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Introduction

Facile synthesis of 2D Al-TCPP MOF nanosheets
for efficient sonodynamic cancer therapyf

Zhan Zhou, 2 £° Tao Wang,+° Tingting Hu,°> Chunhua Cheng,® Shilong Yu,®
Hai Li, @ € Shuyan Liu, Lufang Ma, (2 ** Meiting Zhao, {2 *¢ Ruizheng Liang*° and
Chaoliang Tan (2 *™

Two-dimensional (2D) metal-organic framework (MOF) nanosheets have been widely explored in recent
years as diagnostic and therapeutic reagents for cancer therapies, including photodynamic therapy, chemo-
dynamic therapy, radiation therapy, and catalytic therapy, because of their appealing physicochemical prop-
erties. Herein, we report the first preparation of 2D Al-TCPP (TCPP: tetrakis(4-carboxyphenyl)porphyrin) MOF
nanosheets, for use as an effective sonosensitizer for sonodynamic cancer therapy, via a simple
solvothermal synthesis method without the need for any surfactants. The 2D Al-TCPP nanosheets have a
size of 160-200 nm and a thickness of 18.4-26.5 nm and were synthesized by changing the ratio of water
to N,N-dimethylformamide. Interestingly, other organic solvents, such as dimethylacetamide, dimethyl
sulfoxide, and N-methyl-2-pyrrolidone, can be also used as the co-solvent for the facile synthesis of the 2D
Al-TCPP nanosheets. Promisingly, the Al-TCPP nanosheets generate a much higher yield of reactive oxygen
species (ie., singlet oxygen (10,) and hydroxyl radical (*OH)) under ultrasound treatment than free TCPP
molecules, suggesting that embedding the TCPP molecules in the 2D AI-TCPP nanosheets could
significantly enhance the sonodynamic cancer therapeutic activity. Both the in vitro and in vivo results prove
that, after modification with polyethylene glycol, the Al-TCPP nanosheets can be used as a sonosensitizer
for efficient sonodynamic therapy to kill cancer cells and eliminate malignant tumors.

including in cancer therapy and antibacterial therapy due to its
ability to generate toxic reactive oxygen species (ROS) under

Sonodynamic therapy (SDT) is a new non-invasive treatment ultrasound (US) radiation." ® Like photodynamic therapy (PDT),
strategy that has been increasingly applied in biomedical fields, SDT also needs the participation of a sonosensitizer, which can
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convert the low-frequency ultrasonic waves into chemical
energy that produces the ROS for effective destruction of cancer

cells in deep tumors.””*? Therefore, the sonosensitizer plays a
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materials and highly conjugated organic molecules. Titanium-
based nanomaterials (e.g., TiO,, TiO, _ ,, TiN, and TiH) are a class

of inorganic sonosensitizers that have been widely used for SDT
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treatment effectiveness. Compared to the inorganic sonosensiti-
zers, some organic molecules (e.g., near-infrared dyes, porphyrins
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improve the quantum yield of the ROS during US treatment.
However, organic sonosensitizers normally suffer from unsatis-
factory hydrophilicity and photobleaching, thus limiting their
practical development. Introducing organic sonosensitizers into
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can effectively improve the solubility and photostability of
organic sonosensitizers, which is expected to enhance their
SDT performance.

Metal-organic frameworks (MOFs) are a class of porous
ordered framework material that have been widely applied in
various fields due to their remarkable physical and chemical
properties, including high porosity, the possession of multiple
active sites, high specific surface area, tunable morphology,
and excellent biodegradability.*’>* Recently, some porphyrin-
based sonosensitizers (e.g., HMME: hematoporphyrin mono-
methyl ether, and TCPP: tetrakis(4-carboxyphenyl)porphyrin)
have been used as organic ligands to assemble MOFs with
various metal ions (e.g., Fe**, zr*", Cu**, Ti*", and AI’") for
SDT against bacterial and cancer targets.’*®* Fe-HMME coordi-
nation particles were the first example of a MOF-based sono-
sensitizer, and are assembled via coordination bonds between
a clinical drug (i.e., HMME) and Fe®". The pores of the Fe-HMME
coordination particles can effectively adsorb anticancer drug
(DOX: doxorubicin) with high loading efficiency for sonodyna-
mic-chemo combined therapy.>® Since this first report, although
different kinds of MOF-based sonosensitizers have been
explored for SDT, they have mainly focused on nanoparticles,
which exhibit low SDT performance and thus have to be
combined with other treatment strategies, including PDT, che-
modynamic therapy (CDT), chemotherapy, gas therapy, and
gene therapy, for completely effective elimination of the
tumors. However, the sonodynamic properties of two-dimen-
sional (2D) MOF nanosheet-based sonosensitizers and their
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applications in sonodynamic cancer therapy have not yet been
reported.

Herein, we report the facile synthesis of 2D AI-TCPP MOF
nanosheets through a simple solvothermal method, without
the addition of any surfactants, for enhanced SDT (Fig. 1). The
2D nanosheet morphology of AI-TCPP can be easily controlled
by changing the ratio of water and organic solvent, while a wide
range of common organic solvents can be used, including N,N-
dimethylformamide (DMF), dimethylacetamide (DMAC), dimethyl
sulfoxide (DMSO), and N-methyl-2-pyrrolidone (NMP). Compared
with free TCPP molecules, the 2D Al-TCPP MOF nanosheets result
in much higher singlet oxygen (*O,) and hydroxyl radical (*OH)
quantum yields under the same US treatment conditions, and thus
they can be used as efficient sonosensitizers for enhanced SDT.
After modification with polyethylene glycol (PEG), the PEG@AI-
TCPP MOF nanosheets exhibit better SDT activity than that of free
TCPP, both in vitro and in vivo. Therefore, the PEG@AI-TCPP MOF
nanosheets can act as an efficient sonosensitizer for enhanced
sonodynamic cancer therapy.

Results and discussion

The 2D Al-TCPP MOFs were prepared via a typical solvothermal
synthesis method using a mixed solvent of DMF and deionized
(DI) water (see the Experimental section). The morphology and
size of the MOFs can be effectively controlled by only adjusting
the content of organic solvent. As shown in the scanning

PEG@AI-TCPP nanosheets
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Fig. 1 Schematic illustration of the 2D PEG@AL-TCPP nanosheets, efficient sonosensitizers for sonodynamic cancer therapy.
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electron microscopy (SEM) images, the AI-TCPP MOFs exhibit a
regular nanobelt morphology with a length of up to 500-
700 nm and a width of 80-100 nm when 1 mL of DMF and
3 mL of DI water are used as the reaction solvent (Fig. S1a, ESIT).
The proportion of nanobelts is reduced and accompanied by the
formation of some nanosheets after reducing the amount of DMF
from 1 to 0.8 mL (Fig. S1b, ESI{). More interestingly, uniform and
regular nanosheets with a size of 160-200 nm were obviously
visible in the SEM images (Fig. 2a and b) of the AI-TCPP MOFs
prepared via the same procedure except with a volume of 0.5 mL
of DMF, thus indicating that the synthesis of the 2D AI-TCPP
nanosheets could be controlled by adjusting the volume of DMF
employed in the solvothermal method. To explore the universality
of this synthetic method, some other organic solvents (e.g., DMAC,
DMSO, NMP) were used to prepare the AI'-TCPP MOFs. As shown
in Fig. S2 (ESIY), all the samples synthesized when using DMAC,
DMSO, and NMP exhibited regular nanosheets, except their
average size was smaller than that of the AI-TCPP nanosheets
made from the DMF protocol, demonstrating that the type of
organic solvent used could effectively control the morphology of
the 2D AI-TCPP nanosheets. Moreover, the morphology of the 2D
AI-TCPP nanosheets was further studied using transmission
electron microscopy (TEM). The TEM image of the obtained
2D AI-TCPP nanosheets (Fig. 2c) displays the same regular
nanosheets that are seen in the SEM image (Fig. 2b). The high-
resolution TEM (HRTEM) image of the 2D AI-TCPP nanosheets
exhibits a continuous crystal lattice fringe (Fig. 2d), suggesting
that the nanosheets have excellent crystallinity. The lattice dis-
tance was measured to be 1.59 nm, which was attributed to the
(200) planes of the AIF-TCPP crystal.® The crystallinity of the 2D
AI-TCPP nanosheets was further demonstrated by their selected
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area electron diffraction (SAED) pattern, which shows a diffraction
ring with bright spots (Fig. 2e). The thickness of the 2D AI-TCPP
nanosheets was measured to be 18.4-26.5 nm from its atomic
force microscopy (AFM) image (Fig. 2f and Fig. S3, ESIT).

The crystal structure of the 2D AI-TCPP nanosheets was
further characterized using X-ray powder diffraction (XRD).
All the XRD peaks of the 2D AI-TCPP nanosheets match well with
the simulated peaks from its crystal structure (Fig. S4, ESIt),
suggesting that 2D AI-TCPP nanosheets possessed good crystal-
linity and the original structure of the AI-TCPP MOFs crystal
remained intact. In addition, the 2D AI-TCPP nanosheets were
also characterized using X-ray photoelectron spectroscopy (XPS).
The high-resolution XPS C 1s spectrum of the AI-TCPP nanosheets
exhibited two main peaks located at 284.8 and 288.8 eV (Fig. S5a,
ESIt), which were attributed to C—C and C-O, respectively.
Signals at 397.2 and 399.4 eV were observed in the N 1s XPS
spectrum (Fig. S5b, ESIT), assignable to C—=N and C-N, respec-
tively. As shown in the O 1s and Al 2p XPS spectra of the AI-TCPP
nanosheets (Fig. S5c and d, ESI{), the peaks at 532.2 and 74.6 eV
correspond to the Al-O bond, suggesting the presence of
elemental aluminum. Therefore, the above results verified the
successful assembly of the 2D Al-TCPP nanosheets. In addition,
the porosity of the 2D AI-TCPP nanosheets was determined by
means of N, adsorption isotherm analysis at 77 K. As shown in
Fig. S6 (ESIf), the Brunauer-Emmett-Teller (BET) surface area
and pore size of the 2D AI-TCPP nanosheets were calculated to be
1303 m”> g~ ' and 0.75 nm, respectively. This excellent specific
surface area could provide the AI-TCPP nanosheets with a large
active area to improve its generation of ROS during US treatment.

We tested the catalytic activity of AI-TCPP for 'O, generation
under US irradiation (50 kHz, 1.6 W c¢cm ?) using a singlet

Fig. 2 (a and b) SEM and (c) TEM images of the 2D Al-TCPP nanosheets. (d) HRTEM image and (e) SAED pattern of typical 2D Al-TCPP nanosheets. (f)

AFM height image of the 2D Al-TCPP nanosheets.
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Fig. 3 The fluorescence spectra of (a—c) SOSG and (f—h) DCFH-DA in the presence of a blank sample, TCPP (50 pg mL™%), and Al-TCPP (50 pg mL™)
under US (50 kHz, 1.6 W cm™2, 8 min) irradiation. (d) The TEMP/XO, ESR spectra of a blank sample, US, TCPP + US, and AI-TCPP + US. (e) The DMPO/-OH
ESR spectra of a blank sample, US, TCPP + US, and Al-TCPP + US. (i) FT-IR spectra of TCPP, Al-TCPP, PEG@AI-TCPP, and PEG.

oxygen sensor green (SOSG). As shown in Fig. 3a-c, the TCPP
molecules exhibited very poor activity for 'O, generation under
US irradiation, as demonstrated by the weak SOSG fluorescence
intensity that was observed. In contrast, the AI-TCPP nanosheets
resulted in an apparent increase in the fluorescence intensity of
SOSG under US irradiation (Fig. 3c), indicating the enhanced
SDT performance of Al-TCPP. Electron spin resonance (ESR)
spectroscopy is considered to be the most sensitive evidence
for detecting ROS generation. In view of this, the generation of
'0, mediated by AI-TCPP nanosheets was further validated using
ESR with 2,2,6,6-tetramethylpiperidine (TEMP) as the 'O, trap-
ping agent. As depicted in Fig. 3d, compared with the negligible
'0, (1:1:1) signal for the blank sample and the US group, an
obvious 'O, (1:1:1) signal was found in the TCPP group. The
signal intensity of the AI-TCPP nanosheets was significantly
stronger than that of TCPP, which is consistent with the results
of the SOSG assay. Since the cavitation effect of the US could
induce *OH generation, we further evaluated the generation of
*OH using ESR with 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
under different conditions. After exposure to US irradiation, a
characteristic *OH (1:2:2:1) signal could be clearly observed for
the TCPP and AI-TCPP nanosheets samples, and the AI-TCPP
nanosheets demonstrated the best activity to generate *OH

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

(Fig. 3e). Based on these results, the generation of total ROS
was further examined using 2’,7'-dichlorodihydrofluorescein
diacetate (DCFH-DA) as the probe molecule (Fig. 3f-h). It was
found that TCPP produced a very small amount of ROS under US
irradiation, while an elevated amount of ROS was observed for
the AI-TCPP nanosheets under the same conditions, indicating
the evident catalytic activity of AI-TCPP nanosheets for the
generation of ROS. The above results proved that the AI-TCPP
nanosheets could be used as a highly active SDT agent.

In order to achieve better biocompatibility, the Al-TCPP
nanosheets were modified with PEG (denoted as PEG@AI-
TCPP). Fourier transform infrared (FT-IR) spectroscopy was
used to confirm the successful modification of AI-TCPP with
PEG. As presented in Fig. 3i, the spectra of TCPP, AI-TCPP and
PEG@AI-TCPP showed a strong absorption peak at 794 cm ™,
which is attributed to the para substitute on the benzene ring.
The characteristic absorption band of PEG at 1104 cm™"* (C-O
vibration absorption peak) could be detected in the PEG and
PEG@AI-TCPP spectra, indicating the successful combination
of PEG and the AI-TCPP nanosheets.

Encouraged by the remarkable ROS generation efficiency
seen above, the in vitro SDT performance of the PEG@AI-TCPP
nanosheets was investigated. First, the cellular uptake of the
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PEG@AI-TCPP nanosheets was studied. 4T1 cells were incubated
with Rhodamine B (RhB)-labeled PEG@AI-TCPP nanosheets for
different periods of time (Fig. S7, ESIt). A strong red fluorescence
was observed in the cytoplasm at 8 h, confirming the efficient
endocytosis of PEG@AI-TCPP by the 4T1 cells. With the exten-
sion of the co-culture time to 12 h and 24 h, the red fluorescence
intensity decreased significantly due to the gradual decomposi-
tion of the PEG@AI-TCPP nanosheets. Next, the biocompatibility
of the PEG@AI-TCPP nanosheets was assessed in 4T1 cells via a
methyl thiazolyl tetrazolium (MTT) assay. As shown in Fig. 4a,
after incubation with 4T1 cells for 24 h, the PEG@AI-TCPP
nanosheets had no obvious cytotoxic effect on the cells even at
concentrations of up to 100 ug mL ™", indicating their potential
safety and good biocompatibility. A hemolysis analysis was also
conducted on mouse red blood cells (RBCs) to further verify the
biocompatibility of the PEG@AI-TCPP nanosheets (Fig. 4b and
Fig. S8, ESIt). After 4 h of incubation, the hemolysis rates of all
groups with different concentrations (5, 10, 20, 50, 100 ug mL™")
were lower than the national standard (5%), indicating
that the PEG@AI-TCPP nanosheets had no obvious hemolysis
activity.

View Article Online

Research Article

Subsequently, the cell-killing efficiency of the PEG@AI-TCPP
nanosheets under US irradiation was also quantitatively evaluated
via MTT assay. Fig. 4c reveals that blank sample, US, PEG@TCPP,
and PEG@AI-TCPP did not exhibit obvious cytotoxicity toward the
4T1 cells, while about 50% of the cells survived when treated with
PEG@TCPP (50 ug mL™ ") + US (50 kHz, 1.6 W cm™>, 6 min),
verifying the limited cytotoxicity of PEG@TCPP. In sharp contrast,
the cytotoxicity of the PEG@AI-TCPP nanosheets was nearly 90%,
which indicated that the SDT efficiency of TCPP was remarkably
enhanced by its highly ordered assembly with AI**. In order to
visualize the in vitro SDT effect, live/dead double-staining experi-
ments were carried out (Fig. 4d). Compared with the negligible
red fluorescence in the blank sample, US, PEG@TCPP, and
PEG@AI-TCPP groups, the slight red fluorescence in PEG@TCPP
+ US group, and a high percentage of cell death with strong red
fluorescence was observed in the 4T1 cells treated with PEG@
Al-TCPP + US irradiation, which was consistent with the MTT
results. In addition, 4T1 cells were stained with annexin V-FITC
(Fluorescein Isothiocyanate) and propidium iodide (PI) for flow
cytometric analysis to study the cell apoptosis induced by
the PEG@AI-TCPP nanosheets (Fig. 4e). Compared with blank
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sample, US, PEG@TCPP, and PEG@AI-TCPP groups, where no
obvious apoptosis occurred, the percentage of early and late
apoptosis in the PEG@AI-TCPP + US group reached 1.47% and
90.56%, respectively, revealing the excellent SDT efficiency of
PEG@AI-TCPP. Moreover, DCFH-DA was selected as the ROS
probe to monitor the intracellular ROS level. In Fig. 4f, intense
green fluorescence was detected only in the 4T1 cells treated with
PEG@AI-TCPP + US irradiation. The US-irradiated PEG@TCPP
group exhibited weak green fluorescence, while blank sample and
the cells treated with US, PEG@TCPP and PEG@AI-TCPP showed
negligible fluorescence. These results demonstrate obvious ROS
generation by the PEG@AI-TCPP nanosheets under US irradia-
tion, which could be attributed to the successful enhancement of
the reaction activity by an ion coordination strategy.
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The mitochondrial membrane potential (MMP) is an impor-
tant indicator of cell apoptosis. Therefore, a 5,5',6,6'-tetra-
chloro-1,1',3,3'-tetraethylbenzimidazolyl-carbocyanine  iodide
(JC-1) staining assay was used to evaluate the MMP. As shown
in Fig. S9 (ESIt), strong red fluorescence (JC-1 aggregates) was
observed in blank sample, US, PEG@TCPP, and PEG@AI-TCPP
groups, indicating that the mitochondria maintained good
integrity. The US treatment caused a decrease in red fluores-
cence and an increase in green fluorescence (JC-1 monomers)
in the PEG@TCPP + US group, implying that the mitochondrial
membrane was disrupted. Furthermore, the green fluorescence
of the PEG@AI-TCPP + US group was obviously enhanced
compared with the PEG@TCPP + US group, suggesting greater
mitochondrial depolarization occurred in the former group.
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Ki67, and TUNEL staining assays performed on tumor tissue slices from different groups of mice 16 d post-treatment: (1) blank sample, (2) US (50 kHz,
1.6 W cm™2 for 6 min), (3) PEG@TCPP, (4) PEG@AI-TCPP, (5) PEGQTCPP + US, and (6) PEG@AL-TCPP + US. Error bars represent + s.d. (n = 6) (*p < 0.05,
**p < 0.01, ***p < 0.001).
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We also used acridine orange (AO) as an indicator of SDT-
mediated lysosome destruction to analyze the lysosome integrity
(Fig. S10, ESIt). For the blank sample and the 4T1 cells treated
with US, PEG@TCPP, and PEG@AI-TCPPs, a strong red AO
fluorescence was observed. In contrast, the red AO fluorescence
was significantly weakened in the PEG@TCPP + US (50 kHz,
1.6 W em ™2, 6 min) group and almost disappeared in the PEG@
AI-TCPP + US group, demonstrating severe oxidative damage to the
4T1 cells, accompanied by the destruction of lysosome integrity.

Based on the excellent in vitro SDT results, in vivo SDT
anticancer experiments were conducted on 4T1 tumor-bearing
mice. First, the blood circulation half-life of the PEG@AI-TCPP
nanosheets was studied and calculated to be 10.17 h using a
pharmacokinetic model (Fig. 5a). The long blood circulation
time is beneficial for the accumulation of PEG@AI-TCPP at the
tumor site. Then, the time-dependent biodistribution of
PEG@AI-TCPP in the major organs (heart, liver, spleen, lung,
and kidney) and the tumors was quantitatively determined
using inductively coupled plasma mass spectroscopy (ICP-MS).
As shown in Fig. 5b, the PEG@AI-TCPP nanosheets preferentially
accumulated in the liver, spleen, lung, and tumor. The intratu-
mor amount gradually increased to 17.15% at 8 h post-injection
and remained as high as 5.73%, even at 48 h, ensuring a lasting
anti-tumor effect.

After evaluating the accumulation of PEG@AI-TCPP at the
tumor site, the in vivo SDT performance was further investigated
in Balb/c nude mice. When the tumor volume reached 80 mm?,
the 4T1 tumor-bearing mice were randomly divided into six
groups that would be exposed to the following treatments: (1)
PBS (control), (2) US (50 kHz, 1.6 W cm ™2, 6 min), (3) PEG@
TCPP, (4) PEG@AI-TCPP, (5) PEG@TCPP + US, and (6) PEG@
AI-TCPP + US. As indicated by the tumor growth kinetics shown
in Fig. 5¢, compared with the PBS, US, PEG@TCPP, and PEG@
AI-TCPP groups, the PEG@TCPP + US group showed partial
inhibition of tumor growth. In contrast, the PEG@AI-TCPP +
US group showed significant inhibition of tumor growth,
demonstrating its excellent anticancer activity. The representa-
tive photos of the corresponding mice clearly verified the above
results (Fig. 5d). After 16 days of treatment, all tumor tissues
were collected and weighed (Fig. 5e). The average weight of the
tumors further confirmed that treatment with PEG@AI-TCPP +
US could effectively inhibit tumor growth.

Subsequently, the in vivo ROS generation ability of PEG@
Al-TCPP was evaluated via a dihydroethidium (DHE) staining
assay. As presented in Fig. S11 (ESIt), the DHE staining image
obtained from the PEG@AI-TCPP + US group showed the
strongest red fluorescence, indicating that PEG@AI-TCPP +
US could generate a large amount of ROS and achieve excellent
tumor cell destruction. To further explore the in vivo therapeutic
mechanism of PEG@AI-TCPP, hematoxylin and eosin (H&E) and
Ki-67 staining assays were performed on the tumor slices (Fig. 5f).
Of all the groups, the most obvious nuclei contraction and the
weakest green fluorescence were observed in the group treated
with PEG@AI-TCPP + US, proving that enhanced SDT with
PEG@AI-TCPP holds the potential to damage tumor cells and
inhibit cell proliferation. Additionally, a terminal deoxynucleotidyl
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transferase (TdT)-mediated deoxyuridine triphosphate (dUTP)
nick end labeling (TUNEL) staining assay was also performed
on the tumor slices to study the apoptosis of the tumor cells.
In Fig. 5f, the PEG@AI-TCPP + US group exhibited the highest
positive TUNEL staining signal, indicating the fragmentation of
DNA and the apoptosis of tumor cells.

As shown by the H&E staining of the major organs of the
mice, no significant damage was observed after injection of the
PEG@AI-TCPP nanosheets (Fig. S12, ESIT), and the standard
blood, kidney and liver biochemical indexes remained normal
at day 1 and day 16, suggesting that PEG@AI-TCPP causes
negligible blood toxicity (Fig. S13, ESIT). Moreover, no obvious
variation of body weight was detected in any of the mice groups
during the treatments (Fig. S14, ESIt). These results collectively
demonstrated that PEG@AI-TCPP has good biological safety
and could be used for in vivo SDT. Furthermore, using ICP-MS,
the excretion behaviors of the mice were studied by determin-
ing the Al content in feces and urine after intravenous injection
of PEG@AI-TCPP. A high concentration of Al was found at 8 h
and then gradually decreased to low concentration at 48 h
(Fig. S15, ESIY), suggesting that PEG@AI-TCPP could be meta-
bolized out of the body through the urine and feces.

Conclusions

In summary, we have prepared 2D AI-TCPP MOF nanosheets,
via a facile solvothermal synthesis method that uses the appro-
priate ratio of organic solvent and water, for highly efficient
sonodynamic cancer therapy. AI-TCPP MOF nanosheets with
different morphologies could be obtained by only changing the
composition of the reaction solvent and without the need for any
surfactants. Promisingly, the performance of the 2D ALl-TCPP
nanosheets for both '0, and *OH generation under US irradiation
is significantly enhanced when the organic TCPP molecules are
embedded into the MOF framework. After modification with PEG,
the PEG@AI-TCPP nanosheets exhibited excellent performance
when used as a sonosensitizer in SDT to Kkill cancer cells and
eliminate malignant tumors. Our study has proven that 2D
MOF nanosheets can be used as efficient sonosensitizers for
sonodynamic cancer therapy, and they may also be promising
for antibacterial therapies.
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