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ABSTRACT

It is widely accepted that an ideal targeted drug delivery system would be directed to the tumor tissue and selectively release
therapeutic molecules. In this study, we have developed a ZIF-8 coated magnetic nano delivery system named Fe,O,@TiO,@ZIF-8.
Because of the Fe,0, magnetic core, the drug delivery vehicle provides targeting of drugs to the tumor site under a magnetic field. Owing
to the porosity and acid-sensitivity of zeolitic imidazolate framework-8 (ZIF-8), Fe,O,@TiO,@ZIF-8 NPs not only displayed an improved
drug loading capacity compared to most of the inorganic nanocarriers, but also exhibited excellent pH-triggered release of Daunomycin
(DNM) in vitro. Co-incubation of Hela cells with hybrid NPs shows low toxicity and rapid cellular endocytosis, consequently displays
enhanced the inhibition of cancer cell growth by DNM. These results provide convincing evidence establishing the multifunctional Fe,O,@

TiO,@ZIF-8 NPs as promising candidates for tumor therapy.

Keywords: Daunomycin; Superparamagnetic iron oxide nanoparticle; Magnetic targeted drug delivery; Zeolitic imidazolate

framework-8; pH-triggered release

INTRODUCTION

Cancer has become a leading cause of death in the past
decades. However, current anticancer chemotherapies have several
drawbacks including limited solubility, reduced bioavailability,
drug resistance, systemic toxicity and a poor nonselective bio-
distribution [1-3]. Therefore, there is an urgent need to develop
novel anticancer drugs with new modes of action that can selectively
target cancer cells while sparing normal cells of the host. Up to
date, a number of magnetic nanoparticles have been designed for
the purpose of Magnetic Resonance Imaging (MRI), targeted drug
delivery, magnetic enrichment and purification [4-6]. Among them,
the Superparamagnetic Iron Oxide Nanoparticles (SPION) are
remarkable since they are devoid of magnetic remanence due to
their small size. Furthermore, magnetic nanoparticles can be used
as core to construct core-shell structure, which allow the single
nanocomposite to exert multifunctions including drug delivery,
therapy and imaging [7,8]. Daunorubicin (DNM) and Doxorubicin
(DOX) are member of the anthracycline family, there are too few
people who study daunorubicin as a model drug, while there are
many people who study doxorubicin as a model drug. They has been
frequently reported to be loaded on the SPION [9-11].

TiO, nanoparticle is a potential dynamic therapy agent in
cancer therapy due to its excellent biocompatibility and unique
photocatalytic properties [12,13]. Recently, our group has
synthesized —multifunctional Fe,O,@TiO, nanocomposite for
potential applications in both magnetic resonance imaging (Fe,O,
constituent) and inorganic photodynamic therapy (TiO, constituent)
[14]. However, the drug loading of Fe,O,@TiO, nanocomposite
attributed to the electrostatic interaction between the cationic DNM
and the negatively charged surface of Fe,O,@TiO,. As is well known,
both stable drug loading in physical serum and selective drug release
at intracellular target sites are very significant for a drug vehicle. The
electrostatic interaction could not bring high payload or sensitive
drug release in tumor microenvironment.

To resolve the problems above mentioned, Metal Organic
Frameworks (MOF) materials are employed in this study. MOF are
a class of porous hybrid materials with defined cage structure, their
assemblyandfunctionalizationrecentlyhavecaptivatedmuchattention
because of their intriguing structures and potential applications in
gas storage [15,16], gas sensing [17,18], chromatographic separation
[19,20], heterogeneous catalysis [21,22] and many other [23,24].
In particular, zeolitic imidazolate framework-8 has exhibited the
desired characteristic of pH-sensitivity as a drug storage and delivery
vehicle in terms of the tumor microenvironment. Furthermore,
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ZIF-8 is formed by 2-methyl imidazolate and zinc ions, which are
components of physiological systems, where by zinc is the second
most abundant transition metal in biology, and the imidazole group
is integral to the amino acid, histidine. The coordination between
the zinc and imidazolate ions dissociates at pH 5.0-6.0, which makes
the drug release pH responsive and optimal for targeting cancer
cells where extracellular microenvironments (pH 5.7-7.8) are more
acidic than healthy tissues [25-27]. Sun has demonstrated that ZIF-
8 is a valuable candidate as a pH-sensitive drug delivery vehicle for
the first time [28]. Wu has reported the successful fabrication of
MOFs encapsulating superparamagnetic g-Fe O, inside their porous
frameworks [29].

In this study, a novel active tumor-targeting system (Fe,O,@
TiO,@ZIF8-DNM NPs) was designed by Core/Shell Hybrid
nanoparticles (Fe,O,@TiO,@ZIF8 NPs) as carrier and DNM as the
model of antitumor drug. Apart from providing stability to NPs, the
key attribute of Fe,O,@TiO,@ZIF8 NPs is their ability to enhance
drug transport by effective passive targeting toward cancerous
tissues and making sensitize the multi-drug resistance tumors to
various anticancer agents. Moreover, the inner core of Fe,O,@
TiO, NPs functions as a bifunctional imaging agent, while the shell
of ZIF-8 serves as a pH-responsive platform for drug delivery. The
morphology and composition of the Fe,O,@TiO,@ZIF-8-DNM NPs
were characterized by FT-IR, TEM, UV, zeta potentials. Uterine
cervix carcinoma is one of the most common malignant tumors
which severely threatens women health and life. Uterine cervix
carcinoma cell lines as the tumor cells were chosen to evaluate the
antitumor potentiality of Fe,0,@TiO,@ZIF-8-DNM NPs using in
vitro drug release kinetics, cellular uptake, cytotoxicity and apoptosis
experiments.

MATERIALS AND METHODS

General materials and reagents

Zinc nitrate hexahydrate (Zn(NO,),-6H,0,Tetrabutyl Titanate
(TBOT) were purchased from Aladdin Biochemical Technology Co,
Ltd (China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), Prussian Blue-Neutral Red Staining Kit and N,N-
dimethyl-4-nitrosoaniline (RNO) were obtained from Sigma-Aldrich.
All the other chemicals were of analytical grade, and Millipore water
(18.2 M) was used throughout the experiments.

Instrumentation

The Transmission Electron Microscope (TEM) analyses were
performed with a JEM-2010HR transmission electron microscope.
Size distribution of the particles was obtained on a Malvern Zetasizer
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Nano ZS90 instrument (Malvern, UK). UV-Vis and FTIR spectra
were recorded on a Shimadzu UV-3150 spectrophotometer and
an Equinox 55 Fourier transformation infrared spectrometer,
respectively. Fluorescence microscopy of apoptosis assays was
performed with an OX31 fluorescence microscope (Olympus, Japan).
Cell cycle analysis, annexin Vefluorescein isothiocyanate/Propidium
TIodide (PI) assay of apoptotic cells and detection of mitochondrial
membrane potential were performed with a FACS can flow cytometer
(BD, USA).

Experimental methods

Preparation of FeO,@TiO,@ZIF-8 NPs: Fe,O, NPs were
synthesized by a coprecipitation of ferric and ferrous chlorides in
alkaline medium following the method we previously reported [30].
The Fe,0,@TiO, core-shell nanocomposites were fabricated via sol-
gel process of hydrolysis and condensation of TBOT. Briefly, about
30 mg of Fe,O, nanoparticles were dispersed in a mixed solvent
containing 90 mL of ethanol and 30 mL of acetonitrile, and mixed
with 0.5 mL of concentrated ammonia solution (0.30 mL, 28 wt%)
under ultrasound for 15 min. Afterwards, 0.5 mL of TBOT was added
to the above suspension under continuous mechanical stirring. After
reacting for 1.5 h, the products were collected by magnetic separation
and washed with ethanol for several times. Then, 15 mg of Fe,0,@
TiO, nanospheres were added to a methanol solution containing 80
mg of Zn(NO,),-6H,0 and 138 mg of 2-methylimidazolate. The entire
reaction process was performed at 60°C for 1 h with agitated stirring.
Then, the mixture was cooled to room temperature, and the resulting
product was separated using a magnet and washed several times with
methanol before drying in an oven at 60°C.

Drugloadingandreleasestudy: A calculated amount of DNM was
added to Fe,0,@TiO,@ZIF-8 NPs dispersion, obtained as described
above, resulting in a different DNM concentration in solution.
The mixture of DNM and Fe,0,@TiO,@ZIF-8 NPs dispersion was
incubated for 24 h at room temperature and then centrifuged at 10,000
g for 15 min. The obtained pellet after centrifugation was separated
from the supernatant solution and redispersed in deionized water
prior to further characterization. The drug levels of the supernatant
obtained were determined by UV spectrophotometer at 480 nm and
the DNM loading content and entrapment efficiency were calculated
by Egs. (1) and (2) as follows, respectively. Triplicate samples were
analyzed.

mass of drug in nanoparticles

Drug loading content (%,XJ = %100
w

mass of nanoparticles recovered

mass of drug in nanoparticles

Drug entrapment efﬁciency(%,lj = x100

w ) mass of drug used in formulation

The release of DNM from Fe,O,@TiO,@ZIF-8 NPs was carried

out both at physiological pH (=7.4) and at lysosomal pH of cancer

cells (=5.6) at 37°C. The amount of DNM released was monitored

spectrophotometrically at 480 nm and the amount of the released
drug was calculated from a standard curve of free DNM solution.

In vitro cytotoxicity: The biocompatibility of the Fe,O,@
TiO,@ZIF-8 NPs and the cytotoxicity of the free DNM and Fe,O,@
TiO,@ZIF-8-DNM NPs was assessed by using the MTT assay. For
these studies, uterine cervix carcinoma cell line (Hela), the human
lung adenocarcinoma cell line (A549) were provided by School of
Pharmacy in Guangdong Pharmaceutical University with RPMI
1640 medium containing 10% Fetal Bovine Serum (FBS), and 100 U/
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mL penicillin and 100 U/mL streptomycin at 37°C in a humidified
atmosphere with 5% CO,,. The cells (1x10* cells/well) were seeded into
96-well plates and incubated for 24 h, respectively. Then the Fe,O,@
TiO,@ZIF-8 NPs, Fe,O,@TiO,@ZIF-8-DNM NPs and the free DNM
with different concentration were added. After incubation for 48 h at
37°C, the culture medium was removed and 20 uL of MTT reagent
(diluted in culture medium, 0.5 mg/mL) was added. Following
incubation for 4 h, the MTT/medium was removed carefully and
DMSO (150 pL) was added to each well for dissolving the formazan
crystals. Absorbance of the colored solution was measured at 570 nm
using a microplate reader (Bio-Rad, iMarkTM).

Prussian blue staining: HeLa cells were seeded on 24-well plates
at a cell density of 1x10* cells per well and incubated overnight. A
solution of the Fe,O,@TiO,@ZIF-8 NPs magnetic nanospheres with a
concentration of 50 pg/mL was then added and the cells were cultured
for 6 h. After the end of the culture period, each well was washed
three times with Phosphate Buffered Saline (PBS), treated with 4%
paraformaldehyde solution at 4°C for 30 min to fix the cells, and
washed three times with PBS again. A 1:1 mixture of 5% potassium
ferrocyanide (II) trihydrate solution and 5% HCI was added to each
well and the cells were incubated at room temperature for 1 h before
being counterstained with neutral red. Each well was then washed
three times with PBS and analyzed by light microscopy.

Cell migration inhibition study by scratch wound assay: To
determine if quantifiable cell migration occurred after Fe,0,@TiO,@
ZIF-8-DNM NPs treatment, in vitro scratch assays were performed.
HeLa cells were seeded in 6 well plates and when cells reached a
confluence of 95% wounds were made in cell culture using a tip.
Culture medium was changed to remove loose cell debris, and a
defined area of the wound was photographed under an inverted
microscope for a total period of 48 h.

Magnetic targeting study: HeLa cells were seeded in a 60 mm
petri dish and incubated overnight, and then a solution of the
magnetic nanospheres with a concentration of 50 ug/mL was added.
For magnetic targeting study, a magnet (about 4 T) was placed
beside the petri dish. After incubation for 24 h, the petri dish was
photographed and the cells in the position of magnet (targeting area)
and the area with a much weaker magnetic field strength (control
area) were observed using a light microscope.

Flow cytometry analysis of nanoparticle drug delivery
efficiency: Fe, O,@TiO,@ZIF-8-DNM drug delivery efficiency was
characterized by flow cytometry using a BD FACSCalibur flow
cytometer (Becton Dickinson Inc., USA). Briefly, Hela cells were
seeded in 12 well culture plates with a total of 1x10° cells per well. Cells
were grown for 24 h in the same conditions as previously described.
Afterward, the cells were exposed to different formulations of Fe,O,@
TiO,@ZIF-8-DNM NPs during 12 h. Following incubation, the cells
were extensively rinsed with PBS and harvested with 0.25% trypsin.
For flow cytometry analysis, the cells were resuspended in fresh PBS.
Data acquisition was performed in the Cell Quest software where
1x10* events were recorded in the Hela cells region. Data analysis was
performed in the trial version of Flow]Jo software v. 10.0.6

Cell internalization: For cell internalization experiment, cells
were seeded for 48 h in standard 24-well plates at 1 x10* cells per well.
Then the culture medium was discarded and the cells were treated
for 12 h with 500 pL of medium containing Fe,O,@TiO,@ZIF-8 NPs
suspensions (0.5 ug/mL DNM). The fluorescence of DNM in the cells
was observed with fluorescence microscope.
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Cell cycle phase distribution and apoptosis assay: For the
determination of cell cycle phase distribution of DNA content,
Hela (5x10* cells/well) cells were seeded into 6-well recovery. Cells
were treated with an inhibitory concentration (IC50) of Fe,O,@
TiO,@ZIF-8-DNM NPs for 48 h. Untreated cells (control) were also
incorporated. After incubation, cells were harvested and fixed with
ice-cold 70% ethanol (5 mL) at -20°C. They were allowed to stand
overnight, and cell pellets were further processed using the FITC
Annexin V Apoptosis Detection Kit (BD PharmingenTM) according
to the manufacturer’s protocol by Fluorescent Activated Cell Sorter
(FACS) analysis (BD FACSVerse, NJ, USA) [31].

Percent apoptotic cell death was determined by flow
cytometrically (FACS Calibur, BD Biosciences, CA, USA). The
induction of apoptosis by free DNM and Fe,O,@TiO,@ZIF-8-
DNM NPs was studied by flow cytometry [32,33]. Briefly, Hela cells
at a density of 3.0x10° cells/ml were grown in 25 cm? culture flasks
containing 5 ml of growth medium in tripli-cates and incubated
at 37°C in a humidified atmosphere (5% CO,) for 12 h. Next day,
5 ml medium containing 0.5 pg/ml of native DNM and equivalent
concentration of Fe,0,@TiO,@ZIF-8-DNM NPs were added to the
flasks and incubated in 5% CO, incubator. Cells treated with culture
medium and culture medium containing Fe,O,@TiO,@ZIF-8 NPs
were used as control, respectively. Next day, each flask was washed
three times with PBS, trypsinized with 0.25% trypsin and collected
by centrifugation. The pelleted cells were resuspended in 400 uL of
1-binding buffer, 5 uL 1 mg/ml Annexin V-FITC, and incubated at
room temperature in dark for 15 min. Afterwards, 10 pL 10 mg/ml
propidium iodide was added and the mixture incubated in the dark
for another 5 min. Stained cells were analyzed on flow cytometer
(FACS Caliber; Bectone Dickinson, San Jose, CA) using Cell Quest
software with a laser excitation wavelength at 488 nm. The apoptotic
cells were determined by analyzing 10,000 ungated cells using a FACS
can flow cytometer and Cell Quest software.

Trypan blue exclusion test: To determine the viable cell number,
trypan blue exclusion test was performed. Cells were suspended in
Phosphate Buffer Saline (PBS). A small sample (0.1 mL) of cells from
single cell suspension was aseptically removed and mixed with 0.16%
trypan blue (in PBS). Viable cells (the cells which were not intruded
by trypan blue) were counted in hemocytometer.

RESULTS AND DISCUSSION

Synthesis and characterization

Figure 1 showed typical TEM image of Fe,O,@TiO,@ZIF-8
particles. Based on microscopic image, the particles had approximately
spherical morphology. Core/Shell Hybrid Fe,O,@TiO,@ZIF-8
Nanoparticles could be seen in the TEM image where the core and
the outer layer in particles were clearly distinguishable. Based on the
TEM images of Fe,O,@TiO,@ZIF-8 particles, the average diameter
size of Fe,O,@TiO,@ZIF-8 particles was about 400nm.

Figure 2a showed UV/vis spectra of DNM, Fe O,@TiO,@ZIF-8
NPs, and Fe304@TiOZ@ZIF—8—DNM NPs. It could be observed that
the characteristic UV/vis absorption peaks of DNM were found at
480 nm on the spectrum of Fe304@TiOZ@ZIF—8—DNM NPs [34],
which suggested that DNM was have been grafted by amide reaction.
Successful hybridization between Fe,0,@TiO, NPs and Fe,0,@
TiO,@ZIF-8 NPs was also confirmed by FTIR spectroscopy (Figure
2b). The absorption bands in the 1100-1400 cm™ region were ascribed
to the C-N stretching of ZIF-8. The peak at 1100 cm™ is attributed to
stretching vibration of the C-C. The Fe-O group was detected through
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the presence of the peak at approximately 590 cm™. Deformation of
O-H band is observed at 1410 cm™. The peaks at 3410 cm™ indicated
the hydroxyl groups of Fe,O,@TiO,@ZIF-8 NPs. These hydrophilic
groups on the surface of Fe,0,@TiO,@ZIF-8 NPs could weaken
their clearance by the reticuloendothelial system (RES) and prolong
their circulation time in blood [35]. Figure 2c shows Zeta potentials
of Fe,O,, Fe,0,@TiO, and Fe,0,@TiO,@ZIF-8 nanospheres, which
varies from -31.8 £ 1.5 to -33.35 + 3.65, and 7.04 * 1.08, respectively.
The change from negative charge to positive charge can indicate
that ZFI-8 has been modified to Fe,0,@TiO, NPs. The DLS analysis
(Figure 2d) showed that Fe,O,@TiO, NPs had a mean diameter of
387 nm. Furthermore the coating of Fe304@TiO2 NPs with ZIF-8
(Figure 2e) resulted in a slight size increase to 547 nm. DLS analysis of
Fe,0,@TiO, Nps and Fe,0,@TiO,@ZIF-8 Nps showed polydispersity
of 0.205 + 0.09 and 0.374 + 0.028, respectively. This result indicates
that Fe,O,@TiO, Nps and Fe,O,@TiO,@ZIF-8 Nps with a good
dispersion.

Loading and entrapment efficiency

With the large specific surface area, Fe304@TiOZ@ZIF-8 NPs
is supposed to has excellent loading and entrapment behavior. The
loading efficiency and entrapment efficiency of the nanocarrier were
calculated by measuring the concentration of unbound drug using
the absorbance at 490 nm. As shown in figure 3a, Fe,O ,@Ti0,@ZIF-
8 solutions were mixed with DNM at serial concentration ranged
from 0.14 to 0.86 mg/mL. It was found that the loading capacity
increased as the DNM feeding concentration increasing in 0.2 mg/
mL to 0.3 mg/mL. However, the loading capacity reduced suddenly
as the DNM feeding concentration increasing in 0.4 mg/mL, this may
be due to saturation of the loading capacity. The influence of DNM
concentration on the loading capacity became less obvious when
the concentration fell in the region from 0.4 mg/mL to 0.6 mg/mL.
The concentration of 0.3 mg/mL was thus used for drug loading. The
DNM loading capacity increased linearly with the increasing of the
initial DNM concentration. As shown in figure 3b, the entrapment
efficiency reduce as the DNM feeding concentration increasing in 0.2
mg/mL to 0.6 mg/mL, this is probably due to the gradual reduction
in drug loading.

In vitro pH-responsive release

The cumulative drug release experiments were carried out at
two different conditions to evaluate the stimuli-response behavior
of the Fe,0,@TiO,@ZIF-8 NPs toward pH, the drug releasing was
investigated at pH 5.6 and 7.4, which is close to the tumor and
physiological microenvironment respectively [36,37]. As shown
in figure 4, DNM was released very slowly from the nanocarrier
at neutral conditions (pH 7.4). There was only about 14.3% of the
total bound released for 96 h. While when pH decreased, the release
efficiency of DNM enhanced evidently. After 96 h, nearly 79.01% of
the total DNM was released from the nanocarrier under the pH of
tumor tissues (pH 5.6). Especially between 1 and 24 h, DNM released
significantly faster under pH 5.6 compare with pH 7.4 conditions. As
such, the prepared Fe,0,@TiO,@ZIF-8-DNM NPs may be further
developed as a pH-responsive release system that can target tumor
cells and allow drug release within acidic intracellular compartments
such as endosome and lysosome, where the pH value is lower than
that in the normal tissue.

Cytotoxicity of Fe,O,@TiO,@ZIF-8 NPs

Biocompatibility is an important factor for anti-cancer drug
delivery. Here we performed MTT assays to test the toxicity of
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Figure 1: TEM image of Fe,0,@TiO,@ZIF-8 NPs.
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Figure 2: a. UV-vis absorption; b. FTIR spectra of Fe,0,@TiO,and Fe,0,@TiO,@ZIF-8 NPs; c. Zeta potentials of Fe,O
nanospheres; d. Fe,0,@TiO, NPs; e. Fe,0,@TiO,@ZIF-8 NPs size DLS analysis

Fe,0,@TiO,@ZIF-8 NPs with a dose dependent. MTT assay was a
general quantified data to describe the cytotoxicities of biomaterials
(Fe,0,@TiO,@ZIF-8) towards the cells they incubated [38]. As
showed in figure 5, from the highest to the lowest concentration of
Fe,0,@TiO,@ZIF-8 NPs incubated with cells, there was no noticeable
differences of cell viabilities observed. And the viabilities of HeLa
cells were over 90% at all test concentrations after incubated with
Fe,0,@TiO,@ZIF-8 NPs. This result showed that Fe,0,@TiO,@ZIF-
8 NPs were biocompatible and could be used as drug delivery among
intracellular experiments.

Magnetic targeting study

The magnetic properties of the nanocarrier with and without
magnetite nanoparticles-loaded were investigated in our previous
report [39], and both of them exhibited good superparamagnetism.
Therefore, we carried out an in vitro magnetic targeting experiment
to examine the potential application of the nanoplatform for
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Fe,0,@TiO, and Fe,0,@TiO,@ZIF-8

374

magnetic drug targeting in figure 6. After incubation, in the magnetic
region (red circle), Many cells have a round shape with no fixed
form in the cell culture media. This was the significant signal of cell
death. However, for the control region where the magnetic field was
much weaker (blue circle), the cells suffered much less death than
the magnetic position. The result demonstrated that the magnetic
nanospheres exposed to a magnetic field could rapidly accumulate
in the targeting area. The external magnetic field can significantly
increase the local concentration of magnetic nanospheres, which
implies that the magnetic nanospheres could efficiently accumulate
to the tumor under a magnetic guidance.

Cellular uptake and endocytosis of the magnetic
nanospheres

To detect the presence of the Fe,0,@TiO,@ZIF-8-DNM NPs
nanospheres in HeLa cells, intracellular “Fe” was stained by Prussian
blue. In the absence of Fe,0,@TiO,@ZIF-8-DNM nanospheres,
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negligible blue staining was observed for the control cells (Figure 7a).
However, after the incubation with the Fe,O,@TiO,@ZIF-8-DNM
NPs, substantial blue spots were observed in most of the cells (Figure
7b). The majority of the blue spots seem to be localized inside the cells,
indicating high cellular internalization of the magnetic nanospheres
[40].

Then, flow cytometry analysis was performed to compare
endocytosis of Fe,0,@TiO,@ZIF-8-DNM NPs and free DNM using
HelLa cells. Since DNM itself is fluorescent, it was used directly to
measure cellular uptake without additional markers. Therefore,
the fluorescence intensity is pro-portional to the amount of DNM
internalized by the cells. As shown in figure 8, Cells without any
DNM treatment were used as a negative control and showed only
the autofluorescence of the cells. When the cells were treated with
DNM or Fe,0,@TiO,@ZIF-8-DNM NPs, the signals in the cells were
obviously increased. Both free DNM and Fe,0,@TiO,@ZIF-8-DNM
NPs were taken by cells; however, the uptake efficiency was greatly
different. After 24 h of incubation, the amount of cellular uptake
of Fe,0,@TiO,@ZIF-8-DNM (MFI=148) was approximately twice
that of DNM (MFI = 79). This phenomenon may due to the charge-
reversal nanocarrier can be selectively internalized into the targeted.

To further explore the difference in uptake of drug-nanostructure
systems by Hela cells, we tracked DNM internalization into the cells
through the colocalization of the DNM signal (red fluorescence).
Since DNM has red fluorescence, its distribution in the Hela cells
can be easily observed under a fluorescence microscope. As shown in
figure 9, cells exposed to Fe,O, @ TiO, @ ZIF-8-DNM NPs showed
higher DNM fluorescence intensity in cells after 12 h of incubation.
In the case of free DNM, the intensity of red fluorescence was mainly
observed in cells, indicating that DNM-conjugated nanoparticles can
be targeted to accumulate in cancer cells and have good drug delivery
in cells.

Inhibition of cell migration

In order to determine whether the cell migration and invasion
were influenced by the treatment of Fe,0,@TiO,@ZIF-8-DNM NPs,
scratch wound assay were carried out. As is shown in figure 10,
Fe,0,@TiO,@ZIF-8-DNM NPs significantly decreased the repair rate
of wound by the four fold compared to control. Moreover, our results
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Figure 6: Optical micrographs of HeLa cells at the targeting area (red circle) and the control area (blue circle) after incubating with Fe,O,@TiO,@ZIF-8-DNM NPs

(50ug/ ml) for 6h under an external magnetic field (about 4 T).

-

Figure 7: Prussian blue staining of HeLa cells treated in the absence and presence of the Fe,O,@TiO,@ZIF-8 magnetic nanospheres (50ug/ ml) for 6h.
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Figure 8: Fe,0,@TiO,@ZIF-8-DNM NPs delivery efficiency to Hela cells. a. Representative histograms of DNM in different nanospheres. b. MFI flow cytometry

analysis to Hela cells.

showed that the minimal fraction of HeLa cells not committed to cell
death did not display any capacity of closing wounds after incubation
with the nanospheres.

Evaluation of cell cycle arrest and apoptosis from Fe,O,@
TiO,@ZIF-8-DNM NPs

The effect of Fe,0,@TiO,@ZIF-8-DNM NPs and DNM on the
cell cycle and apoptosis was investigated by flow cytometry. As shown
in figure 11, the FACS results showed the presence of early apoptotic,
advanced apoptotic and necrotic cell populations in treated Hela
cells. The fractions of cells that was in early apoptosis were positive
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for Annexin and was placed in the lower right quadrant. The FACS
results demonstrated that Fe304@Ti02@ZIF-8-DNM NPs treated
Hela cells showed greater numbers of cells in early apoptosis, i.e.
10.6% compared with 6.20% for free DNM treated Hela cells. This
result suggested that cells treated with Fe,O,@TiO,@ZIF-8-DNM
NPs were able to induce greater apoptosis in the Hela cell line in
comparison with the free DNM. FACS results suggested that Fe,O,@
TiO,@ZIF-8 NPs had little cytotoxicity and it may be due to the
coating of ZIF-8.

To further define the mechanism of the antiproliferative effect of
the Fe,0,@TiO,@ZIF-8-DNM NPs on tumor cells, the cell cycle of
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Figure 9: The cell internalization of DNM and Fe,O,@TiO,@ZIF-8-DNM assessed by fluorescence microscope.
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Figure 10: Analysis of cell migration for control and cells incubated with Fe,0,@TiO,@ZIF-8-DNM NPs for 0 h, 24h, and 48h by scratch wound assay.

HelLa cells was studied by flow cytometry in Propidium Iodide (PI)-
stained cells after treatment with Fe,O,@TiO,@ZIF-8-DNM NPs for
24 h. The cell statuses were given in figure 12, in which the cell cycles
in the presence of DNM was also given for better understanding of
the mechanism.
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Compared with the control, there were significant increased
G2/M phases distributions in the cell cycles for the cells treated with
DNM or Fe,0,@TiO,@ZIF-8-DNM NPs. Since the G2/M phases
represent the DNA synthetic period of the cancer cells, the enhanced
distribution in these phases indicated that the antiproliferative



American Journal of Nanotechnology & Nanomedicine 8

Control

Free DNM

Fes04@ 1102 ZIF-8-DNM

1 J@1 2

o
o3

) v 3en @2
a6 019 109

Prodium iodide

Annexin V-FITC

Figure 11: Flow cytometry data for HeLa cells after incubation of Fe,0,@TiO,@ZIF-8 DNM and Fe,O0,@TiO,@ZIF-8-DNM for 24 h, respectively. The cells are
stained with Annexin V-FITC and PI. Dot plots of FITC-labeled Annexin V (horizontal axis) and Pl fluorescence (vertical axis) are shown with the logarithmic
fluorescence intensity. Quadrants: lower left, live cells; lower right, early apoptotic cells; upper right, late apoptotic cells; upper left, dead (necrotic) cells.
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Figure 12: Cell cycle status of the HeLa cell line after treatment with Fe,O,@TiO,@ZIF-8-DNM NPs and free DNM for 24h.

mechanism induced by the inhibition of DNA duplication. This
result was in high consistent with the well-known conclusion that
DNM induced the apoptotic of cancer cells by inserting DNA duplex
structures with its plat anthraquinone rings [41-43]. The similar
change for Fe,0,@TiO,@ZIF-8-DNM NPs indicated that the drug
loading process did not influence the anti-cancer activity of DNM.
The mechanism of cell apoptosis was investigated by the following
fluorescence staining and flow cytometry methods.

Anticancer activity study

As observed by MTT assay Fe,O,@TiO,@ZIF-8-DNM NPs
induced toxicity on both the cells types due to the action of the loaded
DNM as shown in figure 13. However, DNM loaded nanoparticles
caused more toxicity to the HeLa cells than the A549 cells. 0.25 ug/mL
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of Fe,0,@TiO,@ZIF-8-DNM NPs induced 30% death of the A549
cells whereas the same amount of Fe,0,@TiO,@ZIF-8-DNM NPs
caused 48% death of the HeLa cells. Again, upon treatment with 1 pg/
mL of Fe,0,@TiO,@ZIF-8-DNM NPs (ug/mL), 85% HeLa cell death
was observed in contrast to only 44% A549 cells cell death. Therefore,
from cell viability assay it can be elucidated that Fe,O,@TiO,@ZIF-8-
DNM induced more toxicity to Hela cells than A549 cells. In addition,
the cytotoxicity of Fe,O,@TiO,@ZIF-8-DNM NPs was higher than
that of free DNM after 48 h incubation, which could be explained by
the difference in cellular uptake routes between Fe,0,@TiO,@ZIF-8-
DNM NPs and free DNM. The Fe,0,@TiO,@ZIF-8-DNM NPs were
taken up efliciently and accumulated in tumor cells via endocytosis,
and consequently killed the cells at enhanced efficacy, whereas the
free DNM entered the cancer cells just through molecule diffusion.
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Figure 13: Cytotoxicity of Fe,0,@TiO,@ZIF-8-DNM and pure DNM toward tumor cells (a) HeLa, and (b) A549, respectively, from MTT assays.

-
Figure 14: Relative cellular viability of Hela cells against Fe,0,@TiO,@ZIF-8 (a), free DMN (b,d) and Fe,O,@TiO,@ZIF-8-DNM(c,f) in 0.5 and 1ug/ mL
concentration of typical experiment respectively.

Using Trypan blue assay, we can observed more intuitively the
number of live cells under treatments with different concentrations of
Fe,0,@TiO,@ZIF-8-DNM NPs and free DNM for 24 h (Figure 14).
Results of Trypan blue assay showed that Fe,O,@TiO,@ZIF-8-DNM
NPs at 1 pg/mL dosage significantly resulted in death of HeLa cells
which was also in accordance with the findings obtained from the
MTT assay. Direct observation of trypan blue changes to the HeLa
cells after exposing them to different drug formulations (with DNM
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concentrations of 0.5 and 1 pg/mL, respectively) also confirmed that
the Fe,O,@TiO,@ZIF-8-DNM NPs was as effective as free DNM in
inhibiting the growth of all of the three tested cancer cell lines.

CONCLUSIONS

In summary, we successfully fabricated the core-shell structured
Fe,O 4@TiOZ@ZIF-S nanoparticles, which could deliver DNM to
tumor regions for combined pH-responsbile and magnetic targeted
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therapy. Our results demonstrated that in vitro tumor therapy with
significant inhibition efficacy for tumor growth was achieved using
DNM-loaded MOF-based Fe,O,@TiO, nanocarriers. The Fe,O,@
TiO,@ZIF-8 NPs exhibited more relevant and satisfactory properties
such as improved drug loading content, good biocompatibility,
effective cellular uptake and more sensitive, pH-triggered drug
release behavior as drug delivery vehicles from in vitro experiments.
It was also demonstrated that the hybrid nanoparticles could inhibit
tumor growth effectively compared with free DNM in the cancer cells.
More efforts for designing pH-sensitive MOFs should be directed to
the combination of high drug-loading capacity and multifunctional
imaging based on well-established biocompatible materials in the
future. The cumulative drug release experiments show that Fe,O,@
TiO,@ZIF-8-DNM NPs could retain for a long time at pH 5.6,
which was helpful to minimize the adverse effect and enhance the
therapeutic effect. In vitro experiments, better anticancer activity was
observed in Fe,0,@TiO,@ZIF-8-DNM NPs therapy group, indicating
the potential of Fe,0,@TiO,@ZIF-8-DNM NPs for cancer therapy.
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