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ABSTRACT: Chemotherapeutic agents fail in clinical chemo- cuyao, ""‘“‘Oﬁ“""’ o "
. . q . 200°C 10 h -
therapy in the absence of targeting and acquired resistance. We, i u1,0 o — O — @ -
therefore, synthesized Fe;O,@ZIF-8@Sor@TA nanocomposite .. 8
drugs based on the drug delivery properties of nanomaterials. Fe0, NP PMI §o 6 GaIRg  Fe,0,@ZIF-S@Sor  FeO@ZIF-8@Sor@TA

ZIF-8 is a nanomaterial with a porous structure that can load
anticancer drugs. The nanodrug used the paramagnetic property of
Fe;0, to deliver sorafenib (Sor) precisely to the tumor site, then
used the pH responsiveness of ZIF-8 to slowly release Sor in the
tumor microenvironment, and finally used tannic acid (TA) to
inhibit P-glycoprotein to suppress the Sor resistance. The results of
material characterization presented that the prepared material was
structurally stable and was able to achieve a cumulative drug release
of 38.2% at pH 5.0 for 72 h. The good biocompatibility of the composite was demonstrated by in vitro and in vivo experiments,
which could improve antitumor activity and reduce Sor resistance through magnetic targeting TA. In conclusion, the Fe;O,@ZIF-
8@Sor@TA material prepared in this study demonstrated high antitumor activity in hepatocellular carcinoma treatment, promising
to reduce drug resistance and providing a novel research approach for cancer treatment.

1. INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most common
malignancies, ranking fifth in incidence worldwide." It is
mainly treated with surgery and chemotherapzr, which are the
main treatment strategies for this disease. # Due to the
concealment of HCC, most patients are identified at an

Metal—organic frameworks (MOFs) are novel materials with
porous structures'” that are applicated in the delivery of
biomolecular drugs.'” There are various types of MOFs,
among which zeolitic imidazolate framework-8 (ZIF-8) is a
typical MOF material with the advantages of mild synthesis
conditions'* and adjustable particle size and pore size.'"” Yu et

advanced stage with poor surgical outcomes.” Additionally,
chemotherapy has its limitations since its long-term application
may result in the development of drug resistance in cancer
cells.”

Many researchers have adopted nanomaterials as drug
carriers in recent years to improve therapeutic eflicacy for
HCC. Lin et al’ prepared resveratrol-modified mesoporous
silica nanoparticles (Res-MSNs) with a more pronounced
therapeutic effect on gastric cancer and improved biocompat-
ibility with normal tissues when compared to Res alone.
Nanomaterials, as previously described, can serve as effective
carriers of chemotherapeutic agents and have promising
applications in improving therapeutic effects, enhancing
bioavailability, and reducing side effects. There are varyin
nanomaterials, such as graphene oxide,” hydroxyapatite,
nanopolymers,” and liposomes.'® Different nanomaterials
may confer new properties while loading drugs. Xu et al.''
prepared a MoS, nanosheet, which has both drug-loading and
photothermal capabilities. Based on these findings, this study
generated a tumor treatment method combining nanomaterials
and chemotherapeutic agents.

© 2023 The Authors. Published by
American Chemical Society
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al.'® took advantage of the drug-loading capacity of ZIF-8 to
load the anticancer drug curcumin (Cur) and encapsulated
hyaluronic acid (HA). Their experimental results confirmed
that the composites have good drug-loading capacity and slow
release in a physiological environment but strong drug release
capacity under acidic conditions, indicating good biosafety and
a high tumor inhibition rate of the composites. Although ZIF-8
has tumor site stability and pH acid responsiveness,' its
nanomedicine targeting ability needs to be improved. Specific
active targeting and externally driven targeting are the two
main approaches for tumor-specific targeted therapies,'® and
the former can rely on specific targets on the surface of
nanocarriers for active targeting.'” Using differences in
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Scheme 1. Flowchart for the Preparation of Fe;O0,@ZIF-8@Sor@TA
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electrical charge or magnetic forces, externally driven targeting
can be used to target tumors.”’ Fe;0, is a superparamagnetic
nanoparticle”” with applications in tumor therapy and
diagnosis,”” magnetothermal therapy,” and drug delivery.”*
Moreover, Fe;O, exhibits low toxicity and has a long
circulation time in the body, which can improve the circulation
time of chemotherapeutics.”> Based on these previous
investigations, this study used Fe;O, to improve ZIF-8
targeting and enhance chemotherapeutic drug-loading and
delivery for cancer treatment.

Sorafenib (Sor) is a multikinase inhibitor that represses
tumor proliferation by reducing it and is a common first-line
chemotherapeutic agent in clinical practice.”*”” However,
HCC patients who take Sor may experience adverse events
such as gastrointestinal reactions, skin disorders, and hyper-
tension,”” thus affecting the effectiveness of chemotherapy.
Tannic acid (TA) is a kind of natural polyphenol rich in
catechols and pyro%allic acids, widely found in nature.”® It has
anticancer activity,” antiviral activity,”’ and anti-multidrug
resistance.”’ For instance, TA treatment could inhibit PI3K/
AKT, a well-known cancer-promoting signal, thereby decreas-
ing the cancer’s proliferative ability.*” In addition, Naus et al.*®
explored the therapeutic effects of TA synergic chemotherapy,
demonstrating that TA can affect the efficacy of chemo-
therapeutics by influencing drug efflux mechanisms. Consid-
ering the multiple cancer-suppressing effects, several nanodrugs
for cancer therapy were designed based on TA.**

Based on this knowledge, a novel composite nanodrug was
designed by loading Fe;O,@ZIF-8 with the chemotherapeutic
agent Sor and modifying it with TA, which is capable of
reducing drug resistance, improving anticancer ability as well as
targeting, and reducing drug resistance. The preparation
processes are depicted in Scheme 1. The composite had a
large specific surface area and good pH responsiveness, a high
drug-loading rate, and a significant release effect in the tumor
microenvironment. Furthermore, Fe;O, provided magnetic
targeting to the composite, which was able to enhance the
accumulation of anticancer drugs at tumor sites under
magnetic conditions. Meanwhile, encapsulating TA on the
surface of Fe;O,@ZIF-8@Sor prevented the early leakage of
Sor and reduced drug resistance. This synthesized nanodrug
could eftectively suppress HCC cells, achieve tumor targeting,
and hamper tumor cell growth to realize the purpose of safe
and effective therapy.

2. METHODS

2.1. Reagents and Instruments. All chemicals used in
this study were analytical pure reagents. Iron(IIl) chloride
hexahydrate (FeCl;-:6H,0, AR, 99%), ethylene glycol
((CH,0H),, AR, 98%), sodium acetate (NaAc, AR, 99%),
trisodium citrate dihydrate (C;HsNazO,, 98%), poly(styrene
sulfonate)sodium salt (PSS), methanol (AR, 99.5%), zinc
nitrate hexahydrate (Zn(NO;),-6H,0, AR, 99%), 2-methyl-
imidazole (98%), ethanol, Sor (99%), and TA (95%) were all
purchased from Shanghai Aladdin Biochemical Technology
Co., Ltd. (China)

2.2. Preparation of Materials. 2.2.1. Preparation of
Fe;0, Nanoparticles. 1.14 g of FeCl;-6H,0 was added to 50
mL of (CH,0OH),, dissolved ultrasonically, and stirred on a
magnetic stirrer for 30 min before adding 2.4 g of NaAc and
0.65 g of C4HsNa;O, and stirring for another 30 min.
Afterward, the mixed solution was transferred to a 100 mL
reactor and placed at 200 °C for 10 h. Following the reaction,
the solution was cooled to room temperature before being
rinsed several times with ethanol until the supernatant was
clear by centrifugation and finally placed into an oven at 60 °C
for 12 h to dry.

2.2.2. Preparation of Fe;0,@ZIF-8. 30 mg of Fe;0,
nanoparticles was added to 30 mL of an aqueous solution
containing 0.3% PSS. They were sonicated for 20 min for
dissolution before being recovered with a magnet and washed
three times with deionized water. Next, samples were
resuspended in 30 mL of methanol solution containing 0.225
g of Zn(NO;),-6H,0 and 0.622 g of 2-methylimidazole and
sonicated for 5 min to homogenize the solution. After the
solution was mechanically stirred at room temperature for 1 h,
samples were washed several times with ethanol and then dried
in an oven at 70 °C for 12 h.

2.2.3. Preparation of Fe;0,@ZIF-8@Sor. 30 mg of Fe;O,
nanoparticles was added to 30 mL of an aqueous solution
containing 0.3% PSS. They were sonicated for 20 min for
dissolution, and the samples were recovered with a magnet and
washed three times with deionized water. Next, samples were
resuspended in 30 mL of methanol solution containing 0.225 g
of Zn(NO;),-6H,0, 0.622 g of 2-methylimidazole, and 0.01 g
of Sor and sonicated for S min to homogenize the solution.
After the solution was mechanically stirred at room temper-
ature for 1 h, samples were washed several times with ethanol
and finally placed in a freezing machine for freeze-drying.
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2.2.4. Preparation of Fe;0,@ZIF-8@Sor@TA. 30 mg of
Fe;O, nanoparticles was added to 30 mL of an aqueous
solution containing 0.3% PSS. They were sonicated for 20 min
for dissolution, and the samples were recovered with a magnet
and washed three times with deionized water. Next, samples
were resuspended in 30 mL of methanol solution containing
0.225 g of Zn(NO;),-6H,0, 0.622 g of 2-methylimidazole, and
0.01 g of Sor and sonicated for 5 min to homogenize the
solution. After being mechanically stirred at room temperature
for 1 h, the solution was added with 10 mg of TA, followed by
4 h of stirring. Finally, samples were washed several times with
ethanol, placed in a freeze dryer, and then set aside.

2.3. Material Characterization. The morphology and
dimensions of materials were characterized using a JEM-2100
electron microscope (JEOL Ltd., Japan) and a transmission
electron microscope (TEM). The various groups of the
materials were characterized using a Nicolet iS50 FTIR
spectrometer (Thermo Fisher Scientific). The crystalline
structures of samples were characterized using an X-ray
diffractometer (ARL XTRA, Switzerland, 20 = 5—80°). The
magnetization properties of the materials were tested using the
7400 Series VSM (Lake Shore Cryotronics, USA). The drug
and material drug loadings were tested using a UV-visible
spectrophotometer (UV—vis, UV-2450, Shimadzu, Japan). The
potential of the material was characterized using a zeta
potential analyzer (NanoBrook Omni, USA).

2.4. Drug Release In Vitro. The release of Sor from
Fe;0,@ZIF-8@Sor@TA was measured by dialysis. 10 mg of
Fe;O,@ZIF-8@Sor@TA was dispersed into 3 mL of PBS
solution, and then the solution was transferred into a dialysis
bag (MWCO = 3.5 kDa). The dialysis bags were immersed in
30 mL of PBS with pH values of 5.0 and 7.5, and 2 mL of PBS
dialysis exudate solution was withdrawn at different time points
while an equal amount of fresh PBS solution was added to the
solution. UV absorbance tests were performed on the extracted
solutions to investigate the relationship between Sor release
and time.

Sorloading = total Sorinput — free Sor (1)

where ‘free Sor’ refers to the amount of free Sor washed off
each time after loading the drug.

Sor loading % 100

encapsulating ratio % = ————
total Sor input (2)

Sor loading % 100

loading ratio % =
(Sor loading + carrier mass)

(3)
2.5. Cell Culture. Human HCC cell lines (HepG2:
BNCC338070 and BEL-7402: BNCC359871) were purchased
from BeNa Culture Collection (China). A human HCC
HepG2/Sor-resistant cell line (BFN6072012699) was pur-
chased from Qingqi (Shanghai) Biology (China). The human
hepatic cell line (LX-2) was purchased from Abiowell (China).
HepG2, HepG2/Sor-resistant, and LX-2 cell lines were seeded
into a high glucose-DMEM (Hyclone) medium containing
10% fetal bovine serum (FBS; Gibco) and 1% double antibody
(Hyclone). BEL-7402 cells were plated into RPMI-1640
(Gibco) medium containing 10% FBS and 1% double antibody
(Hyclone). All cell lines were cultured at 37 °C in a 5% CO,
incubator.
2.5.1. Cytotoxicity Testing of Materials. The CCK-8
method was utilized to detect the cytotoxicity of each material

to different cells. HepG2, BEL-7402, and LX-2 cells in the
logarithmic phase were plated in 96-well plates (1 X 10* cells/
well), respectively, and maintained in the incubator for 24 h.
After the cells grew to about 80%, Fe;O, (50 ug/mL), Fe;0,@
ZIF-8 (50 ug/mL), TA (10 ug/mL), and Sor, Fe;O,@ZIF-8@
Sor, Fe;O,@ZIF-8@Sor@TA, and Fe;O,@ZIF-8@Sor@TA
(magnetic) with Sor concentration at 10 g/mL were added to
96-well plates, respectively. All materials were set up in S
replicate wells, and incubation was continued for 24 h with
PBS as the control group. After incubation, the medium with
the material was aspirated and replaced with an equal amount
of medium containing 10% CCK-8. Incubation was continued
in the incubator for 4 h. The 96-well plates were then removed,
and their OD values at 450 nm were detected using an enzyme
marker (PerkinElmer, USA) to calculate cell viability. The
cytotoxicity of Fe;O,@ZIF-8@Sor@TA and Fe;O,@ZIF-8@
Sor@TA (magnetic) with different Sor concentrations (1, S,
10, 15, and 20 pg/mL) on HepG2 and BEL-7402 cells was
tested using the CCK-8 method with PBS as the control group.
The cell survival rates of Fe;O,@ZIF-8@Sor@TA-treated
HepG2 and BEL-7402 were compared, and the HepG2 cells
that were more sensitive to Fe;O,@ZIF-8@Sor@TA were
selected to continue the experiments.

2.5.2. IC5y Assay of Nanomaterials on Sor Resistance. The
CCK-8 method was utilized in this assay. HepG2/Sor-resistant
cells (1 X 10* cells/well) were seeded in 96-well plates and
cultured for 24 h. Free Sor, Fe;O,@ZIF-8@Sor, Fe;O,@ZIF-
8@Sor@TA, and Fe;O,@ZIF-8@Sor@TA + magnetic-in-
duced materials were added at concentrations of 0, 1, S, 10,
and 20 pg/mL, respectively, and the incubation was continued
for 24 h. The inhibition rate of the material against HepG2/
Sor was determined using the CCK-8 method after the
incubation was completed, and the ICs, value was calculated to
obtain the reversal fold of Sor according to the formula (RI =
ICs, of Sor/ICs, of Fe;O,@ZIF-8@Sor@TA).

2.5.3. Living and Dead Cell Staining as Observed by
Confocal Laser Scanning Microscopy. HepG2 and HepG2/
Sor-resistant cells (1 X 10* cells/well) were seeded in 96-well
plates and cultured overnight in an incubator. Cells were
treated with PBS, Fe;O,@ZIF-8, Fe;O,@ZIF-8@Sor, Fe;O,@
ZIF-8@Sor@TA, and Fe;0,@ZIF-8@Sor@TA (magnetic)
(Sor concentration was 9 yg/mL), respectively, and incubated
for 24 h. After washing with PBS three times, 10 #L of AM and
10 uL of propidium iodide (PI) were added for simultaneous
staining of living and dead cells for 15 min. Photographs were
taken using an inverted fluorescence microscope to observe the
effect of magnetism on cell viability.

2.5.4. Cellular Uptake. Since Sor is an anticancer drug that
does not fluoresce, in order to examine the cellular uptake of
the composite, it was first necessary to construct a composite
material with fluorescent labeling. Fe;O,@ZIF-8@C-6 and
Fe;0,@ZIF-8@C-6@TA with fluorescence were prepared by
replacing Sor with coumarin-6 (C-6). HepG2/Sor-resistant
cells (5§ X 10° cells/well) were plated in 6-well plates and
cultured for 24 h. Free C-6, Fe;O,@ZIF-8@C-6, TA-
pretreated Fe;O,@ZIF-8@C-6, and Fe;O,@ZIF-8@C-6@TA
(the concentration of C-6 was 9 pig/mL) were added with PBS
as the control group, and the incubation was continued for 4 h.
Cells were then rinsed 3 times with PBS and fixed using 4%
paraformaldehyde (stained for 15 min). S uL of rhodamine B-
labeled phalloidin stains (S pug/mL) was added to stain the
cytoskeleton for 40 min, followed by DAPI staining for 15 min.

https://doi.org/10.1021/acsomega.3c04215
ACS Omega 2023, 8, 39174—-39185


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 1. TEM images of each material. (a,b) TEM images of Fe;O,; (c,d) TEM images of Fe;O,@ZIF-8; and (e,f) TEM images of Fe;O,@ZIF-

8@Sor@TA.
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Figure 2. Characterization diagram of each material. (a) FTIR plots of TA, Fe;0,, ZIF-8, Fe;O,@ZIF-8, and Fe;0,@ZIF-8@Sor@TA; (b) XRD
plots of Fe;O,, ZIF-8, and Fe;O,@ZIF-8; (c) magnetic hysteresis loop plots of Fe;O, and Fe;O,@ZIF-8; (d) UV spectra of Sor and Fe;0,@ZIF-
8@Sor@TA; and (e) zeta potential plots of Fe;0,@ZIF-8, Fe;0,@ZIF-8@Sor, and Fe;0,@ZIF-8@Sor@TA.

Finally, cellular uptake was observed using a CLSM (FluoView
FV1000, Olympus).

2.5.5. Cell Apoptosis. HepG2 and HepG2/Sor-resistant
cells (5 x 10° cells/well) were seeded in 6-well plates and
incubated in an incubator for 24 h. The PBS-treated group was
the control. After the cells grew to 80% confluence, free Sor,
Fe;O0,@ZIF-8@Sor, Fe;O,@ZIF-8@Sor@TA, and Fe,O,@
ZIF-8@Sor@TA (magnetic) (the concentration of Sor was 9
ug/mL) were added to the cells, and incubation was continued
for 24 h. After incubation, cells were harvested, washed, and
resuspended. Cells with different treatments were stained using
the Annexin V-FITC/PI double-staining kit (BestBio, China).

39177

The obtained samples were analyzed by flow cytometry (BD
FACSVerse, USA) to evaluate the apoptosis in each group.

2.6. In Vivo Antitumor Study. The tumor-bearing mice
used in this study were Balb/c nude mice (18—20 g) from
Shanghai SLAC (China). 1 mL of HepG2/Sor cell suspension
(1 X 10° cells/mL) was injected into the right axillary subcutis
of nude mice to establish a mouse model for HCC.

2.6.1. In Vivo Antitumor Activity. To evaluate the in vivo
antitumor ability of the composites, the established tumor-
bearing mice were assigned into four groups (n = 5) and were
injected with the same concentration and volume of PBS, free
Sor, Fe;O,@ZIF-8@Sor@TA, and Fe;O,@ZIF-8@Sor@TA

https://doi.org/10.1021/acsomega.3c04215
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(magnetic) (Sor concentration was 9 yug/mL, 0.05 mL) in the
tail vein every 2 days for the whole treatment period of 21
days. During the treatment, the diameter of the mouse tumor
was measured every 2 days, the volume of the tumor was
calculated, and the weight of the mice was recorded. At the end
of the treatment cycle, mice were euthanized, the tumors and
organs (heart, living, spleen, kidneys, and lungs) were excised
and removed, and the tumors were weighed and photographed.
The excised organs and tumors were then fixed using 4%
paraformaldehyde, paraffin-embedded, and histologically sec-
tioned. Hematoxylin—eosin (H&E) staining was done to
observe the histopathology of each tissue section under an
optical microscope (Leica, Wetzlar, Germany).

2.6.2. In Vivo Near-Infrared Fluorescence Imaging. To
examine the distribution of the composite in the organism, the
lipid-soluble fluorescent dye DiR was chosen to replace Sor,
and Fe;0,@ZIF-8@DiR@TA was prepared with the same
preparation method. Mice were assigned into 4 groups (n = S)
and injected with DiR (0.5 mg/kg) and Fe;O,@ZIF-8@DiR@
TA (magnetic) in the tail vein. The fluorescence intensity
(excitation wavelength: 745 nm) was observed at 2, 4, 6, 8, 12,
24, and 48 h after drug injection using the IVIS spectrum in
vivo imaging system. After 48 h of injection, mice were
euthanized, and the tumor tissue and organs (heart, liver,
spleen, lungs, and kidneys) were excised for ex vivo
fluorescence imaging in the same procedures.

3. RESULTS

3.1. Nanomaterial Structure and Characterization.
Fe;O, nanoparticles were prepared by the solvothermal
method, and Fe;O,@ZIF-8 was prepared by mechanical
stirring of Fe;O, nanoparticles with 2-methylimidazole and
Zn(NO;),-6H,0. TEM images of Fe;O, nanoparticles are
shown in Figure la,b. TEM images of Fe;O,@ZIF-8 material
are depicted in Figure 1c,d. As plotted in Figure lab, Fe;O,
nanoparticles were uniformly sized and dispersed, with a size of
about 150 nm. Figure 1c,d illustrates that ZIF-8 was wrapped
on the surface of the Fe;O, core in the form of shells with
uniform dispersion and that the wrapping of the ZIF-8 shell
did not change the overall spherical appearance of Fe;O,,*
indicating that ZIF-8 was successfully wrapped on the surface
of Fe;0, microspheres. TEM images of Fe;O,@ZIF-8@Sor@
TA (Figure lef) revealed that TEM images of Fe;O,@ZIF-8@
Sor@TA and Fe;O,@ZIF-8 were similar in morphology, and
the addition of Sor and modification of TA did not change the
morphology of Fe;O,@ZIF-8 material.

The FTIR characterization was performed to discuss the
situation of the groups on Fe;O,, Fe;O,@ZIF-8, and Fe;0,@
ZIF-8@Sor@TA materials. The characterization results are
presented in Figure 2a. For Fe;O, nanoparticles, the peaks at
1385 and 1607 cm™' were caused by carboxyl (—COOH)
vibrations, while the characteristic peak of the stretching
vibration of Fe;O, particles (Fe—O) appeared at a wavelength
of 582 cm™.*® The peaks at the 500—1350 and 1350—1500
cm™! ranges in the ZIF-8 spectrogram were caused by the
planar bending and stretching of the imidazole ring. Mean-
while, the peaks at 2500—3500 cm™! mainly originated from
the stretching vibrations of groups such as —NH and —OH.
The stretching vibrations at 1582 and 1667 cm™" corresponded
to —C=N and —NH, respectively, while the peak at 419 cm™’
was caused by the vibration of the Zn—N group.”” In addition,
the Fe;O,@ZIF-8 spectrogram was similar to the ZIF-8
spectrogram, with the only difference being that the character-

istic peak of Fe;O, (Fe—O) appears at 582 cm™ in the

Fe;0,@ZIF-8 spectrogram,’” which proved that Fe;O,@ZIF-8
was synthesized successfully. FTIR characterization of TA and
the final product Fe;O,@ZIF-8@Sor@TA was also performed
after loading Sor and modifying TA. As revealed by IR maps of
both materials, peaks at 1200 cm™! mainly originated from the
(—OH) bending vibrations on TA, whereas peaks appearing at
3000—3500 cm™' were due to the TA (—OH) stretching
vibrations.”® The characteristic (C=0) peak of TA was also
observed at 1710 ecm™.*’ In summary, TA was successfully
modified to a Fe;O,@ZIF-8 surface.

The crystalline structures of Fe;O,, ZIF-8, and Fe;O0,@ZIF-
8 were shown in the X-ray diffraction (XRD) patterns (Figure
2b). The characteristic peaks of Fe;O, and ZIF-8 could be
found in the XRD patterns of Fe;O,@ZIF-8, specifically, ZIF-8
and Fe;O,@ZIF-8 at 20 = 7.4, 10.3, 12.9, and 18.0° for ZIF-8
corresponding to (011), (002), (112), and (222) crystal
planes.’”*® The peaks of Fe;0,@ZIF-8 at 35.1°(311),
43.2°(400), 56.7°(511), and 62.5°(440) were compatible
with the standard card of Fe;O,, and there were no other
spurious peaks on the XRD pattern of Fe;O, with good crystal
form. These results proved the successful synthesis of Fe;O,@
ZIF-8.

The results of the magnetic hysteresis loop of samples
measured by VSM are presented in Figure 2c. The magnetic
saturation (MS) values of Fe;O, and Fe;O,@ZIF-8 particles
were 58.44 and 14.87 emu/g, respectively. High MS values
implied that Fe;O, had a strong magnetic response, in contrast,
the MS values of Fe;O,@ZIF-8 were lower than those of
Fe;0,, owing to the encapsulation of the ZIF-8 shell. Fe;O,@
ZIF-8 particles were highly dispersed in aqueous solutions and
can react quickly in an externally strong magnetic field.

To determine the Sor loading, UV spectrophotometric
analysis was conducted on Sor and Fe;O,@ZIF-8@Sor@TA.
As depicted in Figure 2d, the Sor UV spectrum had a
maximum absorption peak at 265 nm.*® Similarly, the Fe;0,@
ZIF-8@Sor@TA UV spectrum also showed a maximum
absorption peak around 265 nm, indicating that Sor had
been successfully wrapped to Fe;O,@ZIF-8. The results of zeta
potential tests on Fe;O,@ZIF-8, Fe;O,@ZIF-8@Sor, and
Fe;O,@ZIF-8@Sor@TA are presented in Figure 2e. Zeta
potentials of Fe;O,@ZIF-8, Fe;O,@ZIF-8@Sor, and Fe;O,@
ZIF-8@Sor@TA at pH = § were 11.9, 10.7, and —15.87 mV,
respectively. Zeta potentials of Fe;O,@ZIF-8, Fe;O,@ZIF-8@
Sor, and Fe;O,@ZIF-8@Sor@TA at pH = 7.4 were 5.6, 4.63,
and —24.3 mV, respectively. The positive charge originally
carried by the material changed to a ne§ative charge, indicating
that TA was modified to the material.”"

3.2. In Vitro Drug Release. We explored the drug release
behavior of Fe;O,@ZIF-8@Sor@TA nanomaterials in a
normal in vivo environment and a tumor microenvironment
by changing the pH value of PBS. The amount of material
prepared in this experiment was about 50 mg, and the final
loading amount of Sor was about 4 mg. The encapsulating
ratio was about 40%, and the loading ratio was about 7.4%. A
50 mL (1 mg/mL) solution of Fe;O,@ZIF-8@Sor@TA
nanomaterials was prepared for drug release experiments.
Figure 3 shows the Sor release rate of Fe;O,@ZIF-8@Sor@TA
nanomaterial over time at pH = 5 and pH = 7.4. The release
rate of Sor reached 38.2% at pH = 5 and h = 72 h, while at pH
= 7.4 and h = 72 h, the release rate of Sor was only 9.54%. The
main reason was that ZIF-8 in nanomaterials was pH-
responsive, and under acidic conditions, ZIF-8 disintegrated
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Figure 3. Plot of the Sor release rate of Fe;O,@ZIF-8@Sor@TA at
different pH values (5 and 7.4).

and thus released the encapsulated Sor. While under weak
alkaline conditions, ZIF-8 did not disintegrate, and the released
Sor was limited. Hence, Sor could be fully released in the
tumor microenvironment to achieve a tumor treatment effect.

3.3. Cytotoxicity of Nanocomposites. The toxic effect of
nanodrugs on cells was an important indicator to evaluate their
safety and efficacy. Figure 4a—c presents the cytotoxicity of
different nanomaterials for different cells tested using the
CCK-8 method. First, Figure 4a illustrates that the prepared
Fe;0,, Fe;O,@ZIF-8, and TA were biocompatible, with cell
survival rates of more than 90% in HepG2, BEL-7402, and LX-
2 (50 pg/mL). When the same concentrations of Sor, Fe;0,@
ZIF-8@Sor, Fe ;O,@ZIF-8@Sor@TA, and Fe;O,@ZIF-8@
Sor@TA (magnetic) were added to the above cells for 24 h

of incubation, HepG2 and BEL-7402 cells were damaged to
different degrees, and the cell survival rate was the highest for
Sor and the lowest for Fe;O,@ZIF-8@Sor@TA (magnetic),
indicating that Fe;O,@ZIF-8@Sor@TA had the strongest
ability to kill tumors when magnetic targeting and chemo-
therapy acted synergistically. In contrast, the survival rate of
LX-2 cells remained above 90%, indicating that the TA
encapsulation somewhat improved their biocompatibility.
Besides, its lower cytotoxicity to normal cells may also be
caused by the fact that ZIF-8 responded to the tumor
microenvironment and was stable when neutral or basic. To
further investigate the suppressive effect of Fe;O,@ZIF-8@
Sor@TA on HCC cells, we set up a series of concentration
gradients to examine the killing effect of different concen-
trations of Fe;O,@ZIF-8@Sor@TA on HepG2 and BEL-7402
cells under magnetic and non-magnetic conditions. The results
are depicted in Figure 4b,c. Cell survival rates of HepG2 and
BEL-7402 were negatively correlated with the concentration of
Fe;O,@ZIF-8@Sor@TA, with a higher concentration indicat-
ing a lower cell survival rate. The affinity of Fe;O,@ZIF-8@
Sor@TA for HepG2 cells was higher than that of BEL-7402
cells. When the Sor concentration in materials was 15 pg/mL,
the survival rates of Fe;O,@ZIF-8@Sor@TA and Fe;O,@ZIF-
8@Sor@TA (magnetic) in HepG2 cells were about 19 and
16%, respectively. The change in cell survival rate became
insignificant when the material concentration continued to
increase.

3.4. Effect of Materials on Sor Resistance in HCC.
Since Fe;0,@ZIF-8@Sor@TA showed the highest killing
effect on HepG2 cells, HepG2 cells were selected for the
following experiment. During HCC chemotherapy, the
acquired drug resistance was one of the main reasons for
poor efficacy, tumor recurrence, and treatment failure. The
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Figure 4. Cytotoxicity and cell survival tests of different materials on different cells. (a) Effect of Fe;0,, Fe;O,@ZIF-8, TA, Sor, Fe;0,@ZIF-8@
Sor, Fe;0,@ZIF-8@Sor@TA, and Fe;0,@ZIF-8@Sor@TA (magnetic) on cell survival of HepG2, BEL-7402, and LX-2; (b) effect of Fe;O,@ZIF-
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Sor cell survival; and (e) fluorescence images of calcein AM (green)/PI (red) co-stained cells.
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modification of TA in the Fe;O,@ZIF-8@Sor@TA synthe-
sized in this experiment had the opportunity to reverse the
drug resistance phenomenon. Figure 4d presents that when
different materials were added to HepG2/Sor cells, they were
damaged to some extent. The cell survival rate was the lowest
in the Fe;O,@ZIF-8@Sor@TA (magnetic) group. After
calculation, the ICy, values of Sor, Fe;O,@ZIF-8@Sor,
Fe;0,@ZIF-8@Sor@TA, and Fe;O,@ZIF-8@Sor@TA (mag-
netic) were about 14, 10, 7, and S, respectively. The reversal
folds of Fe;O,@ZIF-8@Sor@TA and Fe;O,@ZIF-8@Sor@
TA (magnetic) were close to 2 and 3 times, respectively,
indicating that the prepared Fe;O,@ZIF-8@Sor@TA could
reduce Sor resistance and could treat HepG2/Sor-resistant
cells well under the induction of magnetism.

3.5. Killing Ability of Nanomaterials as Observed by
Fluorescence Imaging. To observe the effect of materials on
cell viability more clearly, living and dead cells were stained
using AM and PI and imaged using inverted fluorescence
microscopy. As plotted in Figure 4e, when Fe;O,@ZIF-8 was
co-cultured with HepG2 or HepG2/Sor cells, almost no red
fluorescence (dead cells) was observed, indicating that
Fe;O,@ZIF-8 itself did not affect cell viability. When
Fe;0,@ZIF-8@Sor was added, the green fluorescence (living
cells) of HepG2/Sor was stronger than that of HepG2 cells,
indicating that the drug resistance of HepG2/Sor cells
repressed the efficacy of Fe;O,@ZIF-8@Sor. Only a few living
cells could be observed in both cells after the addition of
Fe;O,@ZIF-8@Sor@TA, while after the addition of magnetic
treatment, almost no living cells were observed in both cells,
indicating that Fe;O,@ZIF-8@Sor@TA had the strongest
therapeutic effect on HepG2 and HepG2-resistant cells when
the composite was combined with magnetism.

3.6. Cellular Uptake Analysis. Cellular uptake of the drug
was one of the indicators used to evaluate its bioavailability in
the nanodrug delivery system. Since Fe;O,@ZIF-8@Sor@TA
did not have fluorescent properties and could not be used to
trace nanomaterials, we synthesized Fe;O,@ZIF-8@C-6@TA
by using C-6 instead of Sor. Figure S presents the confocal
laser scanning plots of HepG2/Sor cells co-incubated with free
C-6, Fe;O,@ZIF-8@C-6, or Fe;O,@ZIF-8@C-6@TA for 4 h.
Phalloidin could be used to stain the cytoplasm and DAPI
could be used to stain the nucleus. Besides, C-6 could fluoresce
green at 488 nm. Thus, HepG2/Sor cellular uptake of the
material could be probed by fluorescence. The green
fluorescence by C-6 was barely observed in cells in the free
C-6 group and Fe;0,@ZIF-8@C-6, indicating that HepG2/
Sor was ineffective for uptake. When HepG2/Sor was
pretreated using TA and then co-incubated with Fe;O,@
ZIF-8@C-6, intracellular C-6 fluorescence was significantly
enhanced, indicating that TA intervention increased the uptake
of the material by drug-resistant cells. Co-incubation of
Fe,;0,@ZIF-8@C-6@TA with HepG2/Sor revealed the most
significant cellular uptake, indicating that delivery of Sor with
Fe;O,@ZIF-8 as the drug carrier and modification of TA could
effectively improve cellular uptake of Sor and hopefully
increase the intra-tumor drug concentration and therapeutic
effect.

3.7. Apoptosis Analysis. To investigate the induction of
apoptosis of HepG2 and HepG2/Sor cells by Fe;O,@ZIF-8@
Sor@TA composites, cell apoptosis with different materials
was assayed using flow cytometry, and the results are presented
in Figure 6. There was no significant apoptosis in the control
group (PBS), and the apoptosis rate of HepG2 was slightly

Phalloidin DAPI

Merge

Free C-6

Fe;04@

TA/Fe304
ZIF-8@C-6@TA @ZIF-83@C-6 ZIF-8@C-6

Fe;04@

Q
)

Figure S. Confocal laser scanning plots of HepG2/Sor cells co-
incubated with free C-6, Fe;O,@ZIF-8@C-6, and Fe;O,@ZIF-8@C-
6@TA for 4 h (cytoskeleton and nucleus stained with phalloidin (red)
and DAPI (blue), respectively).

higher than that of HepG2/Sor with free Sor treatment,
indicating that the treatment became less effective when
HepG2 cells were resistant to Sor. When Fe;O,@ZIF-8@Sor
was added, the difference between the apoptosis rates of
HepG2 and HepG2/Sor further increased, indicating that their
therapeutic effect on drug-resistant cells was similarly low. The
apoptosis rates of HepG2 and HepG2/Sor were further
increased when the material continued to be modified with
TA, which confirmed that TA modification could improve the
therapeutic effect of the material on drug-resistant tumors.
HepG2 and HepG2/Sor apoptosis rates were the highest when
Fe;0,@ZIF-8@Sor@TA materials were magnetically induced,
indicating that magnetic induction drove HepG2 and HepG2/
Sor apoptosis.

3.8. In Vivo Antitumor Assessment and NIR Fluo-
rescence Imaging Assay. To evaluate the antitumor activity
of composite nanomaterials in vivo, we divided materials into
PBS, free Sor, Fe;O,@ZIF-8@Sor@TA, and Fe;O,@ZIF-8@
Sor@TA (magnetic), which were given to HepG2/Sor mice
for 21 days. Figure 7a presents a change in mice’s weight
during different treatments. There was little change of weight
when mice were given PBS, Fe;O,@ZIF-8@Sor@TA, and
Fe;O,@ZIF-8@Sor@TA (magnetic) treatment, while there
was a significant weight loss in mice given free Sor. The above
phenomenon illustrated that the prepared Fe;O,@ZIF-8@
Sor@TA nanomaterials were biocompatible and safe and could
effectively avoid the side effects of Sor on mice. Tumor
volumes of mice were calculated by measuring the long and
short diameters of the tumors during treatment. The results, as
shown in Figure 7b, presented that the tumors of mice in the
PBS group grew at the fastest rate, indicating that the tumors
had significant proliferative potential in the absence of drug
intervention. The tumor volume of mice treated with the drug
showed a decrease. The tumor volume of mice in the Fe;O,@
ZIF-8@Sor@TA (magnetic) group decreased the most
significantly compared to the free Sor, Fe;O,@ZIF-8@Sor@
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Sor; c-Fe;0,@ZIF-8@Sor@TA; and d-Fe;0,@ZIF-8@Sor@TA (magnetic)); (d) plots of changes in isolated tumor weights with different
treatments (n = S, *p < 0.05, **p < 0.01); and (e) H&E staining images of organs and tumor sections of mice treated with PBS, Sor, Fe;O,@ZIF-

8@Sor@TA, and Fe;0,@ZIF-8@Sor@TA (magnetic).

TA, and Fe;0,@ZIF-8@Sor@TA (magnetic) groups, indicat-
ing the best cancer-repressive effect. This was a benefit of the
magnetic targeting ability of Fe;O,@ZIF-8@Sor@TA. With a
magnetic field, the material could actively target mouse tumor-
bearing sites, prolong the circulation time of the drug in vivo,
and respond to the tumor microenvironment, thus improving
the bioavailability of Sor. To visualize the tumor size of mice in
different treatment groups, mice were euthanized after 21 days
of treatment, and tumors were excised and photographed
(Figure 7c). The change in tumor size corresponded to the
change in tumor volume, and all three groups showed tumor
suppressive ability, among which Fe;0,@ZIF-8@Sor@TA
(magnetic) had the strongest tumor suppressive potential.
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Figure 7d depicts plots of variation of tumor mass by weighing
the isolated tumors. The average masses of tumors in groups of
PBS, free Sor, Fe;O,@ZIF-8@Sor@TA, and Fe;O,@ZIF-8@
Sor@TA (magnetic) were 1.25, 0.95, 0.63, and 0.27 g
respectively. These data illustrated the therapeutic potential
of Fe;O,@ZIF-8@Sor@TA. After the mice were euthanized,
the organs (heart, liver, spleen, lungs, and kidneys) and the
tumor sites in the four groups were excised, fixed with 4%
paraformaldehyde, embedded, sectioned, and stained with
H&E for histopathological analysis. As presented in Figure 7e,
organ sections of mice in the Sor group were damaged to
varying degrees, implicating that free Sor treatment may cause
unnecessary damage to the organs of mice. The morphological
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Figure 8. In vivo NIR fluorescence imaging. (a) In vivo fluorescence imaging within 48 h after injection with free DiR and Fe;0,@ZIF-8@DiR@
TA (magnetic) and (b) ex vivo fluorescence imaging of tumors and organs after 48 h of injection with free DiR and Fe;0,@ZIF-8@DiR@TA

(magnetic).

changes of the heart, liver, spleen, lung, and kidney sections of
mice with the treatment of PBS, Fe;O,@ZIF-8@Sor@TA, and
Fe;O,@ZIF-8@Sor@TA (magnetic) were not significantly
damaged, indicating the superior biocompatibility and safety of
the prepared Fe;O,@ZIF-8@Sor@TA, which could reduce the
side effects on normal organs. Regarding tumor site sections,
tumor cells in the PBS group showed a dense and regular
distribution, while the other three groups presented different
degrees of nuclei envelope wrinkling, indicating that the tumor
tissue was damaged. By comparing the degree of damage with
treatments of Sor, Fe;O,@ZIF-8@Sor@TA, and Fe;O,@ZIF-
8@Sor@TA (magnetic), it could be seen that the lysis of cell
nuclei was more significant in tumor sites of mice treated with
Fe,0,@ZIF-8@Sor@TA (magnetic), which likewise con-
firmed the good antitumor activity of this composite.

To investigate the targeting and metabolic abilities of the
injected Fe;O,@ZIF-8@Sor@TA in vivo, free DiR and
Fe;0,@ZIF-8@DiR@TA with magnetical induction after
tumor formation in mice and autoluminescence imaging was
observed using BLI of the IVIS system at different times,
respectively. As presented in Figure 8a, after the injection of
Fe;0,@ZIF-8@DiR@TA for 2 h, the fluorescence signal of
DiR was distributed throughout the mice. Still, the
fluorescence of the tumor site was not much different from
that of other sites. The fluorescence intensity of the tumor site
increased gradually with the extension of the detection time,
indicating the continuous accumulation of Fe;O,@ZIF-8@
DiR@TA in the tumor site. At 12 h after injection, strong
fluorescence was observed at the tumor site, while the
fluorescence of the surrounding tissues gradually decreased.
Finally, the strongest signal was seen in the tumor tissue at 48
h. In contrast, when the mice were injected with free DiR, a

little fluorescent signal of DiR was observed at the tumor site
regardless of the injection time. After 48 h of drug injection,
mice were euthanized, and the tumors and organs were excised
for ex vivo fluorescence imaging. As shown by the results of
Figure 8b, the mice injected with Fe;O,@ZIF-8@DiR@TA
(magnetic) had the strongest fluorescence signal intensity in
the tumor tissue. In both groups of mice, the fluorescence
intensity was stronger in the liver and spleen because the
nanoparticles were metabolized mainly through the liver and
spleen. In vivo NIR fluorescence imaging results illustrated that
the synthesized nanoparticles were able to increase the
accumulation and concentration of drugs at the tumor site,
thus enhancing the therapeutic effect and bioavailability of
drugs. Besides, Fe;O,@ZIF-8@Sor@TA was able to reduce
the side effects on normal tissues and the damage to the
organism.

4. DISCUSSION

HCC is a fatal malignancy that often exhibits poor treatment
outcomes due to its advanced stage at the time of diagnosis.*”
At present, clinical treatment of HCC mainly includes surgery,
chemotherapy, radiotherapy, targeted therapy, and immuno-
therapy.” =" Among them, post-surgical chemotherapy is the
most predominant one for HCC, with a wide variety of
chemotherapeutic agents such as cisplatin, S-fluorouracil, Sor,
and lenvatinib.**™*" Despite chemotherapeutic drugs having
therapeutic effects in a short period of time, prolonged
administration produces drug resistance, leading to reduced
therapeutic effects.*” In other words, cytokine confusion and
drug resistance generated after chemotherapy are the main
factors that hinder the recovery of patients with advanced
HCC. Therefore, exploring ways to counteract drug resistance
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in clinical practice is an avenue to think about addressing
chemotherapy failure. Nanomaterials have also been used in
the pharmaceutical field in recent years due to their low
toxicity, degradability, and high drug-loading capacity. Zhang
et al.>” synthesized a bifunctional liposome (Gal-P123-LPG)
capable of targeting galactosyl and repressing P-glycoprotein
(P-gp) and loaded with mitoxantrone. Their experimental
results demonstrated that the composite is highly inhibitory
against HCC in vivo and in vitro, can actively target tumor
sites, and improves drug resistance by reducing P-gp. Zhang et
al>' developed a hollow polydopamine composite nanodrug
loaded with an inhibitor of the PI3K/mTOR signaling pathway
(PKI-587) and the chemotherapeutic drug oxaliplatin, which
has both a high drug-loading capacity and the ability to repair
DNA damage and enhance apoptosis by regulating upstream
and downstream genes. In this experiment, we designed a TA-
coated Fe;O,@ZIF-8@Sor. In this system, many gallic acyl
groups in the TA structure can interact with the regulatory
region of P-gp and repress the function of P-gp by affecting
ATPase activity,”” which can effectively reverse drug resistance.
Fe;O,@ZIF-8 is a nanoparticle with superparamagnetic
properties and a large specific surface area that can be used
to deliver drugs to the corresponding sites via magnetic
targeting.53

In the scope of this study, we devised a multifunctional
antitumor nanodrug by creating a complex involving Fe;O0,@
ZIE-8-Sor, which was further encapsulated with TA. Numerous
analogous investigations have focused on developing nanoma-
terial-based drug carriers to augment controlled drug release
capabilities.”* Similarly, in our research, the ZIF-8-based
architecture demonstrated the ability to enhance the rate of
drug release within an acidic environment, aligning with the
existing body of work aiming for improved drug delivery
systems. Concurrently, the utilization of external stimuli,
including magnetic fields, X-rays, ultrasound, and gas
activation, to augment the potential of chemodynamic therapy
has emerged as a prominent modality for enhancing the
efficacy of nanomaterial-based pharmaceuticals.”®> Motivated
by this evolving paradigm, we also employed magnetic
augmentation to potentiate the therapeutic efficiency of our
drug, thereby contributing to the advancement of this field.
The experimental results presented that the synthesized
Fe;O,@ZIF-8@Sor@TA nanospheres were around 150 nm
in size and uniformly dispersed. The presence of Sor and TA
was also demonstrated by FTIR, XRD, and UV character-
ization. Compared to the Fe;O, encapsulation ratio prepared
by the conventional method (15.2%),° the encapsulation ratio
of our prepared Fe;O,@ZIF-8 on Sor was 40%, indicating that
the complexation of ZIF-8 with Fe;O, was able to improve the
drug-loading rate. Continuing the in vitro cellular experiments
on the materials, we found that our prepared Fe;O,@ZIF-8@
Sor@TA was biocompatible with normal cells in general and
suppressed two kinds of HCC cells with a higher affinity for
HepG2. The material we prepared addresses the shortcomings
of conventional Sor drugs in terms of their toxic effects on
normal tissues. Lachaier et al.’’ manifested that Sor induces
ferroptosis in patients to a large extent. When the material
acted simultaneously with HepG2/Sor-resistant cells, it also
showed superior antidrug resistance. This is promising to solve
the challenge of tumor chemotherapy failure due to the
development of drug resistance in tumors, as previously
studied.®® In vivo, antitumor experiments of the material
revealed that its damage to other organs under magnetically

induced conditions was minimal, probably due to the good
magnetic targeting of Fe;O,@ZIF-8. Conventional nanoma-
terials are mostly modified with targeting aptamers,” targeting
drugs,” or targeting carriers’’ when applied to tumor site
targeting delivery, but such approaches are limited in
cumbersome preparation methods and unstable materials.
The material we generated could localize the tumor site using
magnetic induction and was easy to prepare and well-targeted,
making it an easy-to-use material with good therapeutic effects.
H&E staining and in vivo NIR fluorescence imaging of mouse
tumor tissues and organ sections illustrated its fewer toxic
effects on normal tissues and stronger cumulative effects at
tumor sites in living organisms. In summary, the Fe;O,@ZIF-
8@Sor@TA nanocomposite drug had great advantages in
targeting therapy, reducing Sor resistance, and improving the
therapeutic effect on HCC, with promising clinical application.

5. CONCLUSIONS

We reported a multifunctional Fe;O,@ZIF-8@Sor@TA nano-
composite drug, which could solve the shortcomings of
insufficient targeting and the generation of Sor resistance.
The presence of Fe;O, in Fe;O,@ZIF-8@Sor@TA enabled
the material to actively target the tumor site under the
induction of a magnetic field. The pH responsiveness of ZIF-8
helped the material rapidly release Sor to improve the
therapeutic effect in the tumor microenvironment. Finally,
TA could modulate the ability of ATPase to hinder P-gp
function and reverse the development of drug resistance.
Through in vivo and in vitro experiments, we could conclude
that Fe;O,@ZIF-8@Sor@TA could effectively target tumor
tissues and release Sor, reversing the Sor-resistant effect already
developed by HepG2 cells and killing tumors. While our study
extensively examined the efficacy of our nanodrug from various
perspectives, certain limitations persist. Notably, we lack direct
cellular or in-tissue observations of the magnetic effects on
nanodrug efficacy. While numerous assays supported the
positive impact of magnetic treatment through analyses of cell
function and tumorigenesis in mouse models, we did not
ascertain whether the magnetic treatment could effectively
enhance the rate of drug uptake. Hence, this simple and low-
cost composite nanodrug has a promising application in the
field of cancer therapy and generates a novel insight into
clinical treatment.
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