proper-

ties and has superior advantages in the encapsulation and delivery

of molecules [66–68]. We chose to use DSPE-PEG-NH2 polymer as

the hydrophilic modification of TN NPs having the oleic acid hy-

drophobic layer on the surface, while hydrophilic layer between TN

NPs and PEG can be used to adsorb the acoustically sensitive drug

molecule IR780 in a non-covalent bonding manner. The before-

and-after control picture of modified TN NPs by DSPE-PEG-NH2

was shown in Fig. S1 (Supporting information). Then the nanofor-

mulation were synthesized by activating the carboxyl groups of

LND and HA and bonded to the amino end of PEG by amide bond-

ing. The change in zeta potential and average hydrodynamic di-

ameter of the different materials confirmed the successful perfor-

mance of each synthesis step (Fig. S2 in Supporting information).

Furthermore, the change of hydrodynamic diameters and zeta po-

tential values indicated that the modified TNILH nanoformulation

can be stabilized (Fig. S3 in Supporting information). The pre-

pared TiO2-x@NaGdF4@DSPE-PEG-NH2 (TN), TiO2-x@NaGdF4@IR780

(TNI), TiO2-x@NaGdF4@IR780@LND (TNIL) and TNILH nanoformula-

tions showed excellent stability in phosphate buffered saline (PBS)

and Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fe-

tal bovine serum (Fig. S4 in Supporting information), and the non-
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hemolytic effect of TNILH on erythrocytes provided the possibility

of further in vivo application (Fig. S5 in Supporting information).

Further characterization was carried out by UV-vis spec-

troscopy. As shown in Fig. 1D, compared with TN, TNL showed

an obvious absorption peak at 792 nm, indicating that IR780 was

successfully loaded; TNIL had obvious absorption peaks at 792 nm

and 299 nm, indicating the successful loading of IR780 and LND. In

contrast, the absorption peak of TNILH was not obvious at 299 nm

due to the increased absorption of HA from 250 nm to 350 nm. Fig.

S6 (Supporting information) showed the variation of absorbance

of IR780 and LND with concentration. Based on the UV-vis ab-

sorbance standard curve (Fig. S7 in Supporting information), the

loading rates of IR780 and LND were 3.86% and 13.6%, respectively.

The degradation performance of TNILH in the simulated acidic

tumor microenvironment and the applied ultrasound stimulation

environment was further investigated. As shown in Fig. 1E, the re-

lease rates of IR780 in the acidic environment (pH 5.6) were both

significantly higher than those in the neutral environment (pH

7.4) under the same experimental conditions, indicating that H+

had a facilitating effect on the degradation of TNILH. Meanwhile,

it was also found that the release of IR780 in different pH solu-

tions was effectively improved after the addition of HAase, which

proved the hydrolytic effect of HAase on the material surface. After

comparison with the experimental group without HAase addition,

the results illustrated that the HA-coated nanoformulation could

reduce the premature release of IR780 in the circulation and re-

duce the toxic effects of the nanoformulations. In addition, when

provided with ultrasound radiation assistance, the release rate of

IR780 in acidic and neutral environments containing HAase could

reach 65.48% and 34.70%, respectively, which was higher than the

other experimental groups. It indicated that ultrasonic radiation

could further accelerate the degradation of TNILH and facilitate the

rapid release of IR780.

Next, we assessed the production of ROS during the acous-

tic dynamics by TNILH nanoformulation through the relative

chemical probes (Fig. 1F). The production of 1O2 and •OH
were detected by electron spin resonance (ESR) spectroscopy.

As shown in Fig. 1G, both the TiO2-x@NaGdF4@HA (TNH) and

TiO2-x@NaGdF4@IR780@HA (TNIH) groups can produce •OH, and

the TNIH group did not showed a stronger absorption peak, in-

dicating that IR780 would not produce •OH under ultrasound ra-

diation. Under the same conditions, the peaks of 1O2 appeared in

both the TNH and TNIH groups, and the intensity of the 1O2 peak

was stronger in the TNIH group (Fig. 1H). indicating that 1O2 could

be induced by ultrasound irradiation in both TN NPs and IR780.

In addition, 1,3-diphenylisobenzofuran (DPBF) was used as a

fluorescent probe to detect ultrasound-induced ROS production

[69,70]. The decomposition of DPBF exposed to the ultrasound en-

vironment was verified by UV-vis spectroscopy (Fig. S8 in Sup-

porting information). After exposure to the ultrasound environ-

ment for 25 min, the absorption peaks of DPBF were hardly

changed, demonstrating that DPBF can be stably present in the ul-

trasound environment. Then, the ultrasound-induced production of

ROS by TNH and TNILH under different conditions was examined.

As shown in Fig. S9 (Supporting information), both TNH and TNILH

could produce ROS in PBS under ultrasound irradiation. Under the

same pH conditions, TNILH exhibited more significant ROS gener-

ation efficiency than TNH, further demonstrating that IR780 could

produce 1O2 under ultrasound radiation, which could respond to

the acidic conditions of the tumor microenvironment. The prop-

erty was further confirmed by the decay curves of the absorption

intensity of DPBF in different solutions (Fig. 1I).

Due to the excellent sonodynamic effect of TNIH nanoformu-

lation, we further conducted the cellular experiment in vitro to

evaluate the inhibitory effect on cancer cells. Fig. S10 (Supporting

information) showed the schematic diagram of the killing mecha-

nism of TNILH on cancer cells under ultrasound stimulation. Firstly,

the phagocytic behavior of TNILH nanoformulation was investi-

gated. As shown in Fig. S11A (Supporting information), blue flu-

orescence was derived from 4′,6-diamidino-2-phenylindole (DAPI)

staining solution used to label the nucleus, and red fluorescence

was derived from IR780 in TNILH. As the incubation time was ex-

tended, the red fluorescence in the HeLa cytoplasm was gradually

brightening, indicating that TNILH nanoformulation had excellent

tumor cell uptake, and the flow analysis data also proved the same

result (Fig. S11B in Supporting information). It was due to the tar-

geting effect of the HA coated with the material to the CD44 re-

ceptor on the surface of tumor cells.

Then, we systematically evaluated the biocompatibility of the

materials by the typical standard methylthiazolyl tetrazolium assay

(MTT). Specifically, we incubated L929 cells and HeLa cells with

different concentrations of TNH, TNIH and TNILH (using Ti con-

tent as the calculated equivalent, Ti: 3.2, 6.4, 9.6, 12.8 and 16 ppm)

and analyzed their cell viability. The results showed that all three

nanoformulations (TNH, TNIH and TNILH) had no significant ef-

fect on cell viability without ultrasound stimulation (Figs. S12 and

S13 in Supporting information), even at Ti concentrations up to

16 ppm. The viability of L929 cells treated by incubation with dif-

ferent materials was shown in Fig. 2A, indicating that the materi-

als have good cytocompatibility for L929 cells. The viability of HeLa

cells showed a clear trend of material concentration-dependent de-

crease after exposure to the ultrasound environment, and the sur-

vival rate of the HeLa cells treated with TNILH was only 21.15%

when content concentration of Ti element was 16 ppm (Fig. 2B).

It was attributed to the result of the SDT of TN and IR780 and the

combined effect with LND.

Next, the effect of intracellular ROS production was evaluated

with 2,7-dichlorofluorescein diacetate (DCFH-DA) as a probe for in-

tracellular ROS detection. It can be seen that the fluorescence in-

tensity of TNIH group was higher than that of TNH group when

ultrasonic stimulation was applied (Fig. 2C), indicating a higher ef-

ficiency of ROS production in the presence of both TN NPs and

IR780. Furthermore, HeLa cells treated with TNILH nanoformula-

tion and ultrasound exhibited brighter green fluorescence, sug-

gesting that the presence of LND could reduce the cellular oxy-

gen consumption, which in turn could promote more ROS produc-

tion (Fig. 2D). Meanwhile, in order to present more intuitive in-

formation about the killing effect of tumor cells in each group,

we performed live-dead cell staining experiments (Fig. 2E). Com-

pared with the TNH group, the TNIH group showed a significant

cell death state under ultrasound radiation after loading IR780. The

TNILH+US group showed nearly total cell death, visualizing the

synergistic therapeutic effect between TN NPs, IR780 and LND.

Combined with the study of Fig. 1E, it was found that TNILH

nanoformulation were able to release IR780 in an acidic environ-

ment. At the same time, it is also known that lysosome is the

endpoint of cellular endocytosis, and the pH of its internal envi-

ronment is about 4.0-5.0. Therefore, we speculated whether the

nanoformulation would release IR780 through the lysosomal path-

way and achieve the targeting of IR780 to mitochondria. So, we

used Mito Tracker Green and Lyso Tracker Green to stain mito-

chondria and lysosome of HeLa cells for specific labeling to ver-

ify the cellular uptake behavior of TNILH and the mitochondrial

targeting of IR780, respectively (Fig. 2F). After co-incubation with

TNILH for 4 h, the red fluorescence of IR780 in HeLa cells over-

lapped with the green fluorescence of Mito Tracker Green, indi-

cating that IR780 co-localized with mitochondria and that IR780

could accumulate in mitochondria. And at this time, the red fluo-

rescence of IR780 also overlapped with the green fluorescence of

Lyso Tracker Green, but both fluorescence intensities were signif-

icantly weaker. It was speculated that most of the materials have

been decomposed in the lysosome and successfully “escaped” from
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Fig. 2. In vitro cell apoptosis via the TNILH nanoformulation. (A) Viability of L929 cells after incubation with different concentrations of TNH, TNIH and TNILH. (B) Viability

of HeLa cells incubated with different concentrations of TNH, TNIH and TNILH under ultrasound environment. (C) Fluorescence microscopy images of HeLa cells treated with

DCFH-DA staining under different conditions. (D) Quantitative analysis of ROS generation in (C). (E) Fluorescence microscopy images of HeLa cells stained with PI (dead

cells) and Calcein AM (live cells) after treatment with different conditions. (F) Fluorescence microscopy images of HeLa cells incubated with TNILH for 4 h, after treated with

Mito-Tracker Green and Lyso-Tracker Green staining kits. (G) The control, TNH, TNLH, TNIH and TNILH group were incubated with HeLa cells for 6 h, and the content of ATP

was detected after being stimulated by ultrasonic radiation. (H) Fluorescence microscopy images of mitochondrial membrane potential of HeLa cells stimulated by ultrasound

radiation after 6 h of treatment with control, TNH, TNLH, TNIH and TNILH.

the lysosome under the test condition, and the released IR780 was

successfully targeted into the mitochondria.

Then, we verified the effect of TNILH on mitochondrial func-

tion [50]. The effect of adenosine triphosphate (ATP) production

in HeLa cells was detected by ATP assay kit. As shown in Fig. 2G,

compared with the control group, the TNH+US group had little

effect on the efficiency of ATP production. The TNILH+US group,

which was loaded with both IR780 and LND, had the highest in-

hibitory effect on ATP, which was significantly better than the

TNLH+US group loaded with LND alone and the TNIH+US group

loaded with IR780 alone. It indicated that LND can effectively in-

hibit the activity of hexokinase II and reduce the production of

the intracellular ATP. In the ultrasound environment, IR780 in-

duced mitochondrial dysfunction by generating ROS, which syn-

ergized with LND to inhibit mitochondrial respiration. Afterwards,

the effect of different treatment groups on mitochondrial mem-

brane potential was verified by JC-1 assay kit (Fig. 2H). Similarly,

the gradually enhanced green fluorescence was observed in the

TNLH+US, TNIH+US and TNIL+US groups compared to the con-

trol and TNH+US groups, with the strongest green fluorescence

intensity detected in TNILH+US group. It indicated that the syner-

gistic effect of IR780 and LND would produce more significant dis-

turbance of mitochondrial membrane potential in HeLa cells, thus

disrupting mitochondrial function and inducing apoptosis more ef-

fectively.

Encouraged by the in vitro therapeutic effect, we then validated

the in vivo therapeutic effect of TNILH [71–73]. At first, the ef-

fects of TNILH nanoformulation on the liver and kidney functions

and hematological indices of mice were evaluated. Two groups of

healthy mice (n=8) were prepared, and TNILH (23.5 mg/kg) was

injected through the tail vein into one group of mice as the exper-

imental group, the same dose of PBS was injected into the other

group of mice as the control group. Then, the blood biochemical

indexes and hematological data of mice after the 14th day of injec-

tion were obtained separately (Fig. S14 in Supporting information).

The experimental results showed that compared with the control

group, no obvious changes were found in the blood indexes of the

experimental mice after 14 days of intravenous injection of TNILH,

indicating that the TNILH nanoformulation had no significant effect

on the main blood indices.

Subsequently, the accumulation of TNILH at the tumor site was

detected by MR imaging [74,75]. The existence of Gd elements con-

ferred the ability of MR imaging of TNILH nanoformulation. We

selected female BALB/c mice to establish a xenograft U14 tumor

model. The TNILH was injected into the mice by tail vein injec-

tion. Subsequently, U14 tumor-bearing mice were scanned with a

3T clinical MR scanner equipped with special coils for mouse imag-

ing, respectively, and imaging data were acquired at specific time

points (0, 3, 6, 12, 24 and 36 h). As shown in Fig. S15A (Support-

ing information), the MR signal were detected at the tumor site

as soon as 3 h after intravenous injection, and the strongest MR

signal was detected at 12 h with increasing time. It indicated that

TNILH had a good targeting effect and can be effectively accumu-

lated at the tumor site. The MR imaging effect of different con-

centrations of TNILH nanoformulation in vitro was also detected by

MR scanner, and the r1 relaxation of TNILH nanoformulation was

calculated to be 49.578 L mmol−1 ms−1 (Fig. S15B in Supporting

information). In addition, the potential of TNILH for MR imaging

was further demonstrated by comparing the bright and dark ef-

fects of tumor sites before and after in situ injection (Fig. S15C in

Supporting information).

To examine the distribution and targeting effect of TNILH

nanoformulation in mice [76,77], U14 tumor-bearing mice were in-

jected with TNIL and TNILH nanoformulations, respectively. After

the 6 h, 12 h, 24 h and 48 h intravenous injections, the content

of Ti elements in the major organs (liver, heart, lung, spleen and

kidney) and tumors of the mice were measured by ICP-MS (Figs.

3A and B). The results showed that the TNILH nanoformulation
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Fig. 3. In vivo antitumor effect of TNILH. (A) Biodistribution of Ti in major organs 6, 12, 24 and 48 h after intravenous TNILH injection. (B) Biodistribution of Ti in major

organs after 6, 12, 24 and 48 h of intravenous TNIL administration. (C) Detection of TNILH in mouse feces within 1–14 days. (D) Schematic diagram of the treatment process

of U14 tumor-bearing mice within 14 days. (E) Body weight change curve of mice treated with different ways over 14 days. (F) The change curve of tumor volume of mice

treated with different ways over 14 days. (G) Photographs of tumors in mice treated by different treatment methods after 14 days of treatment. (H) Histogram changes of

tumor weight of mice over 14 days under different treatments. (I) H&E and TUNEL staining images of tumor tissue treated with different methods.

would be captured by the reticuloendothelial system (liver and

spleen) and excreted from the body mainly through the spleen.

TNILH nanoformulation can accumulate rapidly at the tumor site

at 6 h after intravenous injection and reach the maximum at 12 h.

In contrast, the accumulation of TNIL nanoformulation at the tu-

mor site only reached its maximum at 24 h. And the tumor sites of

mice in the TNILH group could accumulate more nanoformulation

than the TNIL group, proving the tumor-targeting effect of TNILH.

In addition, we examined the feces of mice treated for two weeks

by ICP-MS. As shown in Fig. 3C, the highest level of TNILH was

found in the feces after 5 days of intravenous injection, achieving

maximum clearance; within 14 days, nearly 75% of the nanoformu-

lation was excreted through the feces. After 14 days of intravenous

injection, only trace amounts of TNILH could be detected in the fe-

ces. It was an excellent proof that TNILH did not present long-term

toxicity problems in vivo.

In the study of the in vivo tumor treatment effect of TNILH

nanoformulation, we selected female BALB/c mice to establish

a xenograft U14 tumor model and randomly divided 25 mice

into 5 groups (n=5): (A) PBS; (B) PBS+US; (C) TNH+US (20

mg/kg, based on Ti); (D) TNIH+US (20.8 mg/kg, based on Ti);

(E) TNILH+US (23.5 mg/kg, based on Ti). After 0.5 days of intra-

venous injection (based on the optimal effect of MR imaging), (B),

(C), (D) and (E) groups were subjected to one ultrasound treatment

(1.0 MHz, 50% duty cycle, 1.5 W/cm2, 5 min). The same treatment

was done again on day 1.5 and day 2.5 (Fig. 3D). The change of

weight and tumor volume of the mice were recorded every other

day since the beginning of treatment until the end of treatment.

Slight body weight fluctuations were found in all treatment groups,

indicating that it was no significant adverse effect of the differ-

ent treatments on the health of tumor-bearing mice (Fig. 3E). As

shown in the change curve of tumor volume (Fig. 3F), tumor in

the PBS and PBS+US groups grew rapidly, and the tumor growth

was not inhibited. The TNH+US group indicated that the SDT ef-

fect produced by TN NPs had a certain inhibitory effect on tumor

growth. Tumor growth was effectively inhibited in the TNIH+US

and TNILH+US groups, and the best tumor inhibition was ob-

served in the TNILH+US group, which proved the excellent syn-

ergistic therapeutic effect of the TNILH nanoformulation. The con-

clusion was further supported by digital photographs of tumors in

mice (Fig. 3G) and histograms of tumor weight changes (Fig. 3H)

at the end of treatment.

To further demonstrate the treatment effect, we performed H&E

and TUNEL staining on the tumor tissue sections from different

treatment groups [78–80]. As shown in Fig. 3I, comparing with

other groups, H&E staining showed an obvious death or necrosis

of tumor cells in the TNILH+US group, which was also confirmed

by the TUNEL staining results. At the end of the treatment, we per-
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formed H&E staining of the major organs (liver, heart, lung, spleen

and kidney) of the mice (Fig. S16 in Supporting information). As it

can be found, no significant damage to major organs was observed

in the treated group compared to the PBS group, demonstrating

that the treatment process was not significantly toxic to the or-

gans.

In conclusion, we modified the ultrasmall TN NPs via the hy-

drophobic interaction of DSPE-PEG-NH2 and adsorbed the sonosen-

sitizing molecule IR780 by non-covalent bonding. Subsequently,

LND and HA were loaded through amide bonds, and the multifunc-

tional combined therapeutic nanoformulation TNILH was success-

fully synthesized. The effective accumulation of nanoformulation at

tumor sites was achieved through the targeting effect of HA and

IR780; dual acoustic sensitizers and small-molecule chemothera-

peutic agents could achieve synergistic treatment. Due to the pres-

ence of Gd elements, TN NPs with asymmetric structures have MR

imaging properties, which provide the possibility to realize real-

time imaging of tumor sites of nanoformulation. In addition, both

in vivo and in vitro data indicated that TNILH nanoformulation can

effectively inhibit tumor growth with barely any side effects on

normal tissues. More importantly, owing to the extremely small

size, TNILH can be effectively excreted in vitro and does not cause

long-term toxicity to mice. This work provided a new way for MR

imaging-guided synergistic sonodynamic therapy and chemother-

apy.
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