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Encapsulating well-defined nanoparticles (NPs) into ZIF-8 to form core-shell structures not only can mini-
mize the drawbacks and maximize the advantages of the disparate components but also may provide syn-
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ergistic functionality. This work presents novel one-pot synthetic methods to produce FesO,@ZIF-8 NPs.
Moreover, the morphology of FesO4@ZIF-8 NPs can be easily controlled by changing the synthesis condi-
tions (time, temperature, and dosage). The as-obtained FezO,@ZIF-8 NPs have good dispersibility and a
large specific surface area and they are proven to have potential applications as drug delivery models with
good biocompatibility, high drug loading and good pH responsiveness.
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Introduction

In the past decades, a great deal of interest has been devoted
to metal-organic framework (MOF) materials due to their ad-
justable pore size, high pore volume, high specific surface
area and highly ordered crystalline porous network
characteristics."™ Since the 1990s," they have been widely
used in areas such as gas storage,”® separation,” catalysis,®
drug delivery,’ imaging,® sensing'® and light-harvesting."* Un-
der relatively mild conditions, MOFs of crystalline or amor-
phous materials can be obtained. Their synthesis methods
are much simpler and more efficient than those of typical in-
organic porous materials (such as silica).'” As is known, the
properties of nanomaterials can be influenced by their com-
position, size and morphology.’® So far, the application of
MOF materials is still far from enough and needs to be fur-
ther explored and developed.

To date, the fabrication of multicomponent nanostruc-
tured hybrids, which are combined with several different
kinds of materials with varied functionalities, has gained
wide attention.™ In recent years, more and more MOF-based
composite materials have been synthesized.'*"” Combining
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the porous properties of MOF materials with magnetic prop-
erties, materials for use in catalytic magnetic separation,'®
magnetic resonance," drug delivery,”® imaging®’ and other
areas of potential application have been explored. A zeolite
imidazolate framework (ZIF) is an important metal-organic
framework (MOF), which has been attracting more and more
attention in the past decades.>* ZIF possesses a zeolite topol-
ogy in which divalent metal cations are linked to a tetrahe-
dral framework by imidazole acid anions, resulting in a large
surface area and pore volume and unique inherent biode-
gradability.*® Lu et al. prepared multi-core Fe;O,@ZIF-8 with
PVP-stabilized 8 nm Fe;O, NPs.>* Bian et al developed
Fe;0,@PAA/AUNCs/ZIF-8 NPs with CTAB-modified Fe;0,.2°
Previously, the preparation process required additional modi-
fication of the prepared iron oxide nanoparticles to further
coat ZIF-8. In addition, CTAB has been shown to be cytotoxic
in previous studies.*® In addition, the procedure was time-
consuming and involved multiple steps. This motivates us to
explore a simple and fast method to synthesize Fe;O,@ZIF-8.

In this work, we developed and studied a simple strategy
for the synthesis of ZIF-8-coated Fe;O, and studied their
physical properties such as their morphology, specific surface
area and pH responsiveness as an anticancer drug carrier.
We prepared sodium citrate-modified iron oxide with a parti-
cle size of 120 nm with good hydrophilicity and excellent dis-
persion. The three carboxyl groups of Na;Cit have a strong af-
finity for Fe"" and they favor the attachment of citrate groups
on the surface of magnetite nanocrystals which prevents
them from being previously aggregated into large single crys-
tals.>” NasCit is widely used as a surfactant in the preparation
of various metal nanoparticles. In addition, Na;Cit is widely
used in the food and pharmaceutical industries and it is one
of the products of the human body's normal metabolic

This journal is © The Royal Society of Chemistry 2018
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processes.”® As far as we know, there is no report about using
sodium citrate-modified ferric oxide to prepare Fe;O,@ZIF-
8 with different morphologies under different conditions.
Furthermore, DOX as a model drug was used to confirm the
drug loading and pH-sensitive release of Fe;O,@ZIF-8 NPs
(180 nm) which could be employed as drug carriers in vitro.

Materials and methods
Materials

The following provides information on the chemicals used in
this work: 2-methylimidazole (2-MeIM) (Aldrich, 99.0%), zinc
nitrate hexahydrate (Zn(NOj3),-6H,0, Sigma-Aldrich, >99.0%),
sodium citrate (99%), iron trichloride (99%), ethylene glycol
and methanol were obtained from Aladdin Reagent Company
(Shanghai, China).

Preparation of Fe;0,

In a normal procedure, Fe;O, NPs were prepared by a
solvothermal method® as follows: 1.14 g FeCl;-6H,0 and 2.4
g sodium acetate with 0.65 g sodium citrate were dissolved in
50 ml ethylene glycol and magnetically stirred for 30 min at
room temperature. Then the solution was transferred to a
Teflon-sealed autoclave and heated at 200 °C for 10 h.
Fe;O,NPs with a size of 120 nm were separated with a mag-
net and washed with deionized water and methanol. Finally,
the NPs were dried under vacuum at ambient temperature.

Preparation of Fe;0,@ZIF-8 core-shell nanostructures

In a normal procedure, Fe;O, NP solution (4 mL, 0.25 mg
mL™") was added to a solution of HMeIM in methanol (26
mL, 0.82 g). The solution was ultrasonicated for 15 min, and
10 mL of Zn(NO;), in methanol (30 mM) was added and
allowed to react at room temperature for 2 h without stirring.
Finally, the product was separated using a magnet and
washed with methanol.

Drug loading of Fe;0,@ZIF-8 NPs

In order to determine the encapsulation efficiency, several
DOX aqueous solutions in the concentration range of 0-75 ug
mL™" were prepared to obtain a calibration curve. The absor-
bance of DOX remaining in the solvent was measured at the
wavelength of its maximum absorbance (Ay.x = 480 nm) by
UV-vis and then calculated based on the calibration curve.
The amount of DOX not loaded in the supernatant was also
measured using a UV-vis spectrophotometer (480 nm). The
amount of drug loaded, as a measure of the drug load capac-
ity of an important parameter, can be calculated by the fol-
lowing equation: load efficiency (%) = (m; — m,)/m, where m,,
m, and m represent the initial weight of DOX, the weight of
DOX present in the excess solvent and the weight of hollow
ZIF-8.

This journal is © The Royal Society of Chemistry 2018
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Drug release from DOX-loaded NPs

5 mg drug-loaded nanoparticles (DOX-loaded Fe;0,@ZIF-8)
were dispersed in 5 ml buffer solution of pH = 7.4 and pH =
5.5, and the drug was released by shaking at 37 °C. At the
same time interval, the supernatants of each group were col-
lected by magnetic separation and the amount of DOX re-
leased therein was measured with a UV-visible spectropho-
tometer. Then, 5 ml of fresh PBS solution was added to the
release system to continue the drug release process.

Magnet-targeted photothermal effect

2.0 x 10° HeLa cells were incubated in a cell culture dish
containing 2 ml of cell culture medium for 24 hours. Then
the original cell culture medium was replaced by 4 mg ml™
Fe304@ZIF-8 solution which was prepared with culture me-
dium and incubated for another 3 hours. The Fe;0,@ZIF-
8 NPs were drawn to the specified area of the cell culture
dish with a magnet, then all the cells were irradiated by an
808 nm laser with a power density of 2.5 W cm™> for 600 s.
After incubation for 3 h, all the cells were stained with
calcein-AM and PI solution and the survival rate was observed
using a fluorescence inverted microscope (Olympus).

Material characterization

The Fe;O,@ZIF-8 NPs were investigated by scanning electron
microscopy (SEM, JEOL JSM-6309LV) and transmission
electron microscopy (TEM, JEOL JEM-1200). Fourier trans-
form infrared spectroscopy (FT-IR) was performed on a Ten-
sor 27 produced by Bruker Corporation. The powder X-ray
diffraction (XRD) patterns of the Fe;O, and Fe;O,@ZIF-
8 microspheres were recorded on an Ultima IV (185 mm) dif-
fractometer with a Cu target (40 kv/40 mA) from 5° to 90°.
Magnetic measurements of the magnetic microspheres were
carried out on an alternating gradient magnetometer (Micro
Mag TM 2900) at room temperature. The magnetic field was
created by a superconducting solenoid in persistent mode.
The average hydrodynamic particle size of the Fe;O, and
Fe;0,@ZIF-8 NPs were determined by dynamic light scatter-
ing (DLS) using a Microtrac at 25 °C. UV-vis absorption exper-
iments using a Shimadzu 220 V (E) UV-vis spectrophotometer
were carried out to determine the concentration of DOX.

Results and discussion

The preparation of Fe;O0,@ZIF-8 NPs was carried out using
the strategy illustrated in Scheme 1. The magnetic Fe;O, par-
ticles were first prepared from FeCl;-6H,O with sodium ace-
tate (NaAC) and Na;Cit as stabilizers and ethylene glycol as a
reducing agent in a solvothermal reaction. Then, the
Fe;0,@ZIF-8 composite was synthesized by in situ self-
assembly of ZIF-8 on the Fe;O, surface to obtain the core-
shell structure. The developed approach avoids time-
consuming MOF growth and further modification of core par-
ticles, which is much simpler than most methods of synthe-
sizing MOF-based core-shell composites.”*** In addition,
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Scheme 1 Schematic illustration of Fe;O,4@ZIF-8 particle synthesis.

avoiding toxic surface modification makes the as-synthesized
Fe;0,@ZIF-8 NPs more biocompatible for further biological
applications. The synthesized single core-shell structures are
denoted as SCS-x, where x refers to different reaction condi-
tions, as indicated in Table 1.

The structure and morphology of Fe;O, and Fe;O,@ZIF-
8(SCS-1) were characterized by SEM, TEM (Fig. 1) and DLS
(Fig. S1 and S27). The SEM and DLS results (Fig. 1a, S1 and
S2t) show that the prepared Fe;04 (120 nm) and Fe;0,@ZIF-
8 (180 nm) NPs have good dispersivities. The TEM
(Fig. 1b and d) images show that the obtained NPs have a
single core-shell structure and the shell thickness is 20 + 5
nm. The zeta potential was determined to study the charged
properties which can prove the in situ self-assembly of ZIF-
8 on Fe;0,. For the synthesis of core-shell nanoparticles with
ZIF-8 shells, surface modifications (e.g., PVP and CTAB) on
the cores are typically required to stabilize the bare cores and
increase their affinities to MOF precursors.*® However, this is
not needed for encapsulating Fe;O, NPs as they are nega-
tively charged (Fig. 2a) and have an excellent affinity to zinc
ions. The XRD analysis further demonstrates the encapsula-
tion of Fe;0, in ZIF-8. The Fe;0,@ZIF-8 particles show a sim-
ilar XRD pattern compared with the JCPDS file of Fe;0,, indi-
cating that the Fe;O, crystal structure does not change after
coating with ZIF-8 (Fig. 2d).

The nucleation process of MOFs can be regulated by
adjusting the reaction parameters, including the reaction
time, temperature and concentration, to obtain different
sizes of products.*’ Previous reports suggested that mixing
would lead to secondary nucleation of MOFs, resulting in ex-
cessive size, so the experiment was kept static. The encapsu-
lation process was further investigated by changing the con-
centration of Fe;O, and changing the reaction time or
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Fig. 1 SEM of Fe30;4 (a) and SCS-1 (c). TEM of Fez04 (b) and SCS-1 (d).

reaction temperature (Fig. 3). When the concentration of
Fe;0, was increased from 10 to 20 mg, the dispersion wors-
ened, while the shell thickness remained unchanged. As the
concentration of Fe;O, was decreased from 10 to 1 mg, the
shell thickness remained unchanged. Excess HMeIM may not
only act as a base for the deprotonation of the bridging li-
gands but also as a capping agent capable of inhibiting ZIF-
8 crystalline growth.*> As the concentration of Fe;O, was in-
creased, the massive consumption of HMeIM caused the dis-
persion to worsen. In contrast, there was excess HMeIM when
the concentration of Fe;O, was decreased which may en-
hance the stability of the solution. However, thick-shell struc-
tures with a uniform size and shape were obtained when the
reaction time was increased from 1 to 2 h. When the reaction
temperature was 4 °C, the Fe;0, NPs were encapsulated in
the ZIF-8 crystals as well. It can be seen from the TEM images
(Fig. 3b-d) that there are two different structures obtained.
This can be explained by the rate of nucleation being depen-
dent on the synthesis temperature. A faster nucleation at a
high synthesis temperature leads to a higher concentration
of nanoparticles. At a low temperature, the nucleation is
slowed down. This results in fewer nucleating particles which
can grow larger in the presence of abundant starting
materials.*?

The FTIR spectra of the synthesized citrate-capped Fe;O,
NPs and the core-shell structure of the Fe;O,@ZIF-8 NPs are
illustrated in Fig. 4a. SCS-1, SCS-2 and SCS-5 in Fig. 4a
exhibited strong IR absorption in the low-frequency region

Table1 SCS-x

SCS-x Zn(NO;),/mg HMeIM/mg Fe;0,/mg Time/min Temperature/°C
x=1 372 820 10 60 25

x=2 372 820 10 120 25

x=3 372 820 1 60 25

x=4 372 820 20 60 25

x=5 372 820 10 60 4

7488 | CrysttngComm, 2018, 20, 7486-7491
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Fig. 2 Zeta potential of FezO,4 (a), SCS-1 (b) and ZIF-8 (c). XRD of
FezO4, SCS-1 and ZIF-8 (d).

100

due to the Fe-O skeleton of the Fe;O, nanoparticles. Mean-
while in bulk magnetite, the Fe-O stretching band appears at
375 em', due to the quantum confinement effects of Fe;0,
nanoparticles, and it was shifted to 580 cm™" in the case of
Fe;0, nanoparticles.** The characteristic stretching vibration
peaks of the carboxyl groups in the SCS-1, SCS-2 and SCS-5
samples are relatively weak compared with those of pure
Fe;0, at 1652 and 1396 cm™". Trisodium citrate dihydrate not
only plays an important role in controlling the Fe;O, mor-
phology but also acts as a surface modification agent through
the carboxylate groups. The growth of the ZIF-8 shell on the
Fe;0, particles can be initiated by Zn>* ions binding to the
carboxylate groups on the Fe;O, particle surface. Thereafter,
2-methylimidazole coordinates with the Zn®" ions to form
ZIF-8. FTIR spectroscopy was performed to prove the success-
ful coating of ZIF-8. In FTIR spectroscopy, the peaks in the
1100-1400 cm™" region are assigned to the C-N stretching of
ZIF-8. There is a characteristic peak at 3426 cm™ of the prod-
uct, indicating the presence of hydroxyl groups on the surface
of Fe;0,@ZIF-8 nanoparticles. These hydrophilic groups on
the surface of a nanocarrier can attenuate the removal of par-
ticles from the reticuloendothelial system (RES) of an organ-
ism and excretion from the body, improving the circulation
stability of the particles in the blood.*

§

200nm

2000m

Fig. 3 TEM images of (a) SCS-4, (b) SCS-3, (c) SCS-2 and (d) SCS-5.
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Fig. 4 FT-IR spectra(a), BET(b) and magnetization at 300 K as a
function of the applied field (c) of the FezO,4, SCS-1, SCS-2 and SCS-5.

Fig. 4b demonstrates the nitrogen adsorption-desorption
isotherm of the Fe;O, nanoparticles, SCS-1, SCS-2 and SCS-5,
indicating a type I isotherm. The BET surface area of SCS-1,
SCS-2 and SCS-5 was 182.39, 672.28 and 970.03 m® g ', re-
spectively, which is much lower than that of pure ZIF-8 (1570
m? g') mainly due to the Fe;0, cores.*® Fig. 4c shows that
the Fe;O, nanoparticles, SCS-1, SCS-2 and SCS-5 are super-
paramagnetic at room temperature. The saturation magneti-
zation (Ms) values of the Fe;O, nanoparticles, SCS-1, SCS-2
and SCS-5 were determined to be 48.1, 37.2, 21.3 and 18.6
emu g, respectively. The superparamagnetism and the high
Ms values allow the products to be used as targeted drug car-
riers®***” and in MR imaging,*® adsorption®>*° and many
other applications. In consideration of the enhanced perme-
ability and retention (EPR) effects, the size of the carrier used
as a drug transport is limited. In our work, we chose
Fe;0,@ZIF-8 with a size of 180 nm as a drug carrier to test
its performance in drug loading and its pH response
performance.

In order to assess the drug loading and controlled release
behavior of the Fe;0,@ZIF-8 NPs, DOX (an anticancer drug)
is selected as a model drug. The high loading efficiency of
encapsulation of DOX into the Fe;O,@ZIF-8 carriers could
reach 76.6%, and an extremely high drug loading content
was obtained, DOX/Fe;0,@ZIF-8 = 330 mg/1 g, which were
determined by means of the characteristic DOX absorption
peak at 480 nm (Fig. 5a). As can be seen from the SEM im-
ages in Fig. S3,f the loading of DOX does not affect the
dispersibility of the Fe;O,@ZIF-8 NPs. It is revealed that there
are two reasons that explain the high loading efficiency: (1)
the electrostatic interaction between the negatively charged
carboxylic acid groups and positively charged DOX"” and (2)
the coordination bonding of Zn(i)-DOX.** The in vitro release
rate of Fe;0,@ZIF-8 can be controlled by varying the pH at 37
°C. In neutral PBS (pH = 7.4), DOX was released in a very
slow fashion and the cumulative release of DOX was only
about 32.6% even after 48 h at pH = 7.4 (Fig. 5b and c). In

CrysttngComm, 2018, 20, 7486-7491 | 7489
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Fig. 5 (a) UV-vis spectra of DOX in the solution before and after drug
loading. (b) Time-concentration curves at pH = 5.5 and pH = 7.4. (c)
UV-vis spectra of drug release at pH = 7.4 in PBS. (d) UV-vis spectra of
drug release at pH = 5.5 in PBS.

contrast, it can be clearly seen that the system shows a faster
drug release rate; 63% of DOX was released after 48 h at pH
= 5.5 (Fig. 5b and d). Thus, the pH-dependent drug-releasing
Fe;0,@ZIF-8 system is promising as a drug carrier and is
beneficial for targeting cancerous tissues, since the extracel-
lular pH of tumors is lower than that of normal tissues and
the microenvironments of tumors are acidic.’

In vitro cell viabilities of different concentrations of
Fe;0,@ZIF-8 and Fe;O0, on hepatoma cells were evaluated by
MTT assay to study the bio-toxicity of Fe;O,@ZIF-8. The Hep-
atoma cells treated with Fe;O,@ZIF-8 showed low toxicity,
nearly 80% cell viability even at a concentration of up to 200
mg L', indicating the good biocompatibility of the synthe-
sized Fe;0,@ZIF-8 composites (Fig. 6). The live-dead staining
images of the HeLa cells treated without Fe;O,@ZIF-
8 solution and those treated with 4 mg ml™ Fe;0,@ZIF-

I Fe O,
I Fe O, @ZIF-8

100 +

Cell viability(100%)

12.5 25 50 100 200
Concentration(pg/mL)

Fig. 6 Cell viability of hepatoma cells after incubation with different
concentrations of FezO,@ZIF-8.
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8 solution further confirm the low cytotoxicity of Fe;O,@ZIF-
8 (Fig. S4a and bf). In addition, the magnet-targeted photo-
thermal effect of Fe;0,@ZIF-8 was preliminarily investigated
here. It is reported that Fe;O, nanoparticles have an excellent
photothermal effect in both in vitro and in vivo experiments
under 808 nm laser irradiation.”” In our experiment,
Fe;0,@ZIF-8 could be drawn to the specified area of the cell
culture dish with a magnet. After treatment with 808 nm la-
ser, the cancer cells were effectively killed in the Fe;O,@ZIF-
8-enriched area while there was a negligible impact on cancer
cells in the Fe;O0,@ZIF-8-deficient area (Fig. S4c and df),
demonstrating the obvious magnet-targeted property of
Fe,0,@ZIF-8.

Conclusions

A facile synthetic route has been developed for the prepara-
tion of Fe;O,@ZIF-8 NP core-shell structures. The growth
processes of the nanostructures are carefully investigated,
and it is found that the morphology of Fe;0,@ZIF-8 NPs can
be easily controlled by changing the synthesis conditions
(time, temperature, and dosage). The as-obtained Fe;0,@ZIF-
8 (with size of 180 nm) has good dispersibility and a large
specific surface area. The drug loading rate reaches DOX/
Fe;0,@ZIF-8 = 330 mg g '. Meanwhile, the drug molecules
are effectively controlled from the MOFs at pH = 7.4, and
rapid release of the drug can be achieved at pH = 5.5. Our re-
sults provide a new route for the synthesis of magnetic MOF-
based core-shell materials and shed light on the promising
use of Fe;O,@ZIF-8 NPs as low-toxicity and biocompatible
drug delivery carriers.
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