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Background: As a broad-spectrum antitumorigenic agent, doxorubicin (DOX) is commonly used as a chemotherapeutic drug for
treating osteosarcoma (OS). Still, it is associated with significant cell toxicity and ineffective drug delivery, whereas the zeolite
imidazolate framework is extensively applied in the biomedical field as a carrier owing to its favorable biocompatibility, high porosity,
and pH-responsiveness. Therefore, we need to develop a drug delivery platform that can effectively increase the antitumorigenic effect
of the loaded drug and concurrently minimize drug toxicity.

Methods: In this study, a Fe;04@ZIF-8 nanocomposite carrier was prepared with ZIF-8 as the shell and encapsulated with Fe304 by
loading DOX to form DOX- Fe;O4,@ZIF-8 (DFZ) drug-loaded magnetic nanoparticles. Then, we characterized and analyzed the
morphology, particle size, and characteristics of Fe;O4@ZIF-8 and DFZ by TEM, SEM, and Malvern. Moreover, we examined the
inhibitory effects of DFZ in vitro and in vivo. Meanwhile, we established a tumor-bearing mouse model, evaluating its tumor-targeting
by external magnetic field guidance.

Results: DFZ nanoparticles possessed have a size of ~110 nm, with an encapsulation rate of 21% and pH responsiveness. DFZ exerted
a superior cytostatic effect and apoptosis rate on K7M2 cells in vitro compared to DOX(p<0.01). In animal experiments, DFZ offers up
to 67% tumor inhibition and has shown a superior ability to induce apoptosis than DOX alone in TUNEL results(p<0.01). Tumor-
targeting experiments have validated that DFZ can be effectively accumulated in the tumor tissue and enhance anticancer performance.
Conclusion: In summary, the DFZ nano-delivery system exhibited a more substantial anti-tumorigenic effect as well as superior
active tumor targeting of DOX- Fe;O4@ZIF-8 compared to that of DOX alone in terms of biocompatibility, drug loading capacity, pH-
responsiveness, tumor-targeting, and anti-tumorigenic effect, indicating its chemotherapeutic application potential.
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Introduction

As is well documented, osteosarcoma, also referred to as osteogenic sarcoma, is the most prevalent native bone cancer
in children and adolescents,"? with localized pain and swelling as chief symptoms. Its primary clinical treatment is
divided into three parts: preoperative neoadjuvant chemotherapy, surgical treatment, and postoperative
chemotherapy.®* Current chemotherapy modalities for osteosarcoma are predominantly Adriamycin-based
regimens,” generally used in conjunction with methotrexate in neoadjuvant therapy, cisplatin, and postoperative
adjuvant chemotherapy for the preoperative control of the primary focus,®’ thereby elevating the success rate of
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surgery and eliminating residual tumor cells postoperatively to mitigate the risk of metastasis. These chemotherapeutic
agents are typically accompanied by side effects such as gastrointestinal reactions, hepatic impairment, cardiotoxicity,
and bone marrow suppression.® In addition to the development of resistance to chemotherapeutic agents,' numerous
acute and chronic side effects develop due to high doses of chemotherapy drugs and the high frequency of doses.
Therefore, there is an urgent need to identify novel therapeutic strategies to improve chemotherapy outcomes in
osteosarcoma patients and prolong their life expectancy. At present, nanocarriers provide a suitable platform for drug
delivery, and their development has overcome the limitations of free therapies, drugs can cross systemic, microenvir-
onmental, and cellular biological barriers.’ Interestingly, multiple nanomaterials can serve as drug carriers, such as

10,11 exosomes,12 liposomes,13 and molecular sieves;14 those nanocarriers often have favorable biocompat-

nanogels,
ibility and degradability and extend blood circulation time and consequently increase drug concentration in the blood
owing to the high permeability and retention of tumor tissues. They also target selected tumor tissue receptors for

: 15-1
precise treatment, 17

whilst nanocarrier particles lower the frequency and dose of drugs and enhance the effect of the
loaded drug through the effects mentioned above.

Among these materials, metal-organic frameworks (MOFs) are an emerging class of heterogeneous porous materials
comprising metal ions or metal clusters bridged by organic ligands, possessing high porosity, tunable size, high loading,

thermal stability, good biodegradability, and biocompatibility,'®'°

which naturally are widely used in the biomedical
field.?>?* Zeolitic Imidazole Frameworks (ZIFs), ZIF-8, among the MOFs, is frequently used as a carrier for drug
delivery with negligible cytotoxicity and pH sensitivity.”* 2® For example, intelligent nanoprobes consisting of lantha-
nide-doped nanoparticle (LTNP) cores and ZIF-8 are used for tumor drug resistance assessment.”’ Biomimetic ZIF-8
nano-systems with the ability to alleviate tumor hypoxia for enhanced chemical-photothermal synergistic antitumor. The
DOX/BSA pH-responsive drug delivery system was constructed using ZIF-8 as a shell to encapsulate bovine serum
albumin (BSA).*®

In this paper, a more straightforward and greener fabrication method was used to synthesize Fe304, after which
2-methylimidazole and zinc (molar ratio 8:1) nitrate were mixed to synthesize ZIF-8 by linking divalent metal cations to
imidazole acid anions on a tetrahedral framework to form coordination bonds as Fe;0,4 nanoparticle coatings to construct
Fe;04@ZIF-8 nanocarrier complexes eventually.*® Overall, the Fe;0,@ZIF-8 nanocarrier has been consistently utilized
as a purification material to treat hazardous substances in wastewater or chemical waste streams.*'>* At the same time,
other studies reported that the pH sensitivity of Fe;O4@ZIF-8 was used to carry norfloxacin to construct pH-responsive
nanocarriers.”>>> Sustained release microspheres of ropivacaine encapsulated in zeolite imidazole framework-8
(RVC@ZIF-8) have been synthesized for use in analgesic therapy.”® It can be seen that Fe;O4@ZIF-8 composite
nanomaterials possess both the desirable properties of MOF materials and the magnetic guidance of Fe304 nanoparticles,
conferring Fe;0,@ZIF-8 carriers with magnetic targeting and magnetic separation properties®’*® In this direction, due to

2639 of the tumor microenvironment,***' ZIF-8 has been

the unique structure of ZIF-8 and the reactive characteristics
used as a carrier for loading chemotherapeutic agents for cancer treatment.*>*® Thus, we took this as a starting point to
construct a magnetic nano-drug delivery system.

Herein, DFZ drug-loaded nanoparticles were prepared for the treatment of OS with DOX and Fe;O4@ZIF-8
nanocarriers, and their morphology, particle size, and composition were analyzed via TEM, SEM, XRD, and FR-IT.
Additionally, their encapsulation rate, drug loading rate, and release characteristics were determined. In vitro cytotoxicity
and cellular uptake, assays of Fe304@ZIF-8 were performed using K7M2 tumor cells to assess their biocompatibility.
Cell counting kit 8, inverted fluorescence microscopy, and flow cytometry assays were also used to compare the
cytotoxicity and drug uptake of free DOX and DFZ on osteosarcoma cell lines. Finally, an animal tumor model was
established, and the tumor-targeting aggregation of DFZ, as well as a more substantial in vivo anti-tumorigenic effect
compared to the chemotherapeutic agent alone, were demonstrated by the action of an applied magnetic field. Therefore,
the study of this nano drug delivery platform with active targeting has broadened the approach for the treatment of

osteosarcoma.
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Materials and Methods

Materials and Reagents

All the cell-culture medium (DMEM), FBS, double antibodies (Penicillin-streptomycin solution), and phosphate-buffered
saline (PBS) were bought from Qingdao Haosail Technology Co., Ltd, China. Zinc nitrate hexahydrate (Zn
(NO3),-6H,0,99%) and 2-methylimidazole (C4H¢N,,98%) were obtained from Aladdin Reagent Company (Shanghai,
China). DAPI, Hoechst3334, Cell Counting Kit-8 (CCK-8), and Annexin V-FITC/PI Apoptosis Detection Kit were
purchased from Beijing Solarbio Science and Technology Co., Ltd, China. TUNEL Kit was purchased from Sigma-
Aldrich (St. Louis, MO, USA). All other chemical reagents in the study were confirmed as analytical grade.

Fabrication of Fe30O4@ZIF-8 and DOX-Fe304@ZIF-8

According to the literature, Fe;0,@ZIF-8 was synthesized using an optimized method reported in a previous study.*’
Briefly, 114 g of FeCl3-6H,0 and 2.4 g of sodium acetate with 0.65 g of sodium citrate were dissolved in a mixed
solution of 37.5 mL of diethylene glycol and 12.5 mL of ethylene glycol, and the solution was magnetically stirred at
room temperature for 2 h to become an orange-red transparent solution. Then, the solution was transferred to a Teflon-
sealed autoclave heated at 200 °C for 10 h and cooled naturally to room temperature. The Fe304 nanoparticles were
separated by a magnet and then washed with ethanol, followed by vacuum drying at 60°C for 24 h. The synthesis of
Fe;04@ZIF-8 was based on the conditions reported in the literature and optimized in steps.*® In brief,50 mg of iron
oxide nanoparticles was added to 100 mL of methanol solution, and the resulting mixture was sonicated for 30 min.
Then, 4.1 g of 2-methylimidazole was dissolved in 50 mL of methanol, which was subsequently slowly poured into the
above solution, followed by sonication for 15 min. Next, 1.86 g of zinc nitrate was added to 50 mL of methanol solution
and mixed with the above solution, which was thereupon placed in a dry blast box at 25 °C. The solution was stirred at 5
min intervals until homogeneous and then left to react for 1 h. The solid precipitate was acquired by magnetic separation,
washed with methanol, magnetically separated three times to remove excess ZIF-8, and finally centrifuged to obtain
Fe304@ZIF-8 nanoparticles. Finally, the resulting substance was vacuum-dried for 24 h at 60 °C and stored for the
ensuing experiments.

Characterization of FesO4@ZIF-8 and DOX- Fe;O,@ZIF-8

The morphology and structure of Fe;O4@ZIF-8 and DOX- Fe304@ZIF-8 were observed by transmission electron
microscopy (TEM, OLYMPUS, Japan) and scanning electron microscopy (SEM, JSM-6309LV, Japan), and particle size
distribution was analyzed in triplicate by Malvern Zeta size NanoZS90 at 25°C, scattering Angle 90°(British Malvern
Instrument Co. Ltd, UK). The composition was determined by X-ray diffraction of the samples (PXRD, Malvern Nano
ZS, UK), and the samples were characterized by Fourier infrared spectrometer 9 from Bruker (FT-IR), FTIR analyses
were conducted in terms of DFZ at the speed of 2 mm/s by and in the range of 500-4000/cm (VERTEX 70, Broker,
Germany). The loading efficiency and release rate were measured by UV-vis spectrophotometer (UH4150, Japan).

Drug Loading and Release of DOX- Fe3;O4@ZIF-8 Nanoparticles

30 mg of Fe;04@ZIF-8 was dissolved in 30 mL of deionized water and sonicated for 15 min. Then, 15 mg DOX was
added, and the resulting solution was shaken at room temperature for 24 hours. After centrifugation (12,000 r, 10 min),
the mixture was washed in 30 mL of deionized water. This process was performed in triplicate. The drug-loaded
nanoparticles DOX- Fe;04@ZIF-8 were obtained by vacuum drying at 60 °C for 24 h. To calculate the loading and
encapsulation rates, aqueous solutions of 5-15 pg/L DOX were prepared to plot standard curves. The absorbance values
in the supernatant were measured by a UV spectrophotometer at the maximum absorption wavelength of DOX (A
Max=480 nm) to determine the unloaded DOX mass, and the DOX mass in the drug-loaded particles (m1) was calculated
as follows: encapsulated efficiency (EE %) = m1/m0*100% (1) drug loading efficiency (DL %) = m1/mt*100% (2)
Where mO represents the total drug weight, and mt stands for the weight of drug-laden nanoparticles.

The drug released from drug-loaded particles was measured in PBS solution at different PH. More specifically, 5 mg
of DFZ was added to 5 mL of pH=7.2 and pH=5.0 PBS solution. The solution was separated, placed in an oscillator, and
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gently shaken at 100 r/min. After magnetic separation of the solution at different time points, unloaded DOX in the
supernatant was calculated by UV-Vis, the detection wavelength was 190-900 nm, and the drug accumulation and release
rates were derived. Finally, 5 mL of PBS buffer was added to continue the drug release process, and the drug release
profile was plotted.

Culture of Cells

The osteosarcoma cell line (K7M2) was purchased from the Chinese Academy of Sciences Cell Bank (Shanghai, China),
this is a type of osteoblastoma. Osteosarcoma cells were cultured in a DMEM medium containing 10% fetal bovine
serum (FBS) and 1% double antibodies (Penicillin-streptomycin solution). The cells were cultured in an incubator at 37
°C at atmospheric pressure and 5% CO2. The cells in the logarithmic growth stage were used for experimental studies.

In vitro Anti-Tumor Assay

To verify the ability of DFZ to inhibit tumor proliferation in vitro and whether nanocarrier Fe;04@ZIF-8 is cytotoxic, we
used the cell counting kit-8 (Solarbio, China) for this experiment according to the operating instructions. CCKS8 kits can
reduce exogenous 3-4,5-dimethyl-2- thiazolium—2,5-diphenyl—2-H-tetrazolium bromide (MTT) to Formazan. The
absorbance value is measured on a microplate reader (Infinite M200 Pro, Swiss TECAN Company), which indirectly
reflects the number of viable cells. K7M2 cells in the logarithmic growth phase were digested and collected to form cell
suspension. Then, the cells were plated in 96-well plates at a density of 2000 cells per well. After 24 h of incubation, the
medium was removed. 100 pL of the DFZ drug medium containing different gradient concentrations of DOX (1.0, 2.5,
5.0, 7.5, and 10.0ug/mL) was added to the 96-well plate as the experimental group, with free drug DOX acting as the
drug group control (1.0, 2.5, 5.0, 7.5, and 10.0ug/mL) and blank medium as the empty group, the control group were the
cells that did not receive any treatment. Afterward, 10 uL of cck8 reagent was added to each well after 24 h and 48 h of
incubation, respectively. Optical density (OD) was measured at 450 nm. Tumor cells were also cultured at the same
concentration gradient of the Fe304@ZIF-8 nanocarrier for 24 h and 48 h, and cell viability and biocompatibility were
assessed.

Cell survival % = (OD drug group-OD blank group) / (OD control group-OD blank group)*100% (3).

In vitro Cell Uptake Experiment

The distribution of drugs in cells can be observed by an inverted fluorescence microscope (Nikon A1R MP, Japan).
K7M2 cells were plated at a density of 5000 cells/300uL in 24-well plates, incubated for 24 h, and then incubated with
DFZ drug-loaded nanoparticles for 2 h at 37 °C. Next, the cells were fixed with 4% paraformaldehyde at room
temperature for 20 min, followed by washing with PBS three times for more than 5 min. Nuclei were stained with
DAPI reagent for 15 min, aspirated, and added to PBS solution. The endocytosis of nanoparticles by tumor cells was
observed under different magnifications of fluorescence microscope. Then, tumor cells were prepared using a similar
approach by adding 300 puL of 10 pg/mL drug-laden nanoparticles drug medium. At the same time, the Fe;O4@ZIF-8
group and the free DOX group were cultured, and nuclear staining was likewise performed after 24 h and 48 h for
visualization, which emitted blue fluorescence at a laser excitation wavelength of 405 nm and red autofluorescence at
a laser excitation wavelength of 488 nm. DOX fluorescence intensity was quantified by Image J analysis (ImageJ, USA).

In vitro Apoptosis Assay

The effect of Fe;04-ZIF-8 and DFZ on cell apoptosis of K7M2 cells was performed with the FITC/PI Apoptosis
Detection Kit (HY-K-1073, MCE, US) according to the instruction. The cells were prepared as described above and
inoculated into 6-well plates at a density of 1x10"° cells/2mL per well in a 37 °C, 5% CO2 cell incubator for 24 h. The
original medium was discarded after cell adhesion, and DFZ(DOX:10ug/mL) and free DOX (10ug/mL) drugs were
added, respectively. The medium was used as a blank, and tumor cells were incubated for 24 h. Next, the K7M2 cells
were stained by using the live/dead cell assay kit according to the manufacturer’s instructions. Cells were resuspended by
adding 500puL of diluted Binding Buffer. Add 5pL of Annexin V-FITC Reagent and SuL of PI Reagent (50pug/mL) to the
cell suspension, gently vortex and mix well, and incubate for 15~20 minutes at room temperature away from light. The
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assay was performed immediately. Lastly, the cells were examined using a flow cytometer (BD AccuriC6, USA). (FITC
ex/em:488/520 nm, PI ex/em:536/617 nm).

Establish the Experimental Mouse Model

All the experimental procedures have complied with protocols and guidelines approved by the Animal Management
Rules of the Ministry of Health of the People’s Republic of China (document No. 552001) and the examination and
approval of the Laboratory Animal Welfare Ethics Committee of Qingdao University. Experimental animals were kept
under a 12 h light 12 h dark cycle, were fed with a standard laboratory rodent diet, and were provided with tap water.
BALB/c mice (female, 18-20 g, six to seven weeks old) were obtained by Jinan Pengyue Experiment Breeding Co.,
LTD. Mice were subcutaneously inoculated on the left flank with K7M2 cells (10"* cells, 100 pL) after preparing their
skins. Tumor volume in mice was essentially up to 50 mm"® by the tenth day after the procedure. The tumor volumes
were calculated according to the formula as Volume = (Length x Width"%)/2.

Tumor Targeting Research

In this experiment, we used 5(6)-carboxy fluorescein (FAM) loaded in the nanocarrier Fe;O4@ZIF-8.To begin, FAM-
Fe;04@ZIF-8 was prepared by adding FAM into Fe;O4@ZIF-8 saline solution and stirred for 24 hours in the dark. The
method mentioned above was used to establish the tumor model. Once the tumor reached a volume of 50 mm*?, the drug
was administered, and the animals were randomly assigned to two groups, each group containing 5 mice. The first group
was guided by an external magnetic field, whereas the other group was not. Five animals were injected with 200 pL of
FAM- Fe;0,@ZIF-8 (0.5mg/mL) in the tail vein. Mice in the experimental group were placed under a magnetic field
(N52 Grade 10 mm x10 mm X 2 mm, Pull Force: 3.31b), whereas the control group was not. After FAM injection 3, 6,
12, 24, and 48 h, mice were photographed using the Filter Pair mode of an animal 3D imaging system (Perkin Elmer,
USA). After 48 hours, the mice were euthanized under the Animal Management Rules of the Ministry of Health of the
People’s Republic of China, and organs (heart, liver, spleen, lungs, and kidneys) and tumor tissues were collected for
imaging and quantitative analysis, stored in paraformaldehyde solution (4.0%), and washed twice with PBS to remove
excess paraformaldehyde. An animal 3D imaging system was used to capture images and analyze dates (ImageJ, USA).

In vivo Anti-Tumor Experiment
After the tumor volume of the mice attained 50 mm*®, mice were randomly divided into five groups receiving different
treatments to assess the anti-tumor effect of DFZ in vivo: the saline control group was labeled G1, the nanocarrier
Fe;04@ZIF-8 group represented G2, the DOX group was G3, drug-carrying nanoparticles was G4 (DOX:5mg/kg),
drug-carrying nanoparticles with the magnetic field was G5. Notably, the DOX dosage was 5 mg/kg. On days 0, 3, 6, 9,
and 12 following model establishment, the mice were administered the designated drug. Mice in the G5 group were treated
with magnetic guidance by placing a magnet at the tumor site within 48 h after drug injection(N52,10*10*2mm). At the
same time, mice’s body weight and tumor volume were measured and recorded at specific time points (10, 13, 16, 19, 22,
25, 28).

Mice were all sacrificed on day 18 after drug administration, and isolated tumors and major organs (heart, liver,
spleen, lungs, and kidneys) were harvested and weighed with a microbalance. They were then fixed with 4% parafor-
maldehyde and washed twice with PBS to remove excess paraformaldehyde.

Immunohistochemical Evaluation

In this experiment, the major organ tissues and tumor tissues of treated mice were embedded in paraffin and finally cut
into 7um sections for histopathological analysis. Next, we monitored apoptosis in tumor tissue using the dUTP-labelled
terminal deoxynucleotidyl transferase assay. Although this method can also label dead cells, mishandling the process can
cause cell death and affect the results. In normal cells, however, DNA breaks are almost nonexistent, so the method
accurately reflects true apoptosis and has better sensitivity than the general method. To detect the expression level of
TUNEL apoptosis, we then stained major organs and tissues using the TUNEL method (50uL, 37°C, 1 h) according to
the manufacturer’s protocol (Roche).
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Statistical Analysis

Statistical analysis of relevant data was performed using SPSS (version,25.0), and significance analysis was performed
using descriptive statistics, and single-factor analyses of variance (ANOVA) followed post hoc Tukey test, All the data
were represented as meantstandard deviation across three to five independent measurements. The Student’s t-tests for
comparisons among treatment groups. P<0.05 was considered a significant difference, and P<0.01 was regarded as
a highly significant difference.

Results and Discussion
Characterization of Fe304@ZIF-8 and DOX-Fe304@ZIF-8

In the current paper, the synthesized Fe;04@ZIF-8 and DFZ were analyzed by transmission electron microscopy, scanning
electron microscopy, and a Malvern particle size analyzer for morphology, structure, and particle size. As illustrated in Figure 1A
and D, nanocarriers Fe;O4@ZIF-8 are formed by wrapping Fe;O,4 with ZIF-8, respectively, the forms of Fe;04@ZIF-8 and DFZ
nanocomposites possessed a shell-core structure. According to the results of scanning electron microscopy (Figure 1B and E),
there are only some differences in the shape of Fe304@ZIF-8 and DFZ nanocomposites. The particle size distribution of
Fe;04@ZIF-8 and DFZ is shown in Figure 1C and F, the average diameter of Fe;04@ZIF-8 and DFZ was 105£5.6nm and 110
+10.3nm. In addition, the increase in particle size from nanocarriers to drug-loaded particles signaled the successful loading of
chemotherapeutic drugs. The formation of the shell-core system was further validated by Fourier transform infrared spectroscopy
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Figure | Characterization of Fe;O4@ZIF-8 and DFZ. (A and D) TEM images of Fe30,@ZIF-8 and DFZ. (B and E) The SEM image of Fe;O4@ZIF-8 and DFZ. (C and F)
Particle size distribution of Fe3O4@ZIF-8 and DFZ. (G-H) Fourier transform infrared spectroscopy (FTIR) analysis of the Fe304, Fe304-ZIF-8, free DOX, and DFZ. (I) X-ray
diffraction (XRD) of Fe3O4@ZIF-8, the purified ZIF-8 and Fe304 standardized cards.
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(FT-IR) and X-ray diffraction (XRD). In the XRD result plot (Figure 11), the diffraction peaks at 12.72°, 16.50°, and 18.12° for
@ZIF-8 were consistent with the crystallographic data of the prepared ZIF-8 control. The peaks at 30.49°, 56.97° and 62.71° for
Fe304 and Fe;O4@ZIF-8 nanoparticles, respectively, were in agreement with the standard card Fe304 (PDF#99-0073) of the
crystalline plane (220), (511), and (440) coincide. As displayed in Figure 1G, the characteristic absorption bands of Fe304@ZIF-
8 were iconic Fe-O vibration peaks at 576.61 cm ' owing to the stretching vibration of the amide bond in ZIF-8 at 1020—
1400 cm ™. These results confirmed the successful modification of Fe;0, nanoparticles by ZIF-8. Within the results (Figure 1H),
the characteristic peaks of DOX- Fe;0,@ZIF-8 at 3431.70.34 cm™" and 2923.55 cm™ ' reflected the O-H and N-H stretching
vibrations of the hydroxyl and amino groups in DOX, suggesting that the DOX- Fe;O4@ZIF-8 nanoparticles were successfully
prepared. The presence of such hydrophilic groups increases the stability of the composite nanoparticles in blood circulation and
amplifies the EPR effect on the tumor tissue.**°

The ability to target DFZ magnetic nanoparticles was demonstrated under the condition of the applied magnetic field,
and the evidence was attached to the Supplementary File in the form of a video.

Determination of Drug Loading and Release of DOX- Fe;O4@ZIF-8

To determine the encapsulation efficiency and drug loading rate, 0—15 pg/L aqueous solution of Adriamycin hydro-
chloride was prepared to plot the standard curve (Figure 2A); the equation y=0.0159x+0.1342 was fitted to obtain a drug
loading rate of 21% in 30 mL of aqueous solution containing 15 mg of DOX and 30 mg of Fe;04@ZIF-8. The high drug
loading rate was primarily attributed to the positive and negative electrostatic interaction between the carboxyl group and
DOX and the formation of coordination bonds between zinc ions and DOX.>! In addition, the in vitro release behavior of
DOX- Fe;04@ZIF-8 was explored in PBS buffer solutions of different PH. As depicted in Figure 2B, the initially rapid
drug release from the surface of the nanoparticles was significantly dependent on pH, with release rates of 45.3% and
80.1% at 48 h, respectively. Due to the electrostatic interaction of DOX being disrupted after DFZ carboxyl protonation
under acidic conditions, the coordination bonds between the imidazole group of ZIF-8 and zinc ions became unstable,
causing faster drug release.’® It is worthwhile emphasizing that DOX had higher solubility and a quicker release rate
under acidic conditions, which promoted the release of DOX from Fe;O4@ZIF-8 into the solution and raised the release
rate.”® It has been reported in the literature that ZIF-8 exhibits pH-triggered controlled drug release properties when
loaded with common chemotherapeutic agents such as 5-fluorouracil or doxorubicin.**** Due to the significant
differences in the pH of the microenvironment inside and outside tumor cells, drug-loaded nanoparticles can exhibit
different release behaviors at these two locations, with a higher drug release rate inside tumor cells, resulting in greater
anti-tumor activity.

DOX- Fe304@ZIF-8 in vitro Uptake Assay

Firstly, K7M2 tumor cells were incubated in a DFZ medium solution for 2 h. Then, the nuclei were stained using the
intrinsic fluorescence of DOX, ie, red fluorescence and blue fluorescence for nuclei. Red fluorescence can be observed in
osteosarcoma K7M2 cells after 2 h (Figure 2C and D). In contrast, black drug-loaded nanoparticles can be observed in
nearby tumor cells, implying that drug-loaded nanoparticles were endocytosed into tumor cells, which in turn increased
the local concentration of the drug and enhanced the tumor suppressive effect.

Furthermore, there was no significant difference in cell density in the blank and Fe;O4@ZIF-8 groups at 24 h and 48
h (Figure 2E and F), signifying that the Fe;O4@ZIF-8 nanocarriers possessed adequate biocompatibility. Contrastingly,
the cell density in the DFZ group was significantly lower compared to that in the free DOX group, corroborating that the
DFZ drug-loaded nanoparticles outperformed the DOX drug in terms of cell-killing effect, which was in line with the
quantitative results of DOX fluorescence intensity delineated in Figure 2G.

In vitro Survival Rate Experiments of Fe304@ZIF-8 and DOX-Fe304@ZIF-8

The bio-toxicity of materials is quite often the most fundamental consideration in biomedicine. K7M2 osteosarcoma cells
were cultured in different concentration gradients of Fe;O4@ZIF-8 nanoparticle medium solution (0,1.0,2.5,5.0,7.5,10.0
ug/mL) for 24 h and 48 h (Figure 3A and B). Cell viability was still 93.0% after 48 hours. The results inferred that the
nanoparticle carrier had almost no cytotoxicity and was biocompatible. We next further validated the in vitro anti-tumor
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ability of DFZ. The DFZ NPs and DOX were incubated with cells for 24h and 48h at different DOX concentrations
(1.0,2.5,5.0,7.5,10.0 ug/mL). As seen in Figure 3C and D, the DFZ nanoparticle and DOX both groups showed dose-
dependent cytotoxicity. The cell survival rate was 19.61% and 39.61% at a DOX concentration of 10 pg/mL after 24 h of
culture. It can be deduced that the inhibitory rate of cells in the DFZ experimental group was significantly higher than
that in the free DOX control group. After 48 h, the majority of tumor cells in the experimental group were eliminated
when the concentration of DOX was 10ug/mL, while the survival rate of the DOX group was 23.39%. Altogether, the
above results were essentially attributed to the pH-responsive release of ZIF-8 nanomaterials in the acidic microenviron-
ment of tumor cells. The endocytosis of drug-loaded nanoparticles by K7M2 cells, conjointly increased the intracellular
concentration of DOX.>> Similarly, Wang et al wrapped Cu®" MOFs, which degraded and released Cu>" and Zn*" in the
acidic environment of cellular lysosomes, resulting in a chain reaction to improve the efficacy of intracellular anticancer
drugs.’® This cck8 result shows that Fe;O4@ZIF-8 nanocarriers possessed excellent cytocompatibility and great potential
for in vivo-based applications. DFZ has better tumor inhibition ability in vitro than DOX, which is consistent with the
results of the cell uptake assay. For the commonly used MTT assay, the cck8 produces Formazan that is soluble in water
and does not need to be dissolved in DMSO, which reduces toxicity to the cells, reduces the reproducibility of the
experiments, and is more convenient to handle.
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Apoptotic Effect of DOX- Fe;O4,@ZIF-8
In this experiment, the ability of DOX-Fe304@ZIF-8 drug-loaded nanoparticles and free DOX to induce apoptosis and kill
K7M2 osteosarcoma cells was directly compared, and the cells were incubated with blank control, DFZ and DOX for 24 h in an
incubator at 37 °C. As shown in Figure 3E, the apoptotic rate in the DFZ group of 37.02% was higher than the mortality rate of
12.91% in the free DOX group (p < 0.01), which agreed with the results of in vitro cell survival experiments. This result may be
because the appropriate size of the DFZ is more likely to pass through the cell membrane, and also that the PH-responsiveness of
ZIF-8%° can increase the local concentration of DOX as well as its anticancer effect. In addition, the autophagic effect triggered by
ZIF-8 promotes the degradation of ZIF-8, generating the release of cytotoxic Zn2+ and ROS, and the released Zn2+ in turn
promotes autophagy, as well as doxorubicin-induced autophagy.’’ Liang et al reported that ZIF-8-based drug delivery system
BSA/DOX@ZIF had a better effect on breast cells than free DOX did.?® Chen et al encapsulated Fe;0, in ZIF-8 loaded DOX,
which was superior to DOX alone in in vitro experiments for the treatment of hepatocellular carcinoma.*’

The present results established that Fe;O4-ZIF-8 enhanced DOX anti-tumorigenic effects and DFZ drug-loaded
nanoparticles had higher efficacy than free DOX on K7M2 cells, DOX-loaded core-shell Fe;O4-ZIF-8 nanoparticles
could have applications in osteosarcoma therapy.

Tumor Targeting Study

Tumor-targeting experiments of drug-carrying nanoparticles DFZ were performed in BALB/c tumor-bearing mice. In short,
the Fe;O4@ZIF-8 nanocarrier was labeled with FAM and injected into mice via the tail vein. The fluorescence distribution in
the mice was observed using small-animal in vivo imaging (Perkin Elmer, USA) with an applied magnetic field supplied by
a permanent magnet. As exhibited in Figure 4A, regarding mice with an applied magnetic field, stable fluorescence was
observed at the tumor site and remained relatively stable over 48 h. In contrast, mice without an applied magnetic field
displayed almost no fluorescence at the tumor site at 48 h, Notably, there was also relatively strong fluorescence of tumor
tissue in the magnet-free group, indicating the tumor EPR effect of magnetic nanoparticles DFZ. Eventually, the fluorescence
intensity progressively decreased and was not detected after 48 h. Mice in both groups were euthanized 48 h after drug
injection, and tumor tissues and other major organs were harvested for off-site tissue fluorescence imaging (Figure 4B), the
fluorescence intensity of liver tissue was the highest among all tissues, and the fluorescence intensity of tumor tissue of mice
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subjected to DFZ with MF presented significantly higher tumor fluorescence signals than those not subjected to MF.
Quantitative results uncovered that the fluorescence intensity of tumors treated with MF was approximately 6-fold higher
than without MF (Figure 4C). Wang et al designed exosomes with iron oxide core and loaded with chemotherapeutic drugs,
and the efficacy of the drug efficacy was enhanced by the action of magnetic guidance.’® Similarly, the report on the use of iron
oxide magnetic targeting in combination with other therapies also supports the effect of excellent active targeting,””*° These
results demonstrated that DFZ is an efficient and active drug-carrying nanomaterial for magnetic targeting.

In vivo Anti-Tumor Study

We further investigated whether DFZ could treat mice with subcutaneous hamartomas. Antitumor experiments were
performed in loaded mice with subcutaneous tumors up to 50 mm”> in volume. The anti-tumorigenic effect was initially
assessed by the change in tumor volume in mice. As demonstrated in Figure 5C, within 28 days, the tumor volume of
mice in the G1 and G2 groups was significantly increased, suggesting that the Fe;O4@ZIF-8 nanocarrier did not exert an
antitumor effect. On the other hand, mice in the G3-G5 groups showed a tumor inhibitory effect, all three were
significantly different compared to G1. (p < 0.01), Tumor volume size was reduced in the G5 group by 83.22%. In
other words, the tumor inhibitory effect of the applied magnetic field was higher in the DFZ group compared to the free
DOX (41.63%) and DFZ groups without an applied magnetic field (61.88%). The tumor inhibition rate of DFZ was 1.5
times higher than that of the free drug combination (free DOX). The above results are consistent with the tumor weight
and volume at the end of the experiment (Figure SE and F), which can be explained by the enhanced drug accumulation
retention at the tumor site and the accelerated drug release at the acidic tumor microenvironment.**->*

To further investigate the antitumor efficacy of the end of the treatment, we took a picture of solid tumors, which is
illustrated in Figure 5D. As can be seen from their appearance, the G5 group has the smallest tumor volume.
Furthermore, hematoxylin and eosin staining (H&E) were conducted on mice’s tumor tissues (Figure 5A) to explore
the anti-tumorigenic effect of DFZ. There were no signs of hemorrhagic necrosis in the tumor tissues and organs of mice
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in the saline control and nanocarrier groups (Figure 5A). Conversely, cellular necrosis was detected in the tumor tissues
of mice in the free DOX group, but the cell distribution remained compact. Significant areas of cellular necrosis were
detected in tumors of both the G4 group and the G5 group, whereas the degree of hemorrhagic necrosis was higher in
tumor tissues of mice in the G5 group.

Lastly, the next step was to evaluate apoptosis in the tumor tissues, which was accomplished by using TUNEL
(Figure 5G). As shown in Figure 5G, the strongest and weakest fluorescence intensities occurred in the G1 and G5
groups, showing the fastest and slowest cell proliferation rates of osteosarcoma. Additionally, tumor tissue treated by
DFZ with a magnetic field(G5) shows a more higher apoptosis rate than tumor tissue treated without a magnetic field
(G4). The results confirmed that the apoptotic rate was higher in tumor tissues of mice in the magnetic field-treated DFZ
group, followed by the magnetic field-free DFZ group. As anticipated, both groups had superior therapeutic outcomes
compared to applying chemotherapeutic agents alone(G3). The results confirmed the significant in vivo anti-tumor effect
and the targeted therapy mediated by Fe;O,4 nanoparticles in suppressing tumor growth of DFZ. Following the previously
reported in vivo experiments of amorphous ZIF-8 loaded with 5-Fu to form aZIF-8/5-Fu nanosystems,*’ Xie et al
developed the results of a phosphorylcholine-based zwitterionic copolymer coated ZIF-8 nano-drug (DOX@ZIF-8@P
(MPC-co-C7A)).*

In this experiment, the side effects of the drug were accompanied by the weight of the mice. The weight change
curves (Figure 5B) revealed no significant change in mice in the G1 and G2 groups. However, due to the side effects of
DOX, mice in the G3 group presented significant weight loss, the results further highlight the high biosafety profile of the
Fe;04@ZIF-8 nanocarrier in vivo.

Simultaneously, the number of animals and observation time were limited, this may indicate that neither the
nanocarriers Fe;O04@ZIF-8 nor the DFZ-loaded particles had significant side effects on the mice in Figure 5B, but it
is also possible that the side effects were not adequately reflected in the changes in body weight. Therefore, histological
analysis of major organs of five groups of mice was performed in this experiment. As shown in Figure 5H, as evidenced
by the stained sections of the organs of mice in the DOX group showing large areas of hemorrhage in heart and kidney
tissues, as well as hepatic injury. Mice in the G4 and G5 groups had mild weight change. Still, there was no significant
damage to the liver and essential organs, which validated that drug-carrying nanoparticles DFZ have a relatively
substantial biosafety profile.

Thus, these results provide compelling evidence that the DFZ is a key factor in the achievement of a higher level of
chemotherapeutic performance than a single treatment way.

Conclusion

Herein, the Fe;O4@ZIF-8 nanocarrier and drug-loaded nanoparticles DFZ composed of DOX were pioneered. The
results successfully demonstrated that the Fe;O4@ZIF-8 nanocarrier and magnetic nanoparticles DFZ complex possessed
the right particle size and a good capacity to carry the active ingredient via TEM, SEM, XRD, FT-IR, and Malvern Nano
characterization techniques. This drug-loaded particle can be engulfed by osteosarcoma cells, is pH-responsive, and
exhibits stable release characteristics in drug-release experiments. Additionally, the addition of ZIF material changes the
mode of action of loaded drugs, it showed superior tumor cell inhibition and killing effect compared to DOX alone
in vitro anti-tumor and apoptosis assays. Therefore, similar to vector Folic Acid-Carbon(FA-CD) loaded DOX for breast
cancer,’' targeted antitumor therapy with exosomal membrane protein encapsulated DOX,* and cisplatin (CDDP)-cross-
linked hyaluronic acid (HA) nano gel delivery of DOX for osteosarcoma,'® and Exo-DOX- Fe;0,@PDA-MB, which is
an exosome-based platform with targeting and biocompatibility combined with chemical/genetic/photothermal therapy.>®
Thus, it is reasonable to speculate that DFZ can be used for the treatment of osteosarcoma. Obviously, in vitro,
experiments to further apply DFZ to other cell lines have not yet been performed. In accordance with the animal
experiments, the magnetic properties of the DFZ nanocomposites prepared in this experiment, which play a role in target
localization as well as targeted therapy under the guidance of an applied magnetic field, also show good biocompatibility
and anti-cancer ability in the application of DFZ alone. Guan et al fabricated bifunctional platform Fe;O4@SiO2-CDs
magnetic nanoparticles loaded with the drug gambogic acid (GA), which had a more pronounced therapeutic inhibitory

7996  "cre International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wu et al

effect in magnetically targeted in vivo experiments.*® In addition, relying on the properties of ZIF materials, in the
application of DFZ alone is also can show lower drug side effects and good anti-cancer ability in vitro.*’

Thus, the above experimental results confirmed the potential of DFZ magnetic drug-carrying nanoparticles in
circumventing the organ toxicity caused by large quantities of multiple chemotherapeutic doses as well as in enhancing
the efficacy of chemotherapeutic drugs.
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