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Abstract

BACKGROUND

Norcantharidin (NCTD) is suitable for the treatment of primary liver cancer,
especially early and middle primary liver cancer. This compound can reduce
tumors and improve immune function. However, the side effects of NCTD have
limited its application. There is a marked need to reduce the side effects and
increase the efficacy of NCTD.

AIM

To develop a nanomaterial carrier, NCTD-loaded metal-organic framework
IRMOE-3 coated with a temperature-sensitive gel (NCTD-IRMOEF-3-Gel), aiming
to improve the anticancer activity of NCTD and reduce the drug dose.

METHODS

NCTD-IRMOEF-3-Gel was obtained by a coordination reaction. The apparent
characteristics and in vitro release of NCTD-IRMOF-3-Gel were investigated. Cell
cytotoxicity assays, flow cytometry, and apoptosis experiments in mouse

hepatoma (Hepal-6) cells were used to determine the anti-liver cancer activity of
NCTD-IRMOFEF-3-Gel in in vitro models.

RESULTS

The particle size of NCTD-IRMOF-3-Gel was 50-100 nm, and the particle size
distribution was uniform. The release curve showed that NCTD-IRMOEF-3-Gel
had an obvious sustained-release effect. The cytotoxicity assays showed that the
free drug NCTD and NCTD-IRMOF-3-Gel treatments markedly inhibited Hepal-
6 cell proliferation, and the inhibition rate increased with increasing drug concen-
tration. By flow cytometry, NCTD-IRMOF-3-Gel was observed to block the
Hepal-6 cell cycle in the S and G2/M phases, and the thermosensitive gel
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nanoparticles may inhibit cell proliferation by inducing cell cycle arrest.
Apoptosis experiments showed that NCTD-IRMOF-3-Gel induced the apoptosis
of Hepal-6 cells.

CONCLUSION
Our results indicated that the NCTD-IRMOEF-3-Gel may be beneficial for liver
cancer disease treatment.

Key Words: Norcantharidin; Metal-organic frameworks; IRMOF-3; Temperature-sensitive
gel; Drug delivery; Liver cancer
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Core Tip: Norcantharidin (NCTD) is suitable for the treatment of primary liver cancer,
especially early and middle primary liver cancer. However, the side effects of NCTD
have limited its application. Therefore, we established a liver-targeting therapy in
which NCTD is loaded into IRMOF-3 coated with a thermosensitive gel, which can be
efficiently delivered to liver cancer cells and slowly released. The results demonstrate
that this thermosensitive gel-encapsulated IRMOF-3 has great advantages as an
antitumor drug carrier and provides some ideas for passive targeting therapy of tumors.
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INTRODUCTION

Liver cancer has the characteristics of a high incidence, poor prognosis, and high
mortality. The latest World Health Organization data show that the global incidence
rate of liver cancer is ranked fifth among malignant tumors, and the incidence rate is
ranked third. China is a country with a high incidence of liver cancer and hepatitis B[1,
2]. At present, surgical resection[3,4], drug chemotherapy[5,6], nanotechnology[7], and
interventional therapy[8] are the main treatment methods for liver or other cancers.
Among many chemotherapeutic drugs, norcantharidin (NCTD) has strong antitumor
activity and can inhibit a variety of tumors including gastrointestinal cancer[9],
malignant lymphoma[10], lung cancer[11], and liver cancer[12].

NCTD was synthesized by removing the 1,2-methyl group from cantharidin, which
was extracted from the cantharides of Coleoptera. Compared with cantharidin, NCTD
exhibits not only significantly improved anticancer effect but also a great reduction in
renal toxicity and strong irritation to the urinary system[13]. The clinical use of NCTD
is mainly based on tablets and injections, and this drug has unique advantages in the
treatment of cancer. However, the side effects of NCTD have limited its application
[14]. First, compared to cantharidin, the toxicity of NCTD is reduced to a large extent
but still has a certain degree of urinary system toxicity, and organ toxicity occurs with
large doses or long-term use, so there is a strict limit on the maximum dosage of
NCTD in the clinic[15]. Second, NCTD is rapidly distributed in various tissues after
absorption when administered to mice by gavage. The concentration of NCTD peaks
in liver and cancer tissues 15 min after administration. However, this concentration
significantly decreases 6 h after administration. Most NCTD is excreted through the
kidney within 24 h, with little accumulation in the body. The elimination speed of
NCTD from the body is fast, which reduces the compliance of patients with
medication[16]. In addition, NCTD is widely distributed in the body after oral
administration, and is less distributed in the liver tissue due to its fast elimination
speed, which not only reduces its efficacy but also increases the toxicity to other
organs[17]. Third, most NCTD injections used in the clinic are sodium salt, with a pH
value of approximately 9.0, which makes it highly irritating[18].
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In recent years, a large number of studies have been carried out to reduce the side
effects and increase the efficacy of NCTD[19-22]. This project aimed to develop a
multifunctional metal-organic framework (IRMOF-3) that can play an important role
in drug carrying and delivery. Because of the special topological structure of IRMOEF-3,
drugs can be loaded into the spatial structure to the maximum extent, and it plays
great role in controlled release[23-26]. However, when NCTD-IRMOF-3 enters the
body, burst release is caused due to endocytosis or gastrointestinal absorption.
Therefore, we established a liver-targeting therapy in which NCTD is loaded into
IRMOE-3 coated with a thermosensitive gel (NCTD-IRMOF-3-Gel), which can be
efficiently delivered to liver cancer cells and slowly released. In this study, NCTD-
IRMOF-3-Gel was prepared, and the in vitro targeting behavior was explored. It was
shown that the combination of IRMOEF-3 and the thermosensitive gel could decrease
the toxicity and increase the bioavailability of NCTD, representing an effective method
for the chemotherapy of liver cancer. This study lays a foundation for the liver-
targeting ability of NCTD-IRMOF-3-Gel. The results demonstrate that this thermo-
sensitive gel-encapsulated IRMOF-3 has great advantages as an antitumor drug carrier
and provides some ideas for passive targeting therapy of tumors.

MATERIALS AND METHODS

Materials

All of the chemicals used were of analytical grade. N,N-Dimethylformamide (DMF),
dichloromethane (CH,Cl,) (both Tianjin Fuyu Fine Chemical Co., Ltd., Tianjin, China),
zinc acetate dihydrate (Zn(OAc),.2H,0) (Kaitong Chemical Industry Co. Ltd., Tianjin,
China), and 2-amino-terephthalic acid (NH,-BDC, C;H,NO,) (Henghua Technology
Co., Ltd., Jinan, China) were used to prepare nanosized IRMOF-3.

Preparation of NCTD-IRMOF-3-Gel

First, Zn(OAc),.2H,0 (4 mmol) and NH,-BDC (1 mmol) were completely dissolved in
10 mL and 15 mL DMF, respectively. Then the zinc salt solution was quickly poured
into the ligand solution at room temperature (25 °C) to form a milky white precipitate.
After magnetic stirring for 1 min and centrifugation for 5 min (12000 r/min), the
supernatant was removed and the precipitate was obtained. The deposit was washed
three times with DMF (removing unreacted raw materials) and soaked for 3 d with
CH,CI, (removing DMF), with the solvent replaced once per day. Next, the deposit was
centrifugally filtered and dried under natural conditions. Then, the samples were
activated under vacuum for 12 h at 100 °C, and IRMOF-3 was obtained. For the
encapsulation studies, 30 mg NCTD and 10 mg nanoIRMOF-3 were accurately
weighed in a 5 mL volumetric flask, and 80% alcohol solution was added. The
suspension was stirred for 72 h at room temperature. NCTD-loaded nanoIRMOEF-3
(NCTD-IRMOF-3) was then collected by centrifugation and vacuum-dried at room
temperature. NCTD-IRMOF-3 (15 mg) was accurately weighed, 3 mL freeze-dried
protective agent (4% mannitol and 2% poloxamer) was added, and the mixture was
fully dissolved. A small amount of supernatant was collected, frozen in a vial at -40 °C
for 24 h, and then frozen in a vacuum freeze dryer for 30 h to obtain the freeze-dried
product. NCTD-IRMOF-3 was then dispersed into a thermosensitive gel solution at
room temperature to form a dispersion of nanoparticles. When the NCTD-IRMOF-3
nanoparticle dispersion was injected into the body or heated to 37 °C, the NCTD-
IRMOEF-3-Gel gel could be formed.

Characterization

Physical characterization was performed by powder X-ray diffraction (PXRD) analysis
(Phillips Xpert Pro MPD diffractometer with Cu Ka radiation A = 1.5418 nm at 40 kV
and 50 mA). Scanning electron microscopy (SEM) images were obtained using a
Quanta 200F (FEI Sirion SEM), confirming the regular shape and nanosize of the
particles. Nitrogen adsorption/desorption isotherms and pore size distributions were
measured using an MFA-140 system (Beijing Builder Electronic Technology Co., Ltd.,
Beijing, China). The particle size distribution was measured by a Zetasizer Nano-ZS90
Laser particle size analyzer (Malvern Instruments Co., Ltd., Malvern, United
Kingdom).

NCTD release assay
In vitro studies of the release of NCTD from NCTD, NCTD-IRMOF-3, and NCTD-
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IRMOF-3-Gel were carried out using dialysis bags (Sigma, St. Louis, MO, United
States) soaked in double-distilled water for 12 h. Freeze-dried NCTD, NCTD-IRMOF-
3, and NCTD-IRMOF-3-Gel suspensions were added into a dialysis bag, which then
was placed in 50 mL phosphate-buffered saline (pH 5.0) to maintain sink conditions
and shaken at 100 rpm in a constant-temperature shaker (SHAB; Donglian Electric
Technique Co. Ltd., Harbin, China) at 37 °C. Subsequently, 2 mL release medium was
withdrawn at regular intervals, and fresh release medium was added to maintain a
constant volume. Every trial was repeated three times. The samples were analyzed
using high-performance liquid chromatography, and the control experiments were
similarly performed using the same proportions to investigate drug release.

In vitro examination

MTT assay for cytotoxicity detection: The mouse hepatoma (Hepal-6) cell line
(Beijing Boyu Kangtai International Biological Technology Co., Ltd., Beijing, China)
used in this experiment was maintained in Roswell Park Memorial Institute-1640
medium (HyClone; Thermo Fisher Scientific, Inc., Waltham, MA, United States)
supplemented with 10% heat-inactivated fetal calf serum (Sijiqing Tianhang Biological
Science and Technology Co., Ltd., Hangzhou, China), 105 U/L penicillin G, and 100
mg/L streptomycin in a CO, incubator at 5% CO, and 37 °C.

The cells were plated in 96-well cell culture plates, and different concentrations of
NCTD (0-80 ng/mL) were added to the complete cell culture medium. Then, 10
concentrations of NCTD-IRMOF-3 and NCTD-IRMOF-3-Gel were prepared (0-80
ng/mL). After 24, 48, 72, and 96 h of incubation, chemosensitivity was evaluated using
thiazolyl blue tetrazolium bromide (MTT reagent, 98%; Wuhan Baodu DE Co., Ltd.,
Wuhan, China) in complete cell culture medium (5 pg/mL). Then, 20 pL MTT reagent
was added to each well and incubated for 4 h, and the mitochondrial aldehyde
dehydrogenase from the viable cells subsequently reduced the yellow, water-soluble
MTT reagent to water-insoluble blue formazan crystals, which were dissolved by
adding 150 pL dimethyl sulfoxide to each well. The absorbance of the dissolved
formazan blue dye was measured at 490 nm using a BioTex microplate reader
(American Power Instruments Co., Ltd., Wilmington, MA, United States), and the cell
viability calculations were performed.

Flow cytometry assay of the effects on the Hepal-6 cell cycle: The cells were placed
in 6-well cell plates and cultured for 24 h in a CO, incubator at 5% CO, and 37 °C.
Then, NCTD-IRMOF-3-Gel at different concentrations (10-40 pg/mL) was added to
each well and incubated in an incubator for 24 h. The cells were digested with trypsin
(Shanghai Beyotime Biotechnology Co., Ltd., Shanghai, China) and centrifuged at 1500
rpm for 5 min. The supernatant was removed from the solution and washed twice
with phosphate-buffered saline (PBS). Then the precooled 75% ethanol solution was
added to each well and fixed at 4 °C for 12 h. The solution was centrifuged at 1500 rpm
for 5 min to remove the supernatant and resuspended in PBS. Finally, the prepared
solution (including 0.5 mL of PBS, 25 puL propidium iodide staining solution and 10 pL
ribozyme A) was added to each well and incubated at 37 °C for 30 min. The cells were
filtered using a 35 pm cell filter and detected by flow cytometry (Becton, Dickinson
and Company, Franklin Lakes, NJ, United States).

Apoptosis experiment: Apoptosis was detected by Annexin V-FITC/PI double
staining. K562 cells in the logarithmic growth phase were inoculated into 24-well
culture plates at 1 x 10°/well. NCTD-IRMOF-3-Gel, NCTD-IRMOF-3 and NCTD were
added at two different concentrations (25 pg/mL and 50 pg/mL). After 48 h, the cells
were washed with PBS three times, and 1 pL propidium iodide and 5 pL. Annexin V-
FITC (Shanghai Beyotime Biotechnology Co., Ltd., Shanghai, China) were added. The
cells were incubated in the dark for 10 min and washed once with PBS. Then, 400 pL
PBS was added to each tube. Apoptosis was detected by flow cytometry, and the
apoptosis rate was calculated.

Statistical analyses

Statistical analyses were performed using analysis of variance with SPSS 24.0 software
(version 24.0.0; Chicago, IL, United States). Statistical differences were defined as *P <
0.05 and *P < 0.01. The data are presented as the mean + SD.
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Figure 1 Structure and morphology of IRMOF-3 and norcantharidin-loaded metal-organic framework IRMOF-3 coated with temperature-
sensitive gel. A: X-ray diffraction (XRD) spectra of IRMOF-3. Note: XRD patterns of synthetic IRMOF-3 (b) and standard IRMOF-3 (a). XRD patterns of the sample
show the same peaks as those of the standard, confirming the high purity of IRMOF-3. The peak patterns of the sample account for the rough appearance of the
nanosized particles; B: Scanning electron microscopy (SEM) images of the morphology of IRMOF-3. SEM images of the morphology of IRMOF-3. The particles show
a regular square, uniform distribution and a size of 50-100 nm. The single-particle surface is rough, indicating the existence of pores; C: SEM images of the
morphology of norcantharidin (NCTD)-loaded metal-organic framework IRMOF-3 coated with temperature-sensitive gel (NCTD-IRMOF-3-Gel). SEM images of the
morphology of NCTD-IRMOF-3-Gel showing the same size as that of IRMOF-3; D: Nitrogen adsorption—desorption isotherms of IRMOF-3. Nitrogen
adsorption—desorption isotherms. A hysteresis loop phenomenon appears under relatively high pressure, indicating the existence of channels in the sample; E:
Particle size distribution of NCTD-IRMOF-3-Gel. The particle size distribution of NCTD-IRMOF-3-Gel indicated that the average particle size was 100 nm.

RESULTS

Structure and morphology

The PXRD patterns shown in Figure 1A illustrate that the IRMOF-3 materials
possessed three well-resolved peaks, similar to the standard patterns. The SEM images
of IRMOF-3 and NCTD-IRMOEF-3-Gel are presented in Figure 1B and Figure 1C which
show that the sample consisted of square particles (50-100 nm). The single-particle
surface was rough, indicating the existence of pores. SEM images show that the
morphology of NCTD-IRMOF-3-Gel had similar size features as those of IRMOF-3.
The nitrogen gas (N,) adsorption-desorption isotherms of IRMOF-3 are shown in
Figure 1D. The hysteresis loop phenomenon appeared in the range of relatively high
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pressure, indicating the existence of channels in the sample (Figure 1D). The particle
size distribution of NCTD-IRMOF-3-Gel indicated that the average particle size was
100 nm (Figure 1E).

NCTD release assay
In the simulated pH 5.0 environment of tumor cells, the drug release data were fitted
by a zero-order dynamics equation, first-order kinetic equation, Higuchi equation and
Weibull model. The NCTD regression equation obtained is shown in Table 1. The
resulting correlation coefficients of the drug release kinetics show that the drug release
conforms to the Weibull equation, and the R*value is 0.9508.

As shown in Figure 2, the release of NCTD is very fast and is completely finished at
5 h. However, the drug release of NCTD-IRMOEF-3 was slower than that of NCTD. The
first half of the drug release curve of NCTD was steep and showed a sudden release
within 0.6 h. The reason was that the free drug molecules adsorbed on the surface of
the nanoparticles diffused rapidly into the medium. Then the curve of NCTD-IRMOF-
3 showed a steady slowly release process because the drug in the pores was slowly
released. Approximately 5 h were necessary for 50% NCTD release from NCTD-
IRMOEF-3. After 36 h, the release rate was more than 70%, and the release was basically
complete. The release rate of NCTD-IRMOF-3-Gel nanoparticles at 0.3 h was lower
than that of the other formulations because NCTD was released gradually with the
slow dissolution of poloxamer. After 10 h, the release rate was approximately 50%;
after 36 h, the release rate was more than 65%.

In vitro examination

MTT assay: In contrast to that of NCTD- and NCTD-IRMOF-3-treated cells, the
inhibition of Hepal-6 cells treated with NCTD-IRMOEF-3-Gel increased in a dose-
dependent manner (Figure 3). When the half-maximal inhibitory concentration (ICs)
values of each group at different time periods were compared, it was found that these
values were 30.59 pg/mL, 93.74 pg/mL, and 112.3 pg/mL with NCTD, NCTD-
IRMOFEF-3, and NCTD-IRMOF-3-Gel, respectively. The inhibitory effects of NCTD-
IRMOE-3-Gel on Hepal-6 cells were stronger than those of NCTD and NCTD-IRMOEF-
3 and showed a certain sustained-release effect.

Flow cytometry assay of the effects on the Hepal-6 cell cycle: Figure 4 and Table 2
show that the percentage of the total number of cells in S phase and G2/M phase
increased significantly with increasing NCTD-IRMOEF-3-Gel concentration, while the
proportion of cells in G0/G1 phase decreased significantly. This result indicates that
NCTD-IRMOE-3-Gel can block the cell cycle in the S and G2/M phases, and thermo-
sensitive gel nanoparticles may inhibit cell proliferation by inducing cell cycle arrest.

Apoptosis experiment

It can be seen from the figure that the apoptosis rates of NCTD-IRMOF-3-Gel at the
high concentration (C) and low concentration (F) were 32.11 pg/mL and 65.60 ng/mL,
respectively. Compared with that in the NCTD control group, the apoptosis rate in the
NCTD-IRMOF-3-Gel group was highest, which indicated that NCTD-IRMOF-3-Gel
could induce the apoptosis of Hepal-6 cells (Figures 5 and 6).

DISCUSSION

In recent years, with the wide application of medical polymer materials and increased
clinical utilization[27,28], research on sustained-release and controlled-release prepar-
ations has increased and has become an important research direction. As a new type of
drug formulation, sustained- and controlled-release preparations can increase
efficacies and reduce side effects compared with traditional drugs. The thermo-
sensitive gel has a hydrophilic three-dimensional network structure, which can be
loaded in the liquid state to control drug release. In addition, thermosensitive gel has a
stronger affinity, longer retention time and less stimulation in medically relevant
locations than traditional gel, especially in mucosal tissue. This type of gel is suitable
for all kinds of drug carriers and has now become a research hotspot in pharmaceutics
[29,30].

The aim of this project was to prepare NCTD-IRMOF-3-Gel by using the porous
material metal-organic framework IRMOF-3 as a drug carrier and NCTD as a model
drug. Loading the drug and drug carrier within the thermosensitive gel not only
delayed the action time of the drug but also compensated for sudden drug release
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Table 1 Release equations and correlation coefficients of norcantharidin-loaded metal-organic framework IRMOF-3 coated with

temperature-sensitive gel

Model Equation R?
DM Zero-order processes Q=1.2786t + 36.322 0.5383
First-order processes In (100-Q) = -0.0268 t + 4.1375 0.667
Higuchi Q =9.6078 t°5 +25.29 0.7719
Weibull InIn (1/1-Q) = 0.3813 Int - 0.9163 0.9508

Table 2 Effects of norcantharidin-loaded metal-organic framework IRMOF-3 coated with temperature-sensitive gel on the cell cycle (n =

3)
Groups (pg/mL) G0/G1 S G2/M
Blank group 88.1+2.8 72419 47421
10 219+1.6" 59.4+22° 18.7+1.8°
20 16.6+1.2° 541 +24" 292+19°
40 183 +2.4° 458 +3.1° 35.8+2.7°
ap < 0.05.
bp<0.01.
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Figure 2 In vitro release curves of norcantharidin (NCTD) (blue line), NCTD-loaded metal-organic framework IRMOF-3 (red line), and
NCTD-loaded metal-organic framework IRMOF-3 coated with temperature-sensitive gel (green line). After approximately 5 h, 90% of
norcantharidin (NCTD) was found in the release medium, while only 50% of NCTD was released from NCTD-loaded metal-organic framework IRMOF-3 (NCTD-
IRMOF-3), and 30% of NCTD was released from NCTD-loaded metal-organic framework IRMOF-3 coated with temperature-sensitive gel (NCTD-IRMOF-3-Gel).
Every trial was repeated three times. All values are shown as the mean + SD.

from the metal-organic framework carrier. The XRD pattern of the IRMOFs is
consistent with that of the standard materials and the peak pattern is rough, which
suggest that IRMOFs are nanoparticles with rough surfaces and high purity. The SEM
images of the morphology of IRMOEF-3 and NCTD-IRMOF-3-Gel showed that the
IRMOFs were square and regular nanoparticles containing pores. NCTD-IRMOF-3-Gel
was prepared using a poloxamer thermosensitive gel as the carrier, and its mor-
phology did not change. This result shows that the thermosensitive gel has no effect on
the original metal-organic framework structure, solves the problem of sudden drug
release, and can reduce the toxicity caused by sudden drug release.

The Brunauer-Emmett-Teller surface areas and micropore volume of NCTD-
IRMOF-3-Gel were determined using N, adsorption isotherms, which showed that it
was a microporous material. The N, adsorption method is commonly used to
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Figure 3 Comparison of the cytotoxicities of norcantharidin (NCTD), NCTD-loaded metal-organic framework IRMOF-3, and NCTD-loaded
metal-organic framework IRMOF-3 coated with temperature-sensitive gel. The inhibitory effect of norcantharidin (NCTD)-loaded metal-organic
framework IRMOF-3 coated with temperature-sensitive gel (NCTD-IRMOF-3-Gel) (C) on Hepa1-6 cells was stronger than that of NCTD (A) and NCTD-loaded metal-
organic framework IRMOF-3 (NCTD-IRMOF-3) (B) and showed a certain sustained-release effect.
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determine the specific surface area and pore size of nanomaterials. The determination
principle of N, adsorption is that the surface pores of porous materials will adsorb
nitrogen at liquid nitrogen temperatures. The flat areas in the low-pressure section
were caused by the nanopores. The N, adsorption quantity increased suddenly, which
generated a hysteresis loop, indicating the existence of micropores, and this
phenomenon was caused by capillary condensation. After zeta potential analysis of the
particle size distribution, NCTD-IRMOF-3-Gel was shown to have a particle size of
approximately 100 nm and good dispersibility.
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Figure 4 Effects of norcantharidin-loaded metal-organic framework IRMOF-3 coated with temperature-sensitive gel on the cell cycle. The
percentage of total cells in S and G2/M phases increased significantly with increasing norcantharidin (NCTD)-loaded metal-organic framework IRMOF-3 coated with
temperature-sensitive gel (NCTD-IRMOF-3-Gel) concentration, and the proportion of cells in GO/G1 phase decreased significantly. A: Control group; B: 10 pg/mL; C:
20 pg/mL; D: 40 pg/mL. G1 phase: DNA presynthetic phase, where mitosis is complete before DNA replication begins; G2 phase: DNA synthesis replication phase,
where DNA replication is complete before mitosis begins; M phase: Cell division phase; S phase: DNA synthesis replication phase.
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The kinetics of in vitro drug release can effectively determine the profile of in vitro
drug release and predict the conditions of in vivo drug release. From the drug release
curve, NCTD was released quickly, with basically complete release at 5 h. NCTD-
IRMOF-3 nanoparticles released NCTD more slowly than free NCTD treatment and
showed sudden release within 0.6 h. After 36 h, the release rate was more than 70%,
and the release was basically completed. NCTD-IRMOEF-3-Gel nanoparticles showed a
significantly slower release trend, and the degree of release at 0.3 h was lower than
that in the other groups, which was due to the gradual release of NCTD with the slow
dissolution of poloxamer. After 36 h, the release rate reached more than 65%. We
speculated that NCTD-IRMOF-3-Gel nanoparticles had a certain sustained-release
effect and could effectively improve the drug release process.

The MTT assay demonstrated the cytotoxicity of the NCTD-IRMOF-3-Gel
nanoparticles. At the same concentration, the inhibition rate of each group of drugs
acting on Hepal-6 cells increased with the extension of time. The inhibition rate of the
free drug group was slightly lower than that of the nanoparticle group, but it still had
a killing effect on the cells. Compared with that of NCTD-IRMOF-3-Gel, the inhibition
rate of NCTD-IRMOF-3 was slightly low, indicating that the thermosensitive gel-
coated nanoparticles had a better inhibitory effect on cells. The inhibition rate of the
nanoparticle group was low at 24 h and gradually increased after 48 h to the level of
inhibition of the free drug, indicating that the drug-loaded nanoparticle-thermo-
sensitive gel group presented an obvious sustained-release effect. Meanwhile, the cell
cycle study using flow cytometry showed that NCTD-IRMOE-3-Gel could block the S
phase and G2/M phase of the cell cycle, and thermosensitive gel-suspended
nanoparticles may inhibit cell proliferation by blocking the cell cycle. The apoptosis
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Figure 5 Apoptosis rates of Hepa1-6 cells after 48 h. Apoptosis rates of norcantharidin (NCTD)-loaded metal-organic framework IRMOF-3 coated with
temperature-sensitive gel (NCTD-IRMOF-3-Gel) at the high concentration (C) and low concentration (F) were 32.11 ug/mL and 65.60 pg/mL, respectively. Compared
with the NCTD control group, the apoptosis rate in the NCTD-IRMOF-3-Gel group was highest, which indicated that NCTD-IRMOF-3-Gel could induce the apoptosis
of Hepa1-6 cells. A: 50 ug/mL NCTD-IRMOF-3; B: 50 pg/mL NCTD; C: 50 ug/mL NCTD-IRMOF-3-Gel; D: 25 ug/mL NCTD-IRMOF-3; E: 25 pg/mL NCTD; F: 25
ug/mL NCTD-IRMOF-3-Gel.
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Figure 6 Apoptosis rates of norcantharidin (NCTD), NCTD-loaded metal-organic framework IRMOF-3, and NCTD-loaded metal-organic
framework IRMOF-3 coated with temperature-sensitive gel. Compared with the norcantharidin (NCTD) control group, the apoptosis rate in the NCTD-
loaded metal-organic framework IRMOF-3 coated with temperature-sensitive gel (NCTD-IRMOF-3-Gel) group was highest, which indicated that NCTD-IRMOF-3-Gel
can induce the apoptosis of Hepa1-6 cells.
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rates of NCTD-IRMOF-3-Gel at high concentrations and low concentrations were
determined, which indicated that NCTD-IRMOEF-3-Gel could induce the apoptosis of
Hepal-6 cells.

CONCLUSION

Based on the results of this study, NCTD-loaded IRMOF-3 nanoparticles incorporated
into a thermosensitive gel appeared to be a useful tool for cancer treatment because of
the enhanced inhibition rate of cancer cells and controlled release of drugs from these
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nanocarriers. Our future studies will focus on elucidating the activity of the drug
delivery system and its effects on the mechanism of action of the encapsulated
anticancer drug.

ARTICLE HIGHLIGHTS

Research background

Norcantharidin (NCTD) is suitable for the treatment of primary liver cancer, especially
early and middle primary liver cancer. As a new type of drug formulation, sustained-
and controlled-release preparations can increase the efficacy and reduce the side
effects compared with traditional drugs. Metal-organic frameworks (MOFs) have
potential applications in drug carriers. The thermosensitive gel has a hydrophilic
three-dimensional network structure, which can be loaded in the liquid state to control
drug release.

Research motivation
The side effects of NCTD have limited its application in liver cancer, which has
prompted the development of sustained- and controlled-release preparations.

Research objectives

This study established a liver-targeting therapy in which NCTD is loaded into IRMOF-
3 coated with a thermosensitive gel (NCTD-IRMOEF-3-Gel), which can be efficiently
delivered to liver cancer cells and slowly released.

Research methods

NCTD-loaded IRMOF-3 coated with a temperature-sensitive gel (NCTD-IRMOEF-3-
Gel) was obtained by a coordination reaction. The apparent characteristics and in vitro
release of NCTD-IRMOEF-3-Gel were investigated. Cell cytotoxicity assays, flow
cytometry and apoptosis experiments on mouse hepatoma (Hepal-6.) cells were used
to determine the anti-liver cancer activity of NCTD-IRMOE-3-Gel in in vitro models.

Research results

The particle size of NCTD-IRMOF-3-Gel was 50-100 nm, and the particle size distri-
bution was uniform. The release curve showed that NCTD-IRMOEF-3-Gel had an
obvious sustained-release effect. The cytotoxicity assays showed that the free drug
NCTD and NCTD-IRMOF-3-Gel treatments markedly inhibited Hepal-6 cell prolif-
eration, and with increasing drug concentrations, the inhibition rate increased. By flow
cytometry, NCTD-IRMOF-3-Gel was observed to block the Hepal-6 cell cycle in the S
and G2/M phases, and the thermosensitive gel nanoparticles may inhibit cell prolif-
eration by inducing cell cycle arrest. Apoptosis experiments showed that NCTD-
IRMOEF-3-Gel induced the apoptosis of Hepal-6 cells.

Research conclusions

NCTD-loaded IRMOF-3 nanoparticles incorporated into a thermosensitive gel
appeared to be a useful tool for cancer treatment because of the enhanced inhibition
rate of cancer cells and controlled release of drugs from these nanocarriers.

Research perspectives
Thermosensitive gel-encapsulated IRMOF-3 has great advantages as an antitumor
drug carrier and provides some ideas for passive targeting therapy of tumors.
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