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Background: Glioma is the most common and malignant primary brain tumour in adults 
and has a dismal prognosis. Temozolomide (TMZ) is the only clinical first-line chemother-
apy drug for malignant glioma up to present. Due to poor aqueous solubility and toxic 
effects, TMZ is still inefficient and limited for clinical glioma treatment.
Methods: UiO-66-NH2 nanoparticle is a zirconium-based framework, constructed by Zr and 
2-amino-1,4-benzenedicarboxylic acid (BDC-NH2) with octahedral microporous structure, 
which can be decomposed by the body into an ionic form to discharge. We prepared the 
nanoscale metal-organic framework (MOF) of UiO-66-NH2 to load TMZ for therapy of 
malignant glioma, TMZ is released from UiO-66-NH2 through a porous structure. The 
ultrasound accelerates its porous percolation and promotes the rapid dissolution of TMZ 
through low-frequency oscillations and cavitation effect. The biological safety and antitumor 
efficacy were evaluated both in vitro and in vivo.
Results: The prepared TMZ@MOF exhibited excellent biocompatibility and biosafety due 
to minimal drug leakage without ultrasound intervention. We further used the flank model of 
glioblastoma to verify the in vivo therapeutic effect. TMZ@UiO-66-NH2 nanocomposites 
could be well delivered to the tumour tissue, which led to local enrichment of the TMZ 
concentration. Furthermore, TMZ@UiO-66-NH2 nanocomposites under ultrasound demon-
strated much more efficient inhibition for tumor growth than TMZ@UiO-66-NH2 nanocom-
posites and TMZ alone. Meanwhile, the bone marrow suppression side effects of TMZ were 
significantly reduced by TMZ@UiO-66-NH2 nanocomposites.
Conclusion: In this work, TMZ@UiO-66-NH2 nanocomposites with ultrasound mediation 
could effectively improve the killing effect of malignant glioma and decrease TMZ-induced 
toxicity in normal tissues, demonstrating great potential for the delivery of TMZ in the 
clinical treatment of malignant gliomas.
Keywords: MOF, TMZ, ultrasound glioma

Introduction
The prognosis is extremely poor for malignant gliomas, especially glioblastoma 
(GBM), which account for approximately 47.7% of brain malignant tumours.1 At 
present, the main treatment protocol is surgical adjuvant radiotherapy and chemother-
apy. Postoperative temozolomide (TMZ) adjuvant chemotherapy is a common clinical 
treatment among the few available treatments for glioblastoma. However, it lacks 
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selectivity and has an insufficient brain tumour focal concen-
tration, which leads to very limited therapeutic effect and 
causes a series of side effects in clinical applications. Among 
these side effects, haematopoietic suppression has become 
the most severe problem associated with TMZ.2 Thus, it is 
necessary to develop a new strategy to precisely deliver and 
release TMZ in the tumour region.

With the rapid development of nanotechnology, organic 
and inorganic delivery nanocarriers, such as inorganic nano-
particles, liposomes, polymeric nanoparticles and so on, have 
been widely used as selective delivery of drugs in the treat-
ment of tumours.3 In recent years, MOFs have been widely 
developed as vehicles for effective delivery of drugs to tumour 
tissues. MOFs is a new class of crystalline porous materials 
constructed by metal ions/clusters and organic linkers.4 Due to 
internal circulation stability, high loading capacity, and excel-
lent biocompatibility, MOFs provide an unprecedented oppor-
tunity for the treatment of cancer.5 Especially, the nanoscale 
MOF of UiO-66-NH2 can be as an ideal drug-delivery nano-
particle because it has superior cavity volume and slow-release 
functions,6 which is expected to penetrate the blood–brain 
barrier (BBB). UiO-66-NH2 nanoparticle is a zirconium- 
based framework constructed by Zr and 2-amino-1,4-benze-
nedicarboxylic acid (BDC-NH2) with octahedral microporous 
structure, exhibiting great chemical and thermal stability.4 To 
design MOF nanocomposites as carriers for controllable drug 
release, various factors such as hydrophobicity, pH, tempera-
ture, biomolecular reactions, light and ultrasound are 
considered.7 Among them, ultrasound-mediated targeted 
drug delivery has shown excellent properties for pinpointing 
the location, penetration, and controllable energy.8

Ultrasound has been shown to be effective in strengthen-
ing drug transport into tissues. The use of low-energy 
focused ultrasound mediated BBB disruption is an emerging 
new technology, which makes use of the physical interac-
tions between ultrasonic waves and systemically drug-loaded 
nanoparticles to transiently disrupt the BBB.9 This technique 
has been used to enhance the delivery of chemotherapeutic 
agents in ultrasound-targeted regions of the brain.10 

Preclinical and clinical studies have demonstrated that ultra-
sound-mediated BBB disruption is well tolerated in both 
animal models and humans.11,12 In regard to glioma, the 
ultrasound-mediated targeted delivery and distribution of 
polymeric nanoparticles has great application potential. 
Conventional ultrasound-directed approaches mainly use 
microbubbles, such as liposomes, as carriers.13 TMZ is 
released from UiO-66-NH2 through a porous structure. 
Ultrasound accelerates its porous percolation and promotes 

the rapid dissolution of TMZ through low-frequency oscilla-
tions and cavitation effect.9 UiO-66-NH2 is very stable and 
hard for physical disruption, but it can be decomposed by the 
body into an ionic form to discharge. In addition, the use of 
low-energy focused ultrasound also can disrupt the blood– 
brain barrier to enhance the drug delivery into the glioma 
site.14 However, MOFs as drug delivery systems are rarely 
reported in ultrasound-mediated targeted approaches.

Herein, UiO-66-NH2 nanocomposites were prepared for 
delivery of TMZ, which could be effectively delivered to 
the tumour tissue. When combined with ultrasound inter-
vention, TMZ was dramatically and rapidly released at the 
tumor site to achieve an enhanced antitumor effect (Scheme 
1). Moreover, this method reduced the release of drug in 
normal tissues and then decreased side effects. Our study 
demonstrated the potential of using TMZ@UiO-66-NH2 as 
a drug carrier in ultrasound-mediated targeted approaches.

Materials and Methods
Materials
Temozolomide (TMZ) was purchased from Wuhan 
Yuancheng Technology Development Co. Ltd, China. 
The Cell Counting Kit-8 (CCK-8) and Terminal-deoxynu-
cleotidyl Transferase Mediated Nick End Labeling 
(TUNEL) assay kit were purchased from Yeasen 
Biological Technology, Shanghai, China, and Abcam, 
USA, respectively. The primary antibodies were obtained 
from Cell Signaling Technology, USA, and the secondary 
antibodies were purchased from LI-COR, USA. Water and 
all buffers were pretreated with Chelex 100 resin so that 
there were no heavy metals in the aqueous solution. All 
other chemical reagents and reaction buffers were pur-
chased from Sinopharm Chemical Reagent, China.

Synthesis and Characterization of UiO- 
66-NH2 Nanoparticles
UiO-66-NH2 nanoparticles were prepared according to the 
previous method.15 For this, 0.24 g of ZrCl4 were dis-
solved in 60 mL of DMF, then 0.186 g of 2-amino-1,4- 
benzenedicarboxylic acid (BDC-NH2) and 0.15mL of 
deionized water were added to the above solution. Then 
the mixture were transferred to a 100-mL hydrothermal 
reactor and reacted for 24 h at 120°C in an oven. Finally, 
the UiO-66-NH2 were obtained after washing and freeze- 
drying. The morphology of the UiO-66-NH2 was mea-
sured by transmission electron microscopy (TEM, JEM- 
2100F).
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In vitro Experiment
Drug Loading and Release
A total of 5.0 mg of UiO-66-NH2 nanoparticles were 
mixed with 10 mL of TMZ (Wuhan Yuancheng 
Technology Development Co. Ltd, China) and water solu-
tion at a concentration of 50 μg/mL. At room temperature, 
the mixture was shaken for 36 hours under dark conditions 
to obtain a balanced solution. The TMZ-loaded UiO-66- 
NH2 nanocomposites (TMZ@UiO-66-NH2) were col-
lected by centrifugation and washed with deionized water 
twice to remove unbound TMZ. The concentration of free 
TMZ in the collected supernatants was determined using a 
UV-Vis-NIR spectrophotometer with the absorbance at 
330 nm. The TMZ loading efficiency was calculated by 
the following equation: loading efficiency = ((weight of 
loaded TMZ)/(weight of nanocomposites and loaded 
TMZ)) × 100%.

The release of TMZ from the TMZ@UiO-66-NH2 
nanocomposites with ultrasound irradiation by a ultrasonic 
apparatus (Topteam161 Physioson-Basic, Physioson 
Elektromedizin AG, Germany) (1 MHz pulsed ultrasound 
with 100 Hz pulse repetition frequency, 1:5 duty cycle, 
and 1.0 MPa peak rarefactional pressure). 5.0 mg of 
TMZ@UiO-66-NH2 nanocomposites were dispersed in 
5.0 mL of PBS (Phosphate Buffer Saline) solutions at 
physiological pH (pH~7.4) and serum, respectively. The 

mixture was treated by consecutive ultrasonic at room 
temperature and the dispersions were collected after 0, 1, 
2, 4, 8, 16 and 24 min to collect the supernatants by 
centrifugation at 2000 rpm for 15 min. Then, the concen-
tration of TMZ was determined as before. Drug release 
percentage was calculated by Ct/Cmax×100. Ct and Cmax 

represent the TMZ concentration at the time t, and the 
maximum concentration of TMZ that can be released, 
respectively. Finally, the percentage of TMZ released 
from TMZ@UiO-66-NH2 was plotted against time.

Cell Culture Studies
Glioma cells of U251, BMSCs, HUVECs, SHG44 and 
U87 were purchased from the American Type Culture 
Collection (ATCC, Rockville, MD, USA). All these cell 
lines were authenticated twice by morphologic and isoen-
zyme analyses during the study period. Cell lines were 
routinely checked for mycoplasma using Hoechst staining 
to indicate contamination, which was consistently found to 
be negative. All the cells mentioned above were cultured 
in DMEM high-glucose medium (4.5 g/L, Gibco, NY, 
USA), which was supplemented with 10% fetal bovine 
serum (FBS, Gibco, NY, USA), 100 U/mL penicillin and 
100 U/mL streptomycin (Thermo Fisher Scientific, 
Multiskan GO, Waltham, MA, USA) at PH 7.4. All cells 
were cultured in a humidified incubator with 5% CO2 at 

Scheme 1 Schematic diagram of the concept of ultrasound-controlled biocompatible TMZ@UiO-66-NH2 nanocomposites drug delivery system.
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37°C. For the passage of cells mentioned above, we trea-
ted cells with 2 mL of 0.25% trypsin containing 0.02% 
EDTA (Grand Island, New York, USA) for 1 min at 37°C 
when the cultures were almost 80% confluent. And we 
harvested cells with 0.25% trypsin containing 0.02% 
EDTA in their logarithmic growth phase for the following 
experiments.

Cell Proliferation Assay
We determined the inhibitory effect on U251, BMSCs, 
HUVECs, SHG44 and U87 to evaluate the in vitro safety 
of TMZ, UiO-66-NH2 and TMZ@UiO-66-NH2. U251and 
SHG44 malignant glioma cell lines were seeded at a 
density of 5000 cells per well in a flat-bottomed 96-well 
plate for 24 h in a humidified 37°C and 5% CO2 atmo-
sphere. After 24 h, the cells were incubated with an 
increasing concentration of TMZ (ranging from 0 to 87.4 
μg/mL), or TMZ@UiO-66-NH2 (ranging from 0 to 0.45 
mg/mL) or TMZ@UiO-66-NH2 (ranging from 0 to 0.45 
mg/mL, TMZ loading content was 0.241mg TMZ/mg 
UiO-66-NH2). The cells of US treatment were treated 
with ultrasound (1 MHz pulsed ultrasound with 100 Hz 
pulse repetition frequency, 1:5 duty cycle, and 1.0 MPa 
peak rarefactional pressure) for 1min immediately and at 
24 h, 48 h later, cell proliferation was determined by the 
CCK-8 (Yeasen Biological Technology, Shanghai, China) 
according to the manufacturer’s instructions, and the 
results were read using a microplate reader.

Transwell Assays
We used 24-well transwell chambers with 8 μm nitrocel-
lulose pore filters (Costar, Transwell, Corning, New York, 
NY, USA) to evaluate the effect of the TMZ, TMZ@UiO- 
66-NH2 and TMZ@UiO-66-NH2 + ultrasound on the 
migration of U251 and SHG44 cells. Cells were divided 
into four groups: the control group, the TMZ group, 
TMZ@UiO-66-NH2 group and TMZ@UiO-66-NH2 + 
ultrasound group. The cells in control group was resus-
pended in serum-free medium, the cells in TMZ group was 
resuspended in serum-free medium containing the TMZ at 
a concentration of 77.7 μg/mL, the cells in TMZ@UiO-66- 
NH2 group was resuspended in serum-free medium con-
taining the TMZ@UiO-66-NH2 at a concentration of 0.4 
mg/mL (TMZ loading content was 0.241mg TMZ/mg 
UiO-66-NH2), the cells in TMZ@UiO-66-NH2 + ultra-
sound group was resuspended in serum-free medium con-
taining the TMZ@UiO-66-NH2 at a concentration of 
0.4mg/mL and treated with ultrasound (1 MHz pulsed 

ultrasound with 100 Hz pulse repetition frequency, 1:5 
duty cycle, and 1.0 MPa peak rarefactional pressure) for 
1min. Then, the cells were loaded into the upper chamber, 
and medium containing 10% FBS was placed in the lower 
chamber for 48h. Finally, we fixed cells that passed 
through the membranes of the upper chambers with 4% 
paraformaldehyde (Servicebio, Wuhan, Hubei, China) and 
stained with 1% crystal violet dye solution (Beyotime 
Biotechnology, Shanghai, China).

Analysis of Cell Apoptosis
We seed U251 and SHG44 cells in 6-well plates and 
divided these cells into four groups: the control group, 
the TMZ group (TMZ at a concentration of 77.7 μg/mL), 
TMZ@UiO-66-NH2 group (TMZ@UiO-66-NH2 at a con-
centration of 0.4 mg/mL) and TMZ@UiO-66-NH2 + ultra-
sound group (TMZ@UiO-66-NH2 at a concentration of 
0.4 mg/mL and treated with ultrasound for 1min. The 
physical parameters were 1 MHz pulsed ultrasound with 
100 Hz pulse repetition frequency, 1:5 duty cycle, and 1.0 
MPa peak rarefactional pressure). After 48 hours, we 
detected the apoptosis of U251 and SHG44 cells using 
Annexin V-FITC/PI Kit (Invitrogen, Waltham, MA, 
USA) and TUNEL Kit (Yeasen Biological Technology, 
Shanghai, China). For the Annexin V-FITC/PI assay, 
U251 and SHG44 cells were washed with PBS and bind-
ing buffer three times and resuspended in 200 μL of 
binding buffer, then we added 10 μL of Annexin V-FITC 
into the cell suspension and stained for around 15 min on 
ice in the dark. Finally, PI was added to the binding buffer 
and the cells were stained for 5 min before analyzing the 
flow cytometry (BD, AccuriTM C6, Franklin Lakes, NJ, 
USA). For the TUNEL assay, U251 and SHG44 cells were 
fixed with 4% paraformaldehyde and permeabilized with 
TritonX-100 (Beyotime Biotechnology), after washed 
three times with PBS, 50 μL of TUNEL reaction mixture 
were added into the reaction mixture according to the 
manufacturer’s instructions. Finally, we stained the nuclei 
with DAPI (Yeasen Biological Technology, Shanghai, 
China) and observed them under a fluorescence micro-
scope (Leica, Leica DMi8).

Cell Cycle Analysis
The methods to set up the experimental group and control 
group were the same as those mentioned above. U251 and 
SHG44 cells were harvested with 0.25% trypsin contain-
ing 0.02% EDTA in their logarithmic growth phase, 
washed three times in PBS and then stained with 5 μL PI 
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(BD, Franklin Lakes, NJ, USA) for 30 min on ice in the 
dark. Then, the distribution of the cell cycle was analysed 
by flow cytometry.

Western Blot Assay
The methods to set up the experimental and control groups 
were the same as those mentioned above. After the required 
treatment period, U251 and SHG44 cells were washed three 
times with PBS and then lysed in lysis buffer (Biotech Well, 
Shanghai, China) containing protease inhibitors (Biotech 
Well, Shanghai, China), phosphatase inhibitors (Biotech 
Well, Shanghai, China) and phenylmethanesulfonyl fluoride 
(PMSF) (Biotech Well, Shanghai, China). Next, a bicinchoni-
nic acid (BCA) protein assay kit (Biotech Well, Shanghai, 
China) was used to determine the protein concentration. 
Equal amounts of protein from each group were electrophor-
esed in place and then transferred to a cellulose acetate mem-
brane. The antibody dilutions of MMP-2, MMP-9, MMP-13, 
Bax, Bcl-2, Cleaved Caspase-3 and β-actin was 1:1000, 
1:1000, 1:3000, 1:1000, 1:1000, 1:1000 and 1:3000, respec-
tively. The cellulose acetate membrane was then incubated 
with primary antibodies including anti-MMP-2, anti-MMP-9, 
anti-MMP-13 (Abcam, Cambridge, UK), anti-cleaved cas-
pase-3, anti-Bax, anti-Bcl-2 (Cell Signaling Technology, 
Danvers, MA, USA) and anti-β-actin (Proteintech, Wuhan, 
Hubei, China) at 4°C overnight after blocking in 5% nonfat 
milk (Sangon Biotech, Shanghai, China) for 2 hours with 
rocking. Finally, after incubation with the corresponding sec-
ondary antibodies including goat anti-mouse IgG (H + L) and 
goat anti-rabbit IgG (H + L) (LI-COR, Lincoln, NE, USA) at 
room temperature for 2 hours, we detected the protein with 
fluorography (LI-COR, Odyssey CLX, Lincoln, NE, USA).

In vivo Studies
All experiments were approved by the Experimental Animal 
Center of Shanghai Jiao Tong University. Four-week-old 
male BALB/c nude mice were bred and maintained under a 
12/12 hours light/dark cycle with free access to food and 
water. The temperature was maintained at around 20°C, and 
the relative humidity was set to around 50%. The mice for in 
vivo experiments were conducted following the protocols of 
Shanghai Committee for the Accreditation of Laboratory 
Animal. All processes have been approved by Shanghai 
Science and Technology Commission (the Laboratory 
Animal Use Permit Number: SYXK2019-0005. Shanghai, 
China). All the operations were performed after sodium 
pentobarbital anesthesia with all efforts made to minimize 
the suffering of mice.

To establish xenograft neuroglioma model mice, U87 
cells (1×107 in 100μL of PBS per mouse) were implanted 
subcutaneously into the dorsal flank of each mouse. When 
the tumour volume reached an average of approximately 
200mm3, animals were randomly distributed into four 
groups: control group, TMZ group (TMZ 25 mg/kg i.p. 
every 2 days for 4 weeks), TMZ@UiO-66-NH2 group 
(TMZ@UiO-66-NH2 125 mg/kg i.p. every 2 days for 4 
weeks, TMZ loading content was 19.4 wt%) and 
TMZ@UiO-66-NH2 + ultrasound group (TMZ@UiO-66- 
NH2 125 mg/kg i.p. every 2 days and treated with ultrasound 
for 15 min every day for 4 weeks, TMZ loading content was 
19.4 wt%). Ultrasound was focused in and around the tumor 
and the physical parameters were 1 MHz pulsed ultrasound 
with 100 Hz pulse repetition frequency, 1:5 duty cycle, and 
1.0 MPa peak rarefactional pressure. Tumors of mice were 
measured with vernier caliper every 3 days after the first 
treatment and the volume of the tumors were calculated 
with the formula: volume (mm3) = (length × width2)/2. 
Four weeks after treatment, the mice were killed and the 
tumor samples were collected for the following analyses.

Analysis of Myelosuppression and Hepatic 
Function
Four-week-old male BALB/c nude mice were randomly 
distributed into three groups: control group, TMZ group 
(TMZ 100 mg/kg i.p. every days for 4 weeks), 
TMZ@UiO-66-NH2 group TMZ@UiO-66-NH2 500 mg/ 
kg i.p. every days for 4 weeks and TMZ@UiO-66-NH2 

+ ultrasound group TMZ@UiO-66-NH2 500 mg/kg i.p. 
every days and treated with ultrasound for 15min every 
day for 4 weeks. Ultrasound was focused in and around 
the tumor and the physical parameters were 1 MHz pulsed 
ultrasound with 100 Hz pulse repetition frequency, 1:5 
duty cycle, and 1.0 MPa peak rarefactional pressure. 
Whole-blood samples and serum of mice from different 
groups were collected via the ophthalmic vein and centri-
fuged (5000 rpm, 15 min, 4°C). WBC (white blood cell), 
lymph (lymphocyte), HGB (hemoglobin), PLT (platelet), 
ALT (alanine aminotransferase) and AST (aspartate ami-
notransferase) were measured.

Haematoxylin and Eosin (HE) Staining 
Assay
The liver, heart, spleen, lung, kidney tissues obtained from 
mice were fixed with 4% formaldehyde and cut into 4μm 
sections after embedded in paraffin. Then, the sections 
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were baked for 4 hours at 70°C. After dewaxed and 
hydrated in distilled water, the sections were stained with 
haematoxylin and then counterstained with eosin. And the 
sections were dehydrated with ethanol and transparentized 
with xylene I and xylene II before being observed under a 
microscope (Leica, Leica DMi8) assess histological 
alterations.

Immunohistochemistry Assay
The tumor tissue obtained from different groups were 
fixed with 4% formaldehyde and cut into 4 μm sections 
to mounted on microscopic slides after embedded in par-
affin. Then, the specimens were deparaffinized, rehy-
drated, and incubated with primary antibody at 4°C 
overnight, followed by 1h incubation of secondary anti-
body at room temperature. Finally, we adopted the avidin 
biotinylated peroxidase complex methods to determine the 
expression of target protein so that we can observe and 
assess histological alterations under a microscope. The 
positive stained integrated optical density (IOD) of differ-
ent groups was measured using the ImageJ software 
(National Institutes of Health, Bethesda, MD, USA).

Statistical Analysis
All experiments were performed at least three times. 
Quantitative or semiquantitative data were expressed as 
means ± standard error of the mean (SD). All statistical 
data were analyzed using GraphPad Prism 6 (GraphPad 
Software Inc, La Jolla, CA, USA). The differences of data 
between two groups were determined by two-tailed 
unpaired or paired t-tests and multiple groups were com-
pared by ANOVA followed by Tukey’s posttests. The 
differences were considered statistically significant at a P 
value <0.05.

Results and Discussion
UiO-66-NH2 was constructed by Zr and 2-amino-1,4-ben-
zenedicarboxylic acid (BDC-NH2) with octahedral struc-
ture (Figure 1A). The TEM images of TMZ@UiO-66-NH2 

nanocomposites further showed octahedral morphology 
and a diameter of ~90 nm (Figure 1B and C), which 
allowed them to effectively penetrate the tumour tissue 
or even the blood–brain barrier.16 The UiO-66-NH2 
MOFs were also measured by dynamic light scattering 
(DLS) method (Malvern ZS90). The UiO-66-NH2 MOFs 
have a mean size of ~150 nm (Figure S1), and their zeta 
potential is ~9.8 mV. The XRD patterns well match with 
the typical peaks of (111), (002) and (006) crystal planes 

of UiO-66-NH2 (Figure 1D),4,15,17 proving successful 
synthesis of the nanomaterials. The XRD patterns also 
according to other research about the UiO-66-NH2. The 
Fourier transform infrared (FTIR) spectra of UiO-66-NH2 

shows adsorption bands at 1381 cm−1 and 1257 cm−1, 
which correspond to the C–N stretching vibration. The 
adsorption bands at 1569 cm−1 and 3442 cm−1 are assigned 
to the OCO asymmetric stretching vibration and asym-
metric N-H stretching vibration (Figure 1E)4,18 respec-
tively. These results confirmed that UiO-66-NH2 have 
been successfully prepared. On account of its large internal 
pore volumes, the UiO-66-NH2 had loading capacities of 
above 0.25 mg TMZ/mg UiO-66-NH2. The TMZ hardly 
released in PBS (pH 7.4) and serum at 37°C (Figure 1F 
and G), which confirmed very low side effect for normal 
tissue. These results can be attributed to low solubility of 
temozolomide19 and high pore volumes, slow dissolution 
release structure of porous UiO-66-NH2.

20 To target 
glioma in the brain and increase the drug concentration, 
ultrasound has been extensively explored in glioma 
therapy.21,22 Ultrasound-controlled drug delivery systems 
have capabilities of high penetration, real-time observa-
tion, noninvasive methodology, high efficiency, ease of 
energy control, low cost and high safety.13,23 Recent stu-
dies have shown that high-intensity focused ultrasound can 
be used to transiently disrupt the blood–brain barrier with-
out damaging the surrounding neural tissue.24,25 The TMZ 
released very rapidly under the ultrasound mediation both 
in in PBS (pH 7.4) and serum, after 24 min, almost all the 
TMZ have released from the TMZ@UiO-66-NH2 nano-
composites. The ultrasound-mediated targeted drug deliv-
ery is very beneficial for therapy of glioma to enhance 
treatment effect and reduce side effect.

We have used two typical normal cells (BMSCs and 
HUVEC cells) to elevate the biocompatibility of the UiO- 
66-NH2. The UiO-66-NH2 exhibited good biocompatibil-
ity for normal cells; even at the concentration of 450 μg/ 
mL (Figure 1H and I), there were still no appreciable 
adverse effect for the cells survival. The results indicated 
that UiO-66-NH2 had good biosafety. We also studied the 
viability of BMSCs, HUVECs, SHG44 and U251 cells to 
detect the background toxicity of empty MOFs under 
ultrasound. The results showed that there are no significant 
adverse effects of ultrasound treatment (Figure S2). To 
verify the cytotoxicity of TMZ and TMZ@UiO-66-NH2 

nanocomposites in U251 and SHG44 cells, CCK-8 assays 
were conducted (Figure 1J and K). The TMZ effectively 
decreased the malignant glioma cell viability, while the 
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Figure 1 Characterization and cytotoxicity of the TMZ@UiO-66-NH2 nanocomposites. (A) Organic–inorganic hybridization structure of TMZ@UiO-66-NH2. (B) Low- 
and (C) high-magnification TEM image of the TMZ@UiO-66-NH2. (D) The XRD patterns and (E) Fourier transform infrared (FTIR) spectra of UiO-66-NH2. The cumulative 
release of TMZ from the TMZ@UiO-66-NH2 in (F) PBS and (G) serum before and after ultrasound for 0, 1, 2, 4, 8, 16 and 24 min. The cell viabilities of (H) BMSCs and (I) 
HUVEC cells incubated with the UiO-66-NH2 for 24 h. The cell viability of (J) U251 and (K) SHG44 cells incubated with different concentrations of the TMZ@UiO-66-NH2, 
TMZ or TMZ@UiO-66-NH2+Ultrasound for 48 h. At each concentration point, the loaded TMZ in UiO-66-NH2 had same concentration as free TMZ. Data are expressed 
as means ± SDs (n=3). 
Abbreviations: TEM, transmission electron microscopy; XRD, X-ray diffraction; FTIR, Fourier transform infrared; TMZ, temozolomide; PBS, phosphate-buffered saline; 
BMSCs, bone mesenchymal stem cells; HUVECs, human umbilical vein vessel endothelial cells; MOF, metal organic frameworks.
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TMZ@UiO-66-NH2 group showed limited inhibition of 
tumour cell viability due to its insufficient release of 
TMZ. These phenomenon may lead to the poor glioma 
chemotherapy effects and drug resistance. However, 
TMZ@UiO-66-NH2 could effectively depressed the 
malignant glioma cell viability with ultrasound interven-
tion, which was similar to free TMZ. These results could 
be attributed to rapid and accurate release of TMZ under 
ultrasound intervention. Therefore, to rapidly and accu-
rately increase the TMZ concentration in local tumour 
tissue, ultrasound intervention is an effective way for 
treatment of glioma.

Glioma migration plays an important role in tumor 
progression, Zhou et al demonstrated that glioma migra-
tion was closely related to tumour recurrence and clinical 
prognosis.26 In the present study, Transwell assays were 
conducted to detect the capability of glioma cell migration 
and invasion. Therefore, we evaluated the migration inhi-
bition of U251 and SHG44 cell lines in each group. When 
combining TMZ@UiO-66-NH2 nanocomposites with 
ultrasound intervention, the tumours were significantly 
suppressed, showing that both TMZ and TMZ@UiO-66- 
NH2 + Ultrasound could play an effective role in the 
inhibition of glioma cell transfer ability. The burst release 
of TMZ may have contributed to the observed anti-tumour 
efficacy, which is considered a suppressor in glioma 
migration.27 When TMZ@UiO-66-NH2 was combined 
with ultrasound intervention, tumour migration inhibition 
was obvious and even more potent than TMZ alone 
(Figure 2A–C), which could be explained by one of two 
mechanisms: destruction of the carrier to release the phy-
sically trapped drug,28 or structural changes in cells and 
tissues to promote the targeted release of therapeutic sub-
stances to local tumours.29 This work demonstrated that 
ultrasound intervention-based disruption of the BBB may 
be an effective technique to enhance the penetration of 
TMZ in glioma. Nevertheless, malignant glioma cell 
migration was not inhibited in the TMZ@UiO-66-NH2 

group, possibly due to the insufficient release of drugs 
after drug loading into UiO-66-NH2 nanomaterials. 
Moreover, tumour migration is an important cause of 
tumour refractoriness. A previous study demonstrated 
that the downregulation of matrix metalloproteinases 
(MMPs) expression in glioma cells significantly decreases 
their migration and invasiveness30,31 and TMZ can sub-
stantially inhibit the migration of glioma cells in vitro.32 

MMPs, protein bio-markers that represent tumour migra-
tion and invasion,33 were detected to analyse the degree of 

migration. Therefore, we detected MMP-2, MMP-9 and 
MMP-13 expression through Western blot experiments 
(Figure 2D and E). TMZ group and TMZ@UiO-66-NH2 

+Ultrasound groups showed decreased expression. 
Compared to the control group or TMZ group in both 
cells, MMP-2 and MMP-9 expression were efficiently 
suppressed in TMZ@UiO-66-NH2 +Ultrasound group 
(Figure 2F, G, I and J). But TMZ@UiO-66-NH2 group 
was not statistically significant compared to the control 
group, and the reason should be associated with insuffi-
cient local release concentrations of TMZ. For MMP-13, 
the expression volume was significantly reduced alike in 
TMZ@UiO-66-NH2 +Ultrasound group (Figure 2H and 
K). In general, when compared with the TMZ group and 
TMZ@UiO-66-NH2 group, the TMZ@UiO-66-NH2 

+Ultrasound group had a stronger inhibition ability of 
migration-related protein expression (Figure 2F–K). 
According to the results, TMZ increased in TMZ@UiO- 
66-NH2 and played an important role in inhibiting malig-
nant glioma cells’ migration, possibly by regulating the 
AMPK-TSC-mTOR signaling pathway to suppress the 
expression of MMP.34 Additionally, the inhibition ability 
was related to TMZ concentration, which explained the 
low MMP expression in the TMZ@(UiO-66-NH2) group. 
When further combined with ultrasound-mediated targeted 
intervention, it quickly boosted the targeted regional drug 
concentration, thus enhancing the role of glioma cell 
growth and invasiveness suppression. Daniel Y Zhang 
et al mentioned that ultrasound may enhance anti-tumour 
effect by increasing the sensitivity of glioblastoma to 
chemotherapeutic agents,9 which explained TMZ@UiO- 
66-NH2 +Ultrasound group performed better in inhibiting 
malignant glioma cells’ migration and suppressing the 
expression of MMP than TMZ alone. But the specific 
underlying mechanisms require further validation.

Inducing apoptosis is an important way to induce 
glioma cell death. Karpel-Massler et al elicited a nuclear 
stress response through inhibition of PARP-1 in malignant 
glioma cells, which included the upregulation of down-
stream DNA stress response proteins and enhanced 
TRAIL-mediated apoptosis in glioma cells.35 Das et al 
also demonstrated that a decrease in the Bax/Bcl-2 ratio 
caused by dexamethasone significantly attenuated TMZ- 
induced apoptosis in cultured U87MG glioma cells.36 The 
anti-tumour effect of temozolomide mainly promotes 
DNA fragmentation and apoptosis of malignant glioma 
cells. To test the in vitro cytotoxic effect, both flow cyto-
metry (Figure 3A) and TUNEL (Figure 3D) assays were 
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used to evaluate the apoptosis-inducing ability of U251 
and SHG44 cells in the control group, TMZ group, UiO- 
66-NH2 nanocomposites group, and TMZ@UiO-66-NH2 

nanocomposites under the ultrasound group. The results 
showed that TMZ, TMZ@UiO-66-NH2 nanocomposites 
and TMZ@UiO-66-NH2 + ultrasound all could induce 
apoptosis compared with the Control, but the ability to 
promote apoptosis in the TMZ@UiO-66-NH2 group was 
minimal based on flow cytometry (Figure 3B and C). From 

the results, we found that the percentage of apoptotic U251 
cells grew from 11.6% to 53.4% after the administration of 
TMZ, and the apoptosis rate further increased to 66.6% in 
the TMZ@UiO-66-NH2 +Ultrasound group. The apoptosis 
rates in the TMZ group and TMZ@UiO-66-NH2 
+Ultrasound group of SHG44 cells were 58.2% and 
71.1%, respectively, which were remarkably similar to 
those of U251 cells. In this analysis, treatment with 
TMZ@UiO-66-NH2 had a minor effect on inducing 

Figure 2 TMZ@UiO-66-NH2 + ultrasound inhibited the malignant biological behaviors of U251 and SHG44 cells. (A) The TMZ@UiO-66-NH2 + ultrasound can inhibit 
migration of U251 and SHG44 cells, which was demonstrated by transwell assays. U251 and SHG44 cells that passed through the membrane were detected with crystal 
violet staining. (B and C) Data from experiments are presented in the form of histograms. (D and E) Western Blot analysis was carried out to detect the expression of 
MMP-2, MMP-9 and MMP-13 in U251 and SHG44 cells treated by PBS, TMZ, TMZ@UiO-66-NH2 or TMZ@UiO-66-NH2 + ultrasound. β-Actin was used for normalization. 
(F–K) Quantification of the protein levels of MMP-2, MMP-9 and MMP-13 in U251 and SHG44 cells. #Not Significant. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are 
expressed as means ± SDs (n=3). 
Abbreviation: MMP, matrix metalloproteinase.
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glioma cell apoptosis compared with the control group due 
to insufficient drug release. The TUNEL assays results 
indicated the same situation (Figure 3E and F) and verified 
that the TMZ@UiO-66-NH2 +Ultrasound group had a 
significantly enhanced apoptosis effect on tumour cells 
compared with the other groups, even the TMZ group 

(Figure 3B, C, E and F). We further used a TUNEL 
assay to study the apoptosis of U251 and SHG44 cells at 
the DNA molecular level, and the general trend of the 
percentage of apoptotic cells was consistent with the 
results of flow cytometry analysis. The apoptosis induced 
by TMZ@UiO-66-NH2+Ultrasound was higher than that 

Figure 3 TMZ@UiO-66-NH2 + ultrasound increased apoptotic rate in U251 and SHG44 cells. (A) Cells were treated by PBS, TMZ, TMZ@UiO-66-NH2 or TMZ@UiO- 
66-NH2 + ultrasound for 48 h, stained with PI and Annexin V-FITC, and analyzed by flow cytometry. (B and C) The percentage of the apoptotic cell population, which was 
analyzed by flow cytometry, was represented in the histograms. (D) TUNEL assay performed to assess the level of DNA damage and apoptosis of different groups (nuclei, 
blue; damaged DNA, green). (E and F) Quantification of percentage of TUNEL-positive cells. #Not Significant. *p<0.05, ****p<0.0001. Data are expressed as means ± SDs 
(n=3). 
Abbreviations: DNA, deoxyribonucleic acid; PI, propidium iodide; FITC, fluorescein isothiocyanate; TUNEL, TdT-mediated dUTP nick end Llbeling.
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induced by TMZ, which was statistically significant in 
both U251 cells (77.6% to 66.7%, *p<0.05) and SHG44 
cells (78.7% to 66.9%, *p<0.05). However, according to 
the results of the TUNEL assays, there were significant 
differences between the TMZ@(UiO-66-NH2) and TMZ 
groups in both U251 cells and SHG44 cells, further con-
firming the slow drug release of TMZ@(UiO-66-NH2). In 
contrast, TMZ raised the local drug concentration in a 
short period of time under ultrasonic shock and increased 
its conversion activity product MTIC (3-methyl-(triazine- 
1-) imidazole-4-formamide). MTIC plays a cytotoxic role 
by DNA mismatch repair of methylated adducts.37 In 
addition, ultrasound waves can induce apoptosis of the 
tumour cell itself.38 Increasing attention has been focussed 
on the role of ultrasound combined with chemotherapeutic 
agents in promoting glioma apoptosis.

Apoptosis is regulated by protein families such as the 
Bcl-2 family and the caspase family.39 Previous studies 
have shown that glioma cells treated with TMZ exhibit 
changes in the expression levels of Bax and Bcl-2, which 
are involved in the mitochondrial pathway of apoptosis.36 

We selected the apoptosis-related proteins Bax, Bcl-2 and 
cleaved caspase-3 as the detection indices of the Western- 
blot experiments (Figure 4A and B). The ratio of Bax to 
Bcl-2 and cleaved caspase-3 in glioma cells induced by 
TMZ@UiO-66-NH2 was, respectively,- higher than that in 
the Control group (*p<0.05), but lower than that in the 
TMZ group (Figure 4A–D). The index of TMZ@UiO-66- 
NH2 + Ultrasound was stronger than that of the other 
groups. The ratios of Bax to Bcl-2 in U251 and SHG44 
cells were 1.9 and 1.5 (Figure 4C and D), and the ratios of 
cleaved caspase-3 were 1.003 and 1.01 (Figure 4E and F). 
The possible mechanism of temozolomide combined with 
ultrasound underlying the synergistic effect at a molecular 
level is being examined. As reported in a previous study, 
these agents could inhibit the phosphoinositide 3-kinase 
(PI3K)/Akt/mammalian target of rapamycin (mTOR) path-
way, followed by caspase 3-dependent apoptotic induction, 
which was characterized by the downregulation of antia-
poptotic protein Bcl-2 and upregulation of the proapopto-
tic protein Bax and cleaved caspase-3.40 The results 
demonstrated that the TMZ@UiO-66-NH2 group could 
promote apoptosis compared with the control group, but 
the effect was weak, while the TMZ group and the 
TMZ@UiO-66-NH2+Ultrasound group could effectively 
induce apoptosis, and the effect of promoting apoptosis 
in the TMZ@UiO-66-NH2 +Ultrasound group was more 
obvious. The results further indicated that local region 

targeting and increased drug concentrations might enhance 
tumour cell apoptosis.

Then, we demonstrated that TMZ@UiO-66-NH2 nano-
composites under ultrasound mainly killed tumour cells 
through TMZ rather than ultrasound in vitro. Previous 
results have verified that TMZ@UiO-66-NH2 nanocompo-
sites under ultrasound could kill malignant glioma cells by 
promoting apoptosis. In addition to apoptosis, migration 
and invasion, many studies have demonstrated that the 
proliferation of malignant glioma cells plays an important 
role in the lethality of glioma. Previous research has sug-
gested that proliferation was tightly associated with the 
cell cycle, and the application of TMZ could induce sig-
nificant G2/M arrest in malignant glioma cells. For exam-
ple, Fu et al reported that temozolomide mainly causes 
tumour cells to stagnate at the G2/M stage by DNA 
methylation and mismatch repair failure.41 Kanzawa et al 
investigated whether cell cycle arrest was induced in 
malignant glioma cells by TMZ by performing DNA 
flow cytometric analysis. TMZ treatment increased the 
population at the G2/M phase and decreased the popula-
tion at the G1 phase in all malignant glioma cells they 
tested. These results indicated that TMZ induces G2/M 
arrest in malignant glioma cell lines.42 For the reasons 
given above, we decided to detect the cell cycle under 
different treatment conditions to further explore the anti- 
tumour effect of TMZ@UiO-66-NH2 under ultrasound. 
The cell cycle distribution of U251 cells and SHG44 
cells was measured using a flow cytometry assay 
(Figure 5A). The results showed that both the TMZ and 
TMZ@UiO-66-NH2 +Ultrasound groups could signifi-
cantly interfere with the cell cycle, resulting in tumour 
cell stagnation at the G2/M stage. Additionally, 
TMZ@UiO-66-NH2 nanocomposites under ultrasound 
could significantly induce G2/M arrest compared with 
the other groups in the quantitative analysis of cell cycle 
distribution (Figure 5B and C). When ultrasound and TMZ 
were applied together, the apoptotic rate and percentage of 
cells arrested at the G2/M stage were significantly higher 
compared with either treatment alone. TMZ could effec-
tively decrease clonal and cellular growth with increased 
G2-M arrest by inducing autophagy via autophagy forma-
tion and p53 status.42 When autophagy was prevented at 
an early stage, not only the characteristic pattern of LC3 
localization but also the antitumor effect of TMZ was 
suppressed.43 Therefore, the potential underlying mechan-
ism may be related to autophagy, DNA methylation and 
mismatch repair failure.
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Previous studies have confirmed a link between cell 
apoptosis and G2/M arrest in malignant glioma cells under 
TMZ treatment. TMZ can induce DNA damage-triggered 
mismatch in the G2/M phase, which can cause apoptosis 
and G2/M arrest simultaneously. In our study, we not only 
found a more significant G2/M arrest under treatment with 
TMZ@UiO-66-NH2 +Ultrasound than TMZ alone but also 

a higher apoptosis rate compared with TMZ under iden-
tical experimental conditions, Thus, we speculated that the 
application of TMZ@UiO-66-NH2+Ultrasound was more 
effective compared with TMZ alone in the treatment of 
malignant glioma. As shown in Figure 5A, glioma cells 
mainly exhibit cell cycle disorders caused by TMZ to 
induce apoptosis.

Figure 4 Western blots were applied to detect the expression of apoptosis-related proteins in U251 and SHG44 cells treated by PBS, TMZ, TMZ@UiO-66-NH2 or 
TMZ@UiO-66-NH2 + ultrasound for 48 h. (A and B) Western blot analysis showing that Bax, Bcl-2, cleaved caspase-3, and β-actin protein levels after different treatment. 
β-actin was used as a loading control. (C–F) Quantitative analysis of the Western blots was shown in histogram after being normalized by β-actin. Data were presented as 
the ratio of Bax to Bcl-2 and cleaved caspase-3. #Not significant. *p<0.05, **p<0.01, ***p<0.001. Data are expressed as means ± SDs (n=3). 
Abbreviations: PBS, phosphate-buffered saline; TMZ, temozolomide.
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To verify the biological safety of TMZ@UiO-66-NH2 

nanocomposites, histological analysis of the liver, heart, 
spleen, lung and kidney tissue of various tissue slices from 
mice was conducted 4 weeks after the indicated treatments 
(Figure 6A). There was no significant organ structure or cell 
damage between the TMZ@UiO-66-NH2 and control groups. 
The observed excellent biocompatibility may have contributed 
to the completely effective degradation of UiO-66-NH2 into 
ions and organic molecules and excretion by the body.44 

Additionally, our previous results have shown that TMZ 
loaded in TMZ@UiO-66-NH2 nanocomposites has the 

advantage of few leakage in normal tissue, resulting in lower 
toxicity.

As verified by a number of studies, TMZ can induce 
glioma cells to undergo apoptosis, autophagy and senes-
cence; however, TMZ-induced side effects and drug toler-
ance to human gliomas remain challenging issues. Long- 
term and high-dose TMZ treatment may lead to significant 
bone marrow suppression and liver damage.41 Through in 
vivo experiments, we verified that the side effects of 
temozolomide alone were obvious. However, after 
TMZ@UiO-66-NH2 nanocomposite treatment, bone 

Figure 5 Combination treatment with TMZ@UiO-66-NH2 and ultrasound arrested U251 and SHG44 cells cycle in G2/M phase. (A) Flow cytometry analysis of U251 and 
SHG44 cells with PI staining for cell cycle status in different groups. (B and C) Histograms represents the quantitative analysis of cell cycle distribution. #Not significant. 
*p<0.05, ***p<0.001, ****p<0.0001. Data are expressed as means ± SDs (n=3). 
Abbreviations: TMZ, temozolomide; MOF, metal organic frameworks; PI, propidium iodide.
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marrow suppression and liver enzyme indices of nude 
mice remained stable compared with those of the control 
group (Figure 6B–G). In addition, TMZ can be effectively 
encapsulated and released at a proper concentration, which 
reduces the side effects of the drug.

Furthermore, we determined the anti-tumour efficacy of 
TMZ@UiO-66-NH2 after ultrasound in vivo. The results 

showed that the malignant glioma of mice injected with 
PBS or TMZ@UiO-66-NH2 grew rapidly, and the tumour 
volume was slightly reduced with the administration of 
TMZ. Interestingly, treatment with TMZ@UiO-66-NH2 + 
ultrasound effectively inhibited malignant glioma growth, 
which was better than the TMZ group (Figure 7A and B). 
The tumour volumes and weights of the TMZ@UiO-66-NH2 

Figure 6 Verification of the biosafety of TMZ@UiO-66-NH2. (A) Histological analysis of the liver, heart, spleen, lung and kidney tissue of various tissue slices from mice at 
4 weeks after indicated treatments. There were no significant differences between the TMZ@UiO-66-NH2 and control groups that indicated the safety of TMZ@UiO-66- 
NH2. (B–E) Quantitative analysis of the myelosuppression markers, white blood cell, lymphocyte, hemoglobin and platelet, are shown in the form of histograms. (F and G) 
Quantitative analysis of the serum liver function markers, ALT and AST, are shown in the form of histograms. #Not significant. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
Data are expressed as means ± SDs (n=3). 
Abbreviations: TMZ, temozolomide; MOF, metal organic frameworks; ALT, alanine aminotransferase; AST, aspartate transaminase.
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nanocomposites under ultrasound were significantly reduced 
compared with those in the TMZ@UiO-66-NH2 nanocom-
posite and TMZ groups (Figure 7C and D). On the one hand, 
the drug-loaded nanoparticles could be fully released under 
ultrasonic shock, and the local concentration was greatly 

increased. It has been shown that delivery of a targeted 
ultrasonic wave causes an interaction between the adminis-
tered microbubbles and the capillary bed resulting in 
enhanced vessel permeability.13 On the other hand, ultra-
sound has the advantage of transiently disrupting the BBB 

Figure 7 Combination treatment with TMZ@UiO-66-NH2 and ultrasound improve therapeutic outcome in glioblastoma. (A) Photographs of tumors that developed in 
neuroglioma nude mice tumor model after injection of U87 cells. (B) The growth curve of U87 cells derived subcutaneous tumor xenografts after different treatments. (C 
and D) Graphs presenting final tumor volume and weight in different groups. (E) Representative pictures of cleaved caspase-3 and Ki-67 immunohistochemical staining in 
derived tumor xenograft at different groups (scale bars: 100 μm, 400×magnification). (F and G) Quantitative analysis of the sample frequency of cleaved caspase-3 and Ki-67 
immunoactivity in neuroglioma nude mice tumor model of different groups. #Not significant. ****p<0.0001. Data are expressed as means ± SDs (n=3). 
Abbreviations: TMZ, temozolomide; MOF, metal organic frameworks.
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allowing improved drug delivery to the brain.9,45 Indicating 
that ultrasound delivery of temozolomide across the BBB is a 
feasible and effective treatment for glioma.

To verify the tumour inhibition mechanism of the in 
vivo tumour bearing experiment, we collected the tumour 
tissue from each group for immunohistochemical detec-
tion, and we selected Ki67 and cleaved caspase-3 as the 
detection indices (Figure 7E). The results showed that the 
expression of tumour Ki67 in the TMZ and TMZ@UiO- 
66-NH2 + Ultrasound groups was significantly lower than 
that in the control and TMZ@UiO-66-NH2 groups, while 
the expression of tumour cleaved caspase-3 was signifi-
cantly higher (Figure 7F–G). Temozolomide cytotoxicity 
is mainly manifested in the alkylation of the guanine sixth 
oxygen atom and seventh nitrogen atom on the DNA 
molecule. Through mismatch repair of methylated adducts, 
the cycle of glioma cells is affected, thus the cytotoxic 
effect is triggered46 as demonstrated in the results. 
Moreover, the inhibitory effect in the TMZ@UiO-66- 
NH2 + Ultrasound group was more obvious than that in 
the II group (Figure 7E–G). Ultrasound may induce cell 
death by strengthening the induction of apoptosis and 
inhibiting invasion. Studies have demonstrated that high- 
intensity focused ultrasound can produce mainly necrosis 
of the tumour tissue in the focus area and induce apoptosis 
of the tumour cells in the perifocus area around the tumour 
periphery. Additionally, the proliferative activity of the 
entire tumour is markedly decreased.38

Throughout the experiment, we verified optimistic 
results in vitro cell experiments and in vivo subcutaneous 
tumor-bearing model. In the next step, orthotopic model of 
glioblastoma experiments would be carried out to verify 
the effect of BBB penetration. Ultrasound combined with 
MOF vehicle has great potential for glioma treatment. A 
clinical application design such as tumor site skull removal 
or skull tumor lesions reserved ultrasound probe can be 
further developed, which makes the application of ultra-
sound daily a reality. The ultrasonic apparatus is suitable 
for moving and hand-held operation. Therefore, ultrasound 
mediated-drug targeted release can significantly reduce the 
toxic side effects of TMZ and improve the prognosis of 
malignant glioma.

Conclusions
TMZ displayed high cytotoxicity against glioma, yet this 
efficacy was not satisfactory. In this study, we developed 
TMZ@UiO-66-NH2 nanocomposites, which could be well 
delivered into the tumor tissue and exhibit excellent 

biocompatibility and biosafety. The TMZ were dramatically 
released in the tumor site under ultrasound to reach enhanced 
antitumor effect. Our results suggested that ultrasound-direc-
ted TMZ@UiO-66-NH2 nanocomposites have great poten-
tial as a safe and effective method of treatment with enhanced 
therapeutic effect and reduced side effect.
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