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ABSTRACT: In this study, a magnetic core−shell metal−organic
framework (MOF) nanocomposite, Fe3O4-COOH@UiO-66-NH2,
was synthesized for tumor-targeting drug delivery by incorporating
carboxylate groups as functional groups onto ferrite nanoparticle
surfaces, followed by fabrication of the UiO-66-NH2 shell using a
facile self-assembly approach. The anticancer drug quercetin (QU)
was loaded into the magnetic core−shell nanoparticles. The
synthesized magnetic nanoparticles were comprehensively eval-
uated through multiple techniques, including FT-IR, PXRD, FE-
SEM, TEM, EDX, BET, UV−vis, ZP, and VSM. Drug release
investigations were conducted to investigate the release behavior of
QU from the nanocomposite at two different pH values (7.4 and
5.4). The results revealed that QU@Fe3O4-COOH@UiO-66-NH2
exhibited a high loading capacity of 43.1% and pH-dependent release behavior, maintaining sustained release characteristics over a
prolonged duration of 11 days. Furthermore, cytotoxicity assays using the human breast cancer cell line MDA-MB-231 and the
normal cell line HEK-293 were performed to evaluate the cytotoxic effects of QU, UiO-66-NH2, Fe3O4-COOH, Fe3O4-COOH@
UiO-66-NH2, and QU@Fe3O4-COOH@UiO-66-NH2. Treatment with QU@Fe3O4-COOH@UiO-66-NH2 substantially reduced
the cell viability in cancerous MDA-MB-231 cells. Cellular uptake and cell death mechanisms were further investigated,
demonstrating the internalization of QU@Fe3O4-COOH@UiO-66-NH2 by cancer cells and the induction of cancer cell death
through the apoptosis pathway. These findings highlight the considerable potential of Fe3O4-COOH@UiO-66-NH2 as a targeted
nanocarrier for the delivery of anticancer drugs.

1. INTRODUCTION
A wide range of diseases mainly caused by oxidative stress,
including cancer, atherosclerosis, and coronary heart disease,
are potentially prevented by dietary antioxidants including
polyphenolic compounds. Quercetin (QU; 2-(3,4-dihydrox-
yphenyl)-3,5,7-trihydroxy-4H-chromen-4-one with a molecular
size of 4.24−7.11 Å) is a polyphenol compound with broad
distribution across various herbs, vegetables, leaves, fruits,
seeds, red wine, tea, coffee, beer, fruit juice, and several
medicinal plants.1−9 Additionally, the supplement is available
commercially, while the dose of 1 g per day of oral
administration is considered safe.10 Quercetin is characterized
by a 15-carbon skeleton comprising two benzene rings (A and
B) within its structure connected via an oxygen-containing
pyrene ring (C) hydroxylated in positions 3, 5, 7, 3′, and 4′
(Figure S1 in the SI). Quercetin has exhibited potential for
various pharmacological applications, including antioxidant,
antimicrobial, antineoplastic, anti-inflammatory, neuroprotec-
tive, antiaging, antiallergic, antiproliferative, antidiabetic, and
anticancer activities.11−23 Investigations conducted in vitro and
in vivo have validated the anticancer properties of
quercetin.24−27 Several cancer cell lines, including breast
cancer, human ovarian cancer, lung cancer, human colon

cancer, and human gastric cancer, are shown to be inhibited by
quercetin.28−32 Moreover, quercetin can reduce multidrug
resistance of cancer cells33 and enhance the antitumor
properties of the drugs.34 Due to antioxidant pharmacophores
in its structure, quercetin exhibits a robust affinity for binding
transition-metal ions and demonstrates effective scavenging of
free radicals.35 A valuable feature of its structure is the
existence of catechol at position C3 and the OH group at
position C3 enabling it to scavenge free radicals quite
effectively.36 Inhibition of lipid peroxidation is strongly
enhanced by a 3′,4′-catechol structure in the B ring. The
peroxyl radical, superoxide radical, and peroxynitrite radical are
scavenged most effectively by quercetin due to this property.37

The bioactivity of quercetin primarily stems from its capacity
to stimulate and augment the endogenous defense mechanisms
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against free radicals.38 However, quercetin’s poor bioavail-
ability, resulting from low water solubility (2.15 μgmL−1 at 25
°C) and chemical instability in neutral and alkaline environ-
ments, limits its anticancer effect.39,40 It has been demon-
strated that applying drug delivery systems can overcome this
problem. Therefore, a wide variety of drug delivery systems
(DDSs) have been employed as quercetin carriers, including
micelles, hydrogels, lipid nanoparticles, metal and metal oxide
nanoparticles, dendrimers, polymeric compounds, carbon
nanotubes, chitosan nanoparticles, graphenes, inorganic silica,
polymeric gels, albumin, and metal−organic frameworks.41−54
The unique architecture of nanocarrier-based platforms
considerably overcomes the limitation of conventional drug
delivery methods, including high toxicity, poor specificity, and
drug resistance induction.55 Metal−organic frameworks
(MOFs) consist of a distinctive class of porous materials
characterized by the presence of robust bonding interactions
between an inorganic core and polydentate bridging organic
linkers. In contrast to conventional porous materials, MOFs
offer several notable advantages, including high specific surface
area and porosity, low crystal density, tunable pore sizes,
multifunctionality (owing to the wide variety of possible
arrangements of metals and ligands), enabling precise
modulation of their physicochemical properties for specific
applications, and favorable biocompatibility. Recently, a variety
of applications of these compounds have been documented in
different fields, including catalysts, sensing, gas storage,
antibacterial properties, and especially drug delivery.56−66

The fascinating characteristics of MOFs, including exceptional
stability, significant surface area, controllable functionalization,
and the ability to incorporate functional groups, have rendered
them highly appealing for utilization as carriers in drug delivery
applications.67−71 The encapsulation of quercetin into the
UiO-66 structure provided a synergetic dual sensitizing effect,
demonstrating a loading of 20.7%.72 Another study found that
FA-BSA/CuS@ZIF-8 has about 24% drug-loading capacity
toward quercetin.73 According to recent research, UiO-66 and
its functional analogues with −NO2 and −NH2 groups could
effectively deliver quercetin.74 According to this study, UiO-66,
UiO-66−NO2, and UiO-66−NH2 demonstrated 32.9, 37.0,
and 40.1% drug-loading capacities, respectively. An effective
drug delivery system consists of a manageable process for
controlling time, dosage, and release site. Targeting anticancer
drugs to tumor tissues reduces remarkably the side effects,
enhances the curative effects, and improves local drug
concentration. Therefore, targeting drug delivery system
(TDDS) is employed to selectively deliver anticancer drugs
to tumor tissues. Endogenous stimuli (pH, redox, enzymes) or
exogenous stimuli (pressure, humidity, magnetic fields, ultra-
sound irradiation, glucose level, ions, light, temperature) can
trigger a controllable drug release.75 In these regards,
incorporating magnetic nanoparticles into MOFs with the
potential for use in magnetic-based diagnostic approaches and
as an effective technique for carrying drugs directly to a specific
site through external magnetic fields has attracted much
attention.76−80 This desired targeting behavior limits drug
spreading in the general circulation and reduces side effects.
Moreover, superparamagnetic nanoparticles can reduce the
spin−spin T2*-relaxation time during magnetic resonance
imaging (MRI), enhancing contrast in T2-weighted images
using magnetic nanoparticles.81,82 Furthermore, magnetic fields
as external stimuli can also induce the release of drugs from
magnetic nanocarriers.83,84 Numerous reports are available on

magnetic drug delivery systems; however, most of them suffer
from several limitations such as low stability, swelling, and
insignificant controllability.85−87 Therefore, the design and
construction of materials with a magnetic core as a drug
delivery system that can overcome the disadvantages
mentioned above would be valuable. A MOF-based magnetic
nanocomposite was prepared by the incorporation of Fe3O4
nanorods in Cu3(BTC)2 nanocrystals (BTC; benzene-1,3,5-
tricarboxylate). After encapsulation within the Fe3O4@
Cu3(BTC)2 nanocomposite, the release of sodium nimesulide,
an anticancer drug, was observed to occur over a period of 11
days in a physiological saline solution.68 In another study,
Fe3O4@ZIF-8, a pH-sensitive MOF, was used to fabricate a
delivery system using Fe3O4 magnetic particles for heparin
delivery.88 In a recent investigation, the solvothermal synthesis
of amine-functionalized UiO-66 with magnetic properties for
the purpose of delivering oxaliplatin was reported. The
synthesis process involved heating a synthesis medium
comprising DMF at 80 °C for a duration of 37 h.89
Among MOFs, zirconium-based MOFs demonstrated high

levels of biocompatibility, biodegradability, and a remarkable
degree of chemical and thermal stability.90,91 MOFs con-
structed from carboxylate linkers and cationic zirconium
clusters, such as UiO-66 and derivatives, have great potential
applications as drug carriers owing to their high surface areas,
remarkable aqueous stability, and high loading capacity.92−108

Moreover, zirconium (Zr) exhibits minimal toxicity, as
demonstrated by its low lethal dose (LD50) of 4.1 g/kg in
rats when administered as zirconyl acetate. Furthermore, it is
worth noting that the human body naturally contains
approximately 300 mg of Zr, with a daily ingestion rate
estimated to be around 3.5 mg per day.109 2-Aminobenzene-
1,4-dicarboxylic acid, as an exogenous organic linker, showed
LD50 = 5 g kg−1.110 In acidic conditions, MOFs degrade and
collapse, releasing their encapsulated contents at tumor sites as
a result of the protonation of the carboxylate units and surface
functionality.111 Within the UiO-66 family, there are two
distinct types of pore cages, tetrahedral and octahedral,
exhibiting respective diameters of 7.4 and 8.4 Å.94 Amine-
functionalized zirconium-based dicarboxylate MOF, UiO-66-
NH2, has been investigated in many studies as a nanocarrier for
incorporation and release of drug molecules.112−117 The NH2
functional group improves the interaction between the drug
molecules and MOFs, providing enhanced drug binding,
loading, and release characteristics.118

Significant endeavors have been made to enhance the
structural characteristics and properties of MOFs;119−128

however, their synthesis suffers from some disadvantages
such as needing to use high temperatures, aggressive reagents,
and long reaction times. A variety of alternative routes have
been developed, including sonochemical, mechanochemical,
spray-drying, electrochemical, and microwave-assisted syn-
thesis.129−133 Recently, the sonochemical process including
ultrasonic radiation as a reactivity inducer has been introduced
as a sufficient substitute for traditional MOF synthesis using
strong acids.134−137 This method offers several advantages,
including being rapid, economical, reproducible, and eco-
friendly. Moreover, using ultrasounds during MOF preparation
accelerates nucleation; therefore, crystallization takes less time
at low reaction temperatures and ambient pressures. As a
result, smaller and more uniform particles are obtained from
this method compared to solvothermal synthesis.138 Addition-
ally, the conventional synthesis of magnetic UiO-66-NH2
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involves using DMF as a solvent, which is evaluated as
hazardous due to its chronic toxicity.139−143 Therefore, the
identification of a medium with higher safety standards to
replace it is fundamental.144

As a part of our investigation of applications of MOF
structures in drug delivery systems,145−150 we have investigated
the sonochemical fabrication of core−shell magnetic zirco-
nium-cluster-based MOF, Fe3O4@UiO-66-NH2, avoiding the
use of toxic solvents, aggressive reagents, or high temperatures,
and evaluated suitability of the synthesized nanocomposite as a
drug delivery system by encapsulating quercetin, an anticancer
agent, within its structure.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. All chemicals used were

analytical grade and employed as received without further
purification and were purchased from Sigma-Aldrich or Merck.
The powder X-ray diffraction (PXRD) analyses were
conducted under ambient conditions utilizing a Rigaku Ultima
IV diffractometer, employing monochromatic Cu Kα radiation
(λ = 1.54056 Å) from 5 to 50° with a step size of 0.02°. The
Mercury software was employed to perform simulations of X-
ray diffraction (XRD) powder patterns, utilizing the crystallo-
graphic data obtained from single-crystal analysis. A Rayleigh
spectrophotometer was employed to acquire UV−vis spectra
between 300 and 550 nm. FT-IR spectra in the range of 400−
4000 cm−1 were acquired utilizing a PerkinElmer Spectrum
One FT-IR spectrometer equipped with ATR (attenuated total
reflection) mode and DTGS (deuterated triglycine sulfate)
detectors. The spectra were recorded with a resolution of 4.0
cm−1 and an accumulation of 16 scans. Fluorescence imaging
was performed with an Optika B500TiFL microscope. The
TEM (transmission electron microscopy) images were
captured by employing a Philips EM 208S apparatus. SEM
images with gold coating were obtained by using a TESCAN
MIRA3 scanning electron microscope. An Oxford instrument
detector was employed to conduct EDX analyses. Zeta
potential (ZP) measurements were carried out in an aqueous
medium using a Malvern ZS90 instrument from the ZetaSizer
Nano Series. Magnetic properties were investigated by utilizing
a vibrating sample magnetometer (VSM-7300, Meghnatis
Daghigh Kavir) at room temperature. To calculate surface
area (BET), N2 adsorption and desorption isotherms at 77 K
were determined using the Belsorp mini II apparatus. Before
characterization, a vacuum degassing treatment using a
BELPREP VAC apparatus was employed to activate all
samples for a duration of 24 h under high-vacuum conditions.
2.2. Material Synthesis. Synthesis of Fe3O4-COOH

Magnetite Nanoparticles. Magnetite nanoparticles were
synthesized following the procedures given in previous
literature with some modifications.151 Various factors influence
the shape and the size of magnetite nanoparticles, including
salt concentrations and molar ratios, nature and concentrations
of base solution, and temperature and reaction time. For the
synthesis of nanoparticles of suitable size and uniformity,
different concentrations of ferric salt and trisodium citrate
(Na3Cit) were used until the optimal concentration was
achieved (Table S1 in the SI). Optimum synthesis was
achieved by dissolving FeCl3.6H2O (8 mmol, 0.64 g) and
Na3Cit (1.36 mmol, 0.32 g) in ethylene glycol (EG; 20 mL).
With stirring, sodium acetate (NaOAc; 1.2 g) was then added.
Following 30 min of vigorous stirring, the mixture was placed
in a stainless-steel 100 mL Teflon-lined autoclave. Following a

heat treatment at 200 °C for a duration of 12 h, the autoclave
was subjected to a gradual cooling process until the ambient
temperature. The resulting black magnetite was isolated
through magnetic separation, followed by multiple washings
in deionized water and ethanol and drying in a vacuum oven at
60 °C.
Synthesis of Zirconium Precursor Based on Methacrylic

Acid. Zirconium precursor (Zr6O4(OH)4(OMc)12) was
synthesized based on procedures from previous literature
with some modifications.152,153 It was prepared by reacting
methacrylic acid with zirconium propoxide (Zr(PrO)4, 70%
(w/w) in n-propanol). A mixture comprising 1.4 mL of
methacrylic acid, 2 mL of Zr(PrO)4 solution, and a drop of
water was prepared. The resulting solution was subjected to
stirring for 10 min using a magnetic stirrer in a nitrogen
atmosphere. Subsequently, the solution was left undisturbed
overnight at room temperature, leading to the crystallization of
the zirconium precursor from the solution during this period.
Afterward, the colorless solid was filtered, followed by
thorough washing with i-propanol and subsequent room-
temperature vacuum drying (yield: 90% based on methacrylic
acid).
Sonochemical Synthesis of Fe3O4-COOH@UiO-66-NH2.

Fe3O4-COOH@UiO-66-NH2 was synthesized using a modi-
fied version of the approach reported in the literature.154 The
layer-by-layer (LBL) assembly method was employed in the
fabrication process. Initially, magnetic nanoparticles (100 mg)
were dispersed in 40 mL of an ethanol dispersion containing
the Zr-cluster precursor (Zr6O4(OH)4(OMc)12; 10 mg).
Ultrasonication was performed on the obtained mixture at
room temperature for a duration of 15 min. The product
obtained was collected through a magnet and rinsed three
times with ethanol. Subsequently, an ethanol solution (40 mL)
of 2-aminobenzene-1,4-dicarboxylic acid (2-aminoterephthalic
acid; NH2-BDC; 28 mg) was added, followed by another 15
min of ultrasonication at ambient temperature. The resulting
mixture was washed three times and separated using a magnet,
thus accomplishing the first layer-by-layer self-assembly
process. The described procedure was repeated a total of 20
times, following the same steps as those described earlier,
resulting in the desired generation of UiO-66-NH2 on the
surface of Fe3O4 nanoparticles. The ultimate core−shell
nanocomposite (Fe3O4-COOH@UiO-66-NH2) was attained
through the process of vacuum drying at ambient temperature
in a vacuum oven. The synthesis of UiO-66-NH2 nanoparticles
was accomplished in accordance with a previously documented
procedure, serving as a basis for comparison in the present
study.74

2.3. Drug Loading. Quercetin was loaded into a magnetic
MOF, Fe3O4-COOH@UiO-66-NH2, by a typical immersion
method. 100 mg of Fe3O4-COOH@UiO-66-NH2 was added
to the solvated QU (100 mg) in ethanol (20 mL), and the
mixture was subjected to stirring for a duration of 48 h at
ambient temperature. Following the loading of QU, the solid
material was separated utilizing a magnet and subsequently
subjected to overnight vacuum oven drying at room temper-
ature to eliminate residual solvent. A UV−vis calibration curve
of QU in ethanol, based on absorbance at λ = 374 nm, was
used to calculate drug-loading amounts (Figure S2 in the SI).
Using the following formula, the drug-loading capacity (DLC)
and drug-loading encapsulation efficiency (DLE) were
calculated
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=

×

DLC (wt %)
weight of loaded QU

total weight of QU@Fe O COOH@UiO 66 NH

100
3 4 2

(1)

= ×DLE (wt %)
weight of loaded QU

total weight of feeding QU
100

(2)

2.4. In Vitro Drug Release Studies. The release behavior
of QU@Fe3O4-COOH@UiO-66-NH2 nanoparticles was in-
vestigated in buffered media solution (PBS) with different pH
values (pH = 7.4 and 5.4) at 37 °C based on the calibration
curve of QU in PBS (Figure S3 in the SI). In vitro drug release
experiments were performed by suspending QU@Fe3O4-
COOH@UiO-66-NH2 (5 mg) in PBS solutions (30 mL)
with gentle shaking (80 rpm). At specified time intervals, a 1
mL portion of the released solution was collected and the same
volume of fresh phosphate-buffered saline (PBS) solution was
added to maintain the volume of the solution constant. The
drug concentration in the removed PBS solution was measured
by utilizing a UV−visible spectrophotometer at a wavelength
of 374 nm, enabling the determination of the drug
concentration within the solution under investigation. The
cumulative release of the drug was determined by analyzing the
concentration of quercetin (QU) in the solution at regular
intervals, allowing for the estimation of drug release over time.
According to the data acquired, the time-dependent accumu-
lation of drug release was calculated at pH values of 5.4 and
7.4. The corrected concentration of QU and the percentage of
drug release were calculated as follows

= +C C v
V

Ct

t

c
0

1

c
(3)

= ×M
M

drug release (%) 100%R

L (4)

In eq 3, the adjusted concentration of quercetin (QU) at
time t is denoted as Cc, while Ct represents the measured
concentration at the same time point. The equation
incorporates the volume of the extracted sample (v) and the
volume of the released solution (V). Moreover, MR and ML
signify the amounts of drug released and loaded, respectively
(eq 4).
2.5. Cell Culture and MTT Assay. The MDA-MB-231

and HEK-293 cell lines were obtained from the Pasteur

Institute in Tehran, Iran. These cell lines were cultured in
RPMI-1640 media supplemented with 10% fetal bovine serum
(FBS), L-glutamine (300 μg/mL), penicillin (100 U/mL), and
streptomycin (100 U/mL) at a temperature of 37 °C in a
humidified environment with 5% CO2. The cells were seeded
in 96-well plates at a density of 1 × 104 cells per well, and the
samples were then incubated at 37 °C for 24 h. Subsequently,
both cell lines were exposed to different concentrations of QU
drug, UiO-66-NH2, Fe3O4-COOH, Fe3O4-COOH@UiO-66-
NH2, and QU@Fe3O4-COOH@UiO-66-NH2 for a duration of
48 h. Each treatment group was replicated at least thrice, and a
control group was cultured under identical conditions without
any added agents. After the incubation period, MTT solution
(final concentration of 0.05 mg/well) was added to each well
and incubated for 4 h. Afterward, dimethyl sulfoxide (DMSO)
was used for dissolving the formazan crystals formed inside the
cells, with 100 μL of DMSO added to each well. The
absorbance was measured at 570 nm through an ELISA reader,
and the cell viability percentages were calculated relative to the
control group. The inhibitory concentration (IC50) values for
each treatment group were calculated utilizing nonlinear
regression analysis.
2.6. Cellular Uptake Study. As the QU drug shows

intrinsic green fluorescence, the cellular uptake of QU@
Fe3O4@UiO-66-NH2 was tracked by fluorescence microscopy.
For this purpose, the 2 × 105 MDA-MB-231 cells were seeded
into each well of the 6-well plates and incubated for 24 h.
Then, cells were treated with 192 μg/mL QU@Fe3O4@UiO-
66-NH2 for the next 24 h. This concentration was the IC50
value achieved in the MTT assay step. Following incubation,
the cells were treated with trypsin and, subsequently,
centrifuged at a speed of 1500 rpm for a duration of 5 min.
Following that, the cells were washed three times for 3 min and
stained with DAPI at 37 °C for 10 min in the dark. In the end,
the cells were investigated by using fluorescence microscopy.
Afterward, a thorough washing procedure was performed on
the cells, three times for 3 min. Following the washes, the cells
were subjected to DAPI staining in a dark environment at 37
°C for a duration of 10 min. Subsequently, fluorescence
microscopy was applied to examine and analyze the cells.
2.7. Determining the Cell Death Mechanism. The

Annexin V-FITC/PI staining kit (Apoptosis detection kit,
Roche, Germany) was used to investigate the mechanism of
cell death induced by QU, UiO-66-NH2, Fe3O4@UiO-66-
NH2, and QU@Fe3O4@UiO-66-NH2. For this purpose, the 3
× 105 MDA-MB-231 cells/well were seeded for 24 h and then

Scheme 1. Synthesis of QU@Fe3O4-COOH@UiO-66-NH2
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exposed to the IC50 concentrations of QU@Fe3O4@UiO-66-
NH2 (192 μg/mL). In accordance with company guidelines,
after being washed with PBS (ice-cold), cells were stained with
Annexin V-FITC (5 μL) and PI 10 μL and then incubated in
the dark (10 min, 25 °C). Ultimately, flow cytometry analysis
was performed on the cells. The obtained histograms for each
group of the cells were analyzed using FlowJo software
(version 7.6).
2.8. Statistical Analysis. The statistical analysis of the

relative cell viability percentage data was conducted by using
Prism 8.0 software. The Kruskal−Wallis test, followed by
Dunn’s multiple comparison test, was employed for the
analysis. In all statistical evaluations, a significance level of *p
≤ 0.05 was utilized to determine the presence of significant
differences between the control and treatment groups.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization. Magnetic nano-

carrier of Fe3O4-COOH@UiO-66-NH2 with core−shell nano-
spheres was fabricated based on Fe3O4 nanoparticles as a
magnetic core via a layer-by-layer strategy. Initially, carboxylic
acid-modified Fe3O4 (Fe3O4-COOH) nanospheres were
prepared employing a facile one-pot solvothermal method by
reduction of FeCl3 with EG, as both the solvent and reducing
agent, in the presence of sodium acetate, as an alkali source,
and Na3Cit, as a biocompatible electrostatic stabilizer. Citrate
attachment on magnetite nanocrystal surfaces is promoted by
the three carboxylate groups in Na3Cit which have a great
affinity to Fe(III) ions, preventing them from aggregating into
larger crystals. Moreover, Na3Cit is mainly used as a food
additive, usually for flavor or as a preservative. In the following
step, the Fe3O4-COOH@UiO-66-NH2 core−shell nanocom-
posite was prepared via the LBL approach by combining
zirconium precursor (Zr6O4(OH)4(OMc)12) as a metal-ion
source and 2-aminobenzene-1,4-dicarboxylic acid as an organic
bridging ligand by employing the sonochemical synthesis at
room temperature. Conventional approaches involve acidic
reagents (ZrCl4, ZrOCl2, and HCl) under solvothermal
conditions including high temperatures and pressures.
However, zirconium propoxide, Zr(OPr)4, offers an attractive
alternative for ZrCl4 and ZrOCl2 in UiO-66-NH2 synthesis
since it requires no harsh conditions such as high temperatures
and pressures. Magnetic Fe3O4-COOH nanoparticles are
utilized as a magnetic core with a shell comprising UiO-66-
NH2. The synthetic procedure is illustrated in Scheme 1.
Quercetin, as an anticancer drug, was loaded into the Fe3O4-
COOH@UiO-66-NH2 core−shell composite to explore the
impact of the magnetic nanoparticle-based nanocarrier on the
drug delivery efficiency of quercetin. A comprehensive
description of the synthesis procedure is presented in the
Experimental Section.
Powder X-ray diffraction (PXRD) analysis was applied to

evaluate the crystallinities and compositions of the synthesized
materials (Figure 1). A comparative analysis was performed
between the PXRD pattern of the Zr precursor and the
simulated pattern, as depicted in Figure 1a. The observed
significant similarity confirmed the successful synthesis of the
Zr precursor. The Fe3O4-COOH pattern demonstrated
excellent agreement with the Fe3O4 reference pattern found
in the Powder Diffraction File (PDF) standard card (JCPDS
card number 19-0629) and exhibited typical reflections of
Fe3O4. Fe3O4-COOH@UiO-66-NH2 illustrated the typical
reflections of UiO-66-NH2 and Fe3O4 confirming the growth

of UiO-66-NH2 on magnetic nanoparticle surfaces (Figure 1b).
The observed broadening of the peak widths can be attributed
to the existence of nanoparticles within the sample.155 The
drug-loaded sample, QU@Fe3O4-COOH@UiO-66-NH2, ex-
hibited good agreement with the UiO-66-NH2 PXRD pattern

F i g u r e 1 . PXRD p a t t e r n s o f ( a ) Z r p r e c u r s o r
(Zr6O4(OH)4(OMc)12); (b) Fe3O4-COOH@UiO-66-NH2 and
Fe3O4-COOH; and (c) Fe3O4-COOH@UiO-66-NH2, QU, and
QU@Fe3O4-COOH@UiO-66-NH2 compared to simulated patterns.
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(Figure 1c). In addition, QU incorporation did not affect the
crystal structure of Fe3O4-COOH@UiO-66-NH2. Further-
more, the PXRD pattern of the drug-loaded sample did not
contain the same peaks as those in the PXRD pattern of the
QU, demonstrating that the drug had not crystallized within
the nanoparticle pores or surfaces. Therefore, these results
demonstrated that Fe3O4-COOH@UiO-66-NH2 was synthe-
sized and loaded with the drug successfully.
The FT-IR spectra of Fe3O4-COOH, UiO-66-NH2, and

Fe3O4-COOH@UiO-66-NH2 nanoparticles are depicted in
Figure 2. In the FT-IR spectrum of Fe3O4-COOH, the
stretching vibration of the carboxylic acid O−H group is

observed as a wide band spanning the range of 3100−3600
cm−1. The presence of a sharp peak at 580 cm−1 corresponds
to the Fe−O stretching vibration. Additionally, two broad
peaks centered at around 1550 and 1625 cm−1 are assigned to
symmetric and asymmetric stretches of the C�O group,
respectively. The peak at 1400 cm−1 is related to the C−O
vibrations. These results indicated the surface modification of
Fe3O4 nanoparticles with a carboxyl group. The presence of
magnetic nanoparticles in the Fe3O4-COOH@UiO-66-NH2
spectrum was confirmed by the observation of a distinctive
absorption peak at 580 cm−1, corresponding to the Fe−O
bond. The successful preparation of Fe3O4-COOH@UiO-66-
NH2 was further validated by the presence of characteristic
absorption peaks in the spectrum. The peaks at 1386 and 1570
cm−1 arise from the symmetrical and asymmetrical stretching
vibrations of the C�O group, respectively. The vibrations of
the Zr−O bonds are reflected by the peaks observed at 485
and 670 cm−1. The C−N and C−O stretching vibrations are
represented by the peaks at approximately 1160 and 1258
cm−1, respectively. The peaks at 1498 and 1430 cm−1

correspond to the C−C stretching vibrations within the
aromatic rings. The stretching vibrations of the C−H bonds
result in two weak peaks at 2846 and 2939 cm−1. The N−H
vibration is evident from the peaks detected at 3360 and 3460
cm−1. Furthermore, following the drug-loading procedure, the
presence of specific peaks associated with QU in the spectra
confirmed the successful incorporation of the drug into the
nanoparticles. In the spectrum of QU, the broad band between
3360 and 3460 cm−1 is attributed to the O−H vibration. The
characteristic peak at 1662 cm−1 is related to the C�O
stretching vibration. The two peaks of QU appearing at 1610
and 1520 cm−1 are assigned to the C�C stretching vibration.
In the spectrum of QU@Fe3O4-COOH@UiO-66-NH2, the
broad peak of OH shifted to higher values, and its intensity
also decreased as a result of quercetin incorporation. These
results suggested that quercetin binds to zirconium metal
through the OH group. The oxo and hydroxyl groups in
quercetin facilitate the coordination and chelation of various
metal ions (Figure S4 in the SI).156 According to research, the
antioxidant activity of quercetin is enhanced upon complex-
ation with metal ions.157−163 Furthermore, a unique character-
istic of the UiO-66 family is that it is possible for up to 12
ligand units to coordinate with the metal node. As a result of
this high degree of coordination, the remaining ligands

Figure 2. FT-IR spectrum of Fe3O4-COOH, UiO-66-NH2, Fe3O4-COOH@UiO-66-NH2, pure QU, and QU@Fe3O4-COOH@UiO-66-NH2.

Figure 3. Nitrogen adsorption−desorption isotherms of Fe3O4-
COOH, Fe3O4-COOH@UiO-66-NH2, and QU@Fe3O4-COOH@
UiO-66-NH2.

Table 1. Surface Area and Pore Volume of Fe3O4-COOH,
UiO-66-NH2, Fe3O4-COOH@UiO-66-NH2, and QU@
Fe3O4-COOH@UiO-66-NH2

sample SBET (m2/g)
pore volume
(cm3 g−1)

Fe3O4-COOH 33.4 0.02
UiO-66-NH2 648.1 1.02
Fe3O4-COOH@UiO-66-NH2 251.1 0.45
QU@Fe3O4-COOH@UiO-66-NH2 133.6 0.18
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maintain sufficient structural integrity within the crystal,
allowing for the omission of multiple ligands and resulting in
the formation of structural defects. These defects introduce
enhanced functionality as the absence of linkers creates vacant
zirconium metal sites at the nodes, facilitating increased
opportunities for drug adsorption.164

The porosity of the synthesized nanoparticles was assessed
through N2 adsorption−desorption isotherms, as depicted in
Figure 3. The Brunauer−Emmett−Teller (BET) surface areas
and pore volumes of the samples are summarized in Table 1.
Fe3O4-COOH@UiO-66-NH2 and QU@Fe3O4-COOH@UiO-
66-NH2 exhibited Type I isotherms, which indicated the
presence of microporous materials according to IUPAC
classification. Fe3O4-COOH, on the other hand, displayed a
Type II isotherm, which is characteristic of nonporous
materials. Subsequently, the coating of high-porosity UiO-66-
NH2 resulted in a considerable increase in the total pore

volumes and BET surface areas. The BET surface area of
Fe3O4-COOH@UiO-66-NH2 decreased upon drug loading,
confirming the successful incorporation of QU within the
nanocarrier. Furthermore, a decrease in the pore volume
occurred in Fe3O4-COOH@UiO-66-NH2 after drug loading,
signifying the inclusion of QU within the pores of UiO-66-
NH2. Consequently, the inclusion of loaded drugs in the pores
of Fe3O4-COOH@UiO-66-NH2 was confirmed by the
observed reduction in the pore volume and BET surface area.
FE-SEM images of Fe3O4-COOH, Fe3O4-COOH@UiO-66-

NH2, and QU@Fe3O4-COOH@UiO-66-NH2 are shown in
Figure 4. Fe3O4-COOH magnetite particles (Figure 4, top)
exhibited a regular spherical shape and a uniform size of about
100 nm. Fe3O4-COOH@UiO-66-NH2 (Figure 4, center)
illustrated spherical morphology with an average particle size
of around 120 nm confirming the UiO-66-NH2 grown on the
Fe3O4-COOH sphere surface. QU@Fe3O4-COOH@UiO-66-

Figure 4. FE-SEM images of Fe3O4-COOH (top), Fe3O4-COOH@UiO-66-NH2 (center), and QU@Fe3O4-COOH@UiO-66-NH2 (bottom).
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NH2 nanoparticles (Figure 4, bottom) showed an increase in
size to 140 nm after drug loading, suggesting that the drug
adsorbs on the particle surface. Due to more van der Waals
interactions and aggregation resulting from drug loading,
QU@Fe3O4-COOH@UiO-66-NH2 displayed more lumps
compared with Fe3O4-COOH@UiO-66-NH2. The observed
morphological changes after drug loading suggest drug
adsorption onto the Fe3O4-COOH@UiO-66-NH2 nanopar-

ticles surface. Compared to the reported literature, the particles
became more uniform in size and shape.154 These results are
supported by the TEM images (Figure 5). TEM images
confirmed the core−shell nature of Fe3O4-COOH nano-
particles which showed the formation of organic carboxylate
shells around the Fe3O4 rigid material (Figure 5a). TEM
images further showed spherical core−shell Fe3O4-COOH@
UiO-66-NH2 indicating formation of UiO-66-NH2 shell

Figure 5. TEM images of (a) Fe3O4-COOH, (b) Fe3O4-COOH@UiO-66-NH2, and (c) QU@Fe3O4-COOH@UiO-66-NH2.

Figure 6. EDX spectra and elemental mapping for QU@Fe3O4-COOH@UiO-66-NH2.
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around the Fe3O4-COOH core nanoparticles (Figure 5b). The
average shell thickness of UiO-66-NH2 is approximately 20 nm
(1 nm per self-assembling cycle). TEM images of QU@Fe3O4-
COOH@UiO-66-NH2 also illustrated the adsorbed molecules
of QU on Fe3O4-COOH@UiO-66-NH2 (Figure 5c). These
results confirmed the adsorption of the drug onto nanocarrier
surfaces as well as the accommodation in pores. The standard
cancer treatment and imaging strategies maximize nanoparticle
absorption at tumor sites via enhanced permeation and
retention (EPR).165 The nanoparticles between 100 and 200
nm can be passively released from tumor vessels and can
penetrate tumor cells, making them ideal for achieving EPR in
solid tumors while escaping the liver and spleen filtration
traps.166

The chemical composition analysis of the QU@Fe3O4-
COOH@UiO-66-NH2 nanoparticles was conducted through
energy-dispersive X-ray spectroscopy (EDX), as demonstrated
in Figure 6. The EDX analysis demonstrated the quantitative
presence of C (35.1%), O (25.7%), Fe (22.0%), Zr (16.2%),
and N (1.0%). Elemental mapping demonstrated uniform

distributions of elements within QU@Fe3O4-COOH@UiO-
66-NH2 nanoparticles (Figure 6).
The surface charge and environmental characteristics of the

nanoparticles were evaluated through the measurement of zeta
potentials (ZPs) which provide insights into the stability of
colloidal systems (Figure 7). A ZP of 11, −19, −44, and −53
mV was measured for UiO-66-NH2, Fe3O4-COOH@UiO-66-
NH2, QU@Fe3O4-COOH@UiO-66-NH2, and QU, respec-
tively. UiO-66-NH2 demonstrated a positively charged surface
due to the protonated amino group in the aqueous medium. In
addition, Fe3O4-COOH@UiO-66-NH2 exhibits a negative
surface charge as a result of the negative carboxylate anions
within the nanoparticles surface. Furthermore, the ZP value
decreased after drug loading due to QU adsorption on Fe3O4-
COOH@UiO-66-NH2 nanoparticles surfaces. ZP of ±40 to
±60 indicates the good stability of suspended nanoparticles
due to the high surface charge.167

To evaluate the magnetic properties of the magnetic
nanocomposites, magnetic measurements were conducted at
room temperature. The saturation magnetization values (Ms)
of Fe3O4-COOH, Fe3O4-COOH@UiO-66-NH2, and QU@
Fe3O4-COOH@UiO-66-NH2 were measured to be 69.4, 30.4,
and 16.1 emu g−1, respectively (Figure 8). The existence of
nonmagnetic UiO-66-NH2 reduced the magnetic property of
Fe3O4-COOH nanoparticles. In addition, a further decrease in
the magnetization value was observed after drug loading due to
the presence of nonmagnetic QU drug. According to VSM
plots, all prepared nanoparticles exhibited super magnetic
properties. Coercive field (HC) and remanence magnetization
(Mr) are zero for superparamagnetic particles by definition.

168

Hysteresis is therefore prevented so that their residual
magnetization is zero after the external magnetic field. As a
result of this property, the possibility of agglomeration in vivo
decreases by preventing coagulation compared to that of other
magnetic nanoparticles. Due to their unique characteristics,
such as biodegradability, biocompatibility, and synthesis
simplicity, superparamagnetic iron oxide nanoparticles
(SPIONs) have received the most research attention. More-
over, superparamagnetic nanoparticles offer better control over
their application of magnetic properties due to their strong
magnetic response. Because of these features, they are the most

Figure 7. Zeta potential of UiO-66-NH2, Fe3O4-COOH@UiO-66-
NH2, QU@Fe3O4-COOH@UiO-66-NH2, and pure QU.

Figure 8. VSM curves of Fe3O4-COOH, Fe3O4-COOH@UiO-66-NH2, and QU@Fe3O4-COOH@UiO-66-NH2 at room temperature.
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appropriate types of magnetic nanoparticles for biomedical
applications. In the biomedical field, SPIONs are used for
many applications. The most well-known applications are
magnetic resonance imaging (MRI) as contrast agents and
magnetic drug delivery as carriers.169

3.2. Drug Loading and Release Study. In accordance
with QU’s calibration curve in ethanol obtained by UV−vis
spectroscopy, the amount of drug loading was determined at λ
= 374 nm as a result of π−π* transitions in the enol form.170
DLC and DLE were measured as 43.1 and 53.9%, respectively.
In a recent investigation, simulation findings demonstrated the
significant involvement of both hydrogen bonding and π−π
stacking interactions in the adsorption mechanism of quercetin
within UiO-66 analogues.74 As cancerous cells are more acidic
than normal cells, different release behaviors of nanocarriers
under different pH conditions lead to selectivity in tumor
treatment. The in vitro drug release behavior of the prepared
nanocarrier was investigated at two pH values of 7.4 for
simulating the normal tissue environment and 5.4 for
simulating the tumor environment using the calibration curve
of QU in PBS. The results are illustrated in Figure 9. QU@
Fe3O4-COOH@UiO-66-NH2 exhibited a burst drug release in
approximately 8 h, which was caused by the drug adsorbing on
the surface of the Fe3O4-COOH@UiO-66-NH2. Such burst
drug release strengthens the therapeutic effects upon uptake by
cancer cells.171−173 Thereafter, the observed results indicated
prolonged drug release behavior for QU@Fe3O4-COOH@
UiO-66-NH2 (11 days). QU@Fe3O4-COOH@UiO-66-NH2
released 81% of the drug under an acidic environment within
11 days, while 44% was released under normal conditions
during the same period. Therefore, the release of QU from
Fe3O4-COOH@UiO-66-NH2 can be triggered by acidic pH,
resulting in an on-demand drug release in the tumor site.
The longevity and biodistribution of nanocarriers signifi-

cantly impact their therapeutic efficacy, emphasizing the
critical role of stability in their performance. Maintaining the
structural integrity of nanocarriers is crucial as it directly
influences their lifespan and distribution within the body.
Furthermore, the effective elimination of biomedical nano-
particles is essential to prevent their accumulation in targeted
tissues, thereby mitigating potential long-term retention risks.
Therefore, achieving an optimal balance of stability is
imperative for nanocarriers, as it enables controlled degrada-
tion and clearance, ultimately reducing the risk-to-benefit ratio
and minimizing bioaccumulation.174 During the release

process, QU@Fe3O4-COOH@UiO-66-NH2 exhibited gradual
structural degradation under acidic environments and even-
tually lost its entire structure due to linker protonation at lower
pH.175 In consequence, cellular accumulation will be
prevented. Considering this issue, an investigation of the
stability of QU@Fe3O4-COOH@UiO-66-NH2 in PBS at pH =
5.4 at 37 °C was carried out. As demonstrated by the PXRD
patterns (Figure S5 in the SI), QU@Fe3O4-COOH@UiO-66-
NH2 lost its crystal structure after long-term release, preventing
nanocarrier accumulation. Additionally, the FE-SEM images of
QU@Fe3O4-COOH@UiO-66-NH2 illustrated changes in
morphology after drug release at pH = 5.4. As shown in FE-
SEM images of QU@Fe3O4-COOH@UiO-66-NH2 at pH =
5.4 after 11 days of drug release, nanosized structures with
different morphology were observed (Figure S6 in the SI).
3.3. Cytotoxicity Assay. The cell toxicity effects of the

prepared magnetic Fe3O4-COOH@UiO-66-NH2 nanoparticles
alone and after QU loading against MDA-MB-231 and HEK-
293 cells were assessed by using the MTT assay. Cell toxicity
assessment was conducted on each component of the final
product (QU@Fe3O4-COOH@UiO-66-NH2) including QU,
Fe3O4-COOH, UiO-66-NH2, and Fe3O4-COOH@UiO-66-
NH2. The cytotoxicity analysis results after 48 h of incubation
are illustrated in Figure 10 (a−e).
Based on the obtained results, a decreasing cell viability was

observed with an increasing concentration of each component.
A significant decrease in cell viability occurred in cancerous
MDA-MB-231 cells treated with QU@Fe3O4-COOH@UiO-
66-NH2 (Figure 10e). No cytotoxicity effects were observed
for the components in the HEK-293 cell line, even at high
concentrations. The estimated IC50 values of different
treatment groups are given in Table 2.
3.4. Analysis of the Cell Uptake by Fluorescence

Microscopy. The cellular internalization of the QU@Fe3O4-
COOH@UiO-66-NH2 nanocarrier in MDA-MB-231 cells was
evaluated by fluorescence microscopy imaging. As a result of
the intrinsic green fluorescence potential of QU, cells that took
up QU@Fe3O4-COOH@UiO-66-NH2 were able to emit green
fluorescence (Figure 11). The results demonstrated that the
cancerous cells were capable of absorbing the QU@Fe3O4-
COOH@UiO-66-NH2 nanocarrier.
3.5. Cell Death Mechanism Analysis. The cell death

mechanisms induced in MDA-MB-231 cells following treat-
ment with QU, UiO-66-NH2, Fe3O4-COOH@UiO-66-NH2,
and QU@Fe3O4-COOH@UiO-66-NH2 were investigated

Figure 9. QU drug release profile of QU@Fe3O4-COOH@UiO-66-NH2 at two pH values of 5.4 and 7.4.
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Figure 10. Cytotoxic activity of (a) QU, (b) UiO-66-NH2, (C) Fe3O4-COOH, (d) Fe3O4-COOH@UiO-66-NH2, and (e) QU@Fe3O4-COOH@
UiO-66-NH2 against normal cell lines (HEK-293) and human breast cancer cell lines (MDA-MB-231) after 48 h. The concentrations of each agent
are on the X axis. The cell viability percentages are expressed relative to the control cells. Statistically significant differences between the control and
treatment groups for each cell line were observed, with the corresponding significance levels denoted as ****p ≤ 0.0001, ***p ≤ 0.001, **p ≤
0.01, and *p ≤ 0.05.
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Table 2. Estimated IC50 (μg/mL) Values of Different Treatment Groups

cell lines QU UiO-66-NH2 Fe3O4-COOH Fe3O4-COOH@UiO-66-NH2 QU@Fe3O4-COOH@UiO-66-NH2
HEK-293 N.A.a N.A.a N.A.a N.A.a N.A.a

MDA-MB-231 129 605 N.A.a N.A.a 192
aN.A = Nonaccountable.

Figure 11. Fluorescence images of (a) cell nucleus (blue fluorescence, DAPI-stained), (b) QU@Fe3O4-COOH@UiO-66-NH2 nanocarrier
internalization into MDA-MB-231 cells (green fluorescence), and (c) overlay image (scale bars = 5 μm).

Figure 12. Flow cytometry results for determining cell death mechanisms with the Annexin V-FITC/PI double staining method. Histograms show
flow cytometry analysis of MDA-MB-231 cells for (a) untreated control, (b) QU, (c) UiO-66-NH2, (d) Fe3O4-COOH@UiO-66-NH2, and (e)
QU@Fe3O4-COOH@UiO-66-NH2 groups. Viable, early, and late apoptotic cell populations are presented in Q4, Q3, and Q2, respectively.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c04863
ACS Omega 2023, 8, 41321−41338

41332

https://pubs.acs.org/doi/10.1021/acsomega.3c04863?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04863?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04863?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04863?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04863?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04863?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04863?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04863?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


using the Annexin V-FITC/PI double staining method. Results
revealed that the population of the cells in early and late
apoptotic stages (Q3+Q2) is evidently increased after exposure
to QU@Fe3O4-COOH@UiO-66-NH2 (Figure 12e) compared
with those treated with the other groups and the nontreated
control group (Figure 12a−d, respectively). Moreover,
quantifying the percentage of early and late apoptotic cells
(Q3+Q2) for QU, UiO-66-NH2, and Fe3O4-COOH@UiO-66-
NH2 (Figure 12b−d) exhibited no significant differences. In
addition, the value of (Q3+Q2) was negligible for these three
groups. Also, (Q3+Q2) was 65.6% for QU@Fe3O4-COOH@
UiO-66-NH2, whereas 3.51% for QU. Furthermore, QU@
Fe3O4-COOH@UiO-66-NH2-exposed cells exhibited 1.54%
necrotic death of total cell death (66.63%) compared to QU-
exposed cells demonstrating 56.01% necrotic death of total cell
death (7.98%). As a result of these observations, it appears that
the QU@Fe3O4-COOH@UiO-66-NH2 nanocarrier has the
potential to induce apoptosis more effectively than each of its
derivatives or even the drug individually. Therefore, the
obtained data supported the idea that this nanomagnetic drug
carrier could accelerate cancerous cell death through the
apoptosis pathway. According to these observations, Fe3O4-
COOH@UiO-66-NH2 demonstrated considerable potential as
a highly efficient nanocarrier for the targeted delivery of the
anticancer drug QU to cancerous tumors.

4. CONCLUSIONS
In this research, QU@Fe3O4-COOH@UiO-66-NH2 nano-
particles were synthesized for tumor-targeting drug delivery. A
magnetic core−shell metal−organic framework (Fe3O4-
COOH@UiO-66-NH2) was synthesized under ambient
conditions through the fabrication of an UiO-66-NH2 shell
containing a zirconium methacrylate oxo cluster as the metal
source and 2-aminoterephthalic acid as the linker on the
carboxylic acid-modified Fe3O4 surface core through a
sonochemical approach. QU, as an anticancer drug, was
incorporated into the magnetic core−shell nanoparticles.
Characterization of the synthesized magnetic nanoparticles
was carried out through various analysis methods including
FT-IR, PXRD, FE-SEM, EDX, TEM, BET, UV−vis, ZP, and
VSM. The drug release investigations were conducted at two
values of pH (7.4 and 5.4). The resulting data indicated that
QU@Fe3O4-COOH@UiO-66-NH2 exhibited a high loading
capacity (43.1%) and pH-controllable release behavior over a
prolonged period of time (11 days). To evaluate the
cytotoxicity effects of QU, UiO-66-NH2, Fe3O4-COOH,
Fe3O4-COOH@UiO-66-NH2, and QU@Fe3O4-COOH@
UiO-66-NH2, MTT assays were performed on HEK-293 as
the normal cell line and MDA-MB-231 as the human breast
cancer cell line. Based on the results, MDA-MB-231 cancer
cells treated with QU@Fe3O4-COOH@UiO-66-NH2 ex-
hibited a significant decrease in viability. Moreover, the
cellular uptake and cell death mechanisms were investigated.
According to the results, the QU@Fe3O4-COOH@UiO-66-
NH2 nanomagnetic drug carrier was taken up by cancerous
cells and induced cancerous cell death through the apoptosis
pathway. The QU@Fe3O4-COOH@UiO-66-NH2 nanocarrier
demonstrated several beneficial properties such as facile and
inexpensive manufacturing process, good stability, high loading
capacity, large pore size and high surface area, low cytotoxicity
against normal cells, and pH-controllable release over an
extended duration, which introduced it as a highly promising
drug delivery system with substantial potential.
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