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eted co-delivery of hydrophilic
and hydrophobic drugs with hollow mesoporous
ferrite nanoparticles†

Chao Xu, Suchun Yu, Langlang Liu, Xiaopei Wu and Honglian Dai *

A magnetically targeted drug delivery system (DDS) is developed to solve the delivery problem of

hydrophobic drugs by using hollow mesoporous ferrite nanoparticles (HMFNs). The HMFNs are

synthesized by a one-pot hydrothermal method based on the Ostwald ripening process. The

biocompatibility of the synthesized HMFNs was determined by MTT assay, lactate dehydrogenase (LDH)

leakage assay and hemolyticity against rabbit red blood cells. Moreover, Prussian blue staining and bio-

TEM observations showed that the cell uptake of nanocarriers was in a dose and time-dependent

manner, and the nanoparticles accumulate mostly in the cytoplasm. A typical highly hydrophobic anti-

tuberculosis drug, rifampin (RFP) was loaded into HMFNs using supercritical carbon dioxide (SC-CO2)

impregnation, and the drug loading amount reached as high as 18.25 wt%. In addition, HMFNs could co-

encapsulate and co-deliver hydrophobic (RFP) and hydrophilic (isoniazide, INH) drugs simultaneously.

The in vitro release tests demonstrated extra sustained co-release profiles of rifampicin and isoniazide

from HMFNs. Based on this novel design strategy, the co-delivery of drugs in the same carrier enables

a drug delivery system with efficient enhanced chemotherapeutic effect.
1. Introduction

Existing chemotherapeutic drugs are far from perfect with
undesirable severe side effects, low bioavailability or develop-
ment of drug resistance. Moreover, many active antidisease
substances possess a hydrophobic nature.1 Hydrophobicity
makes them difficult to develop as pharmaceutical products
because low water solubility will strongly prevent their delivery
by the intravenous route.2 Overcoming these limitations
requires effective delivery of drugs to a diseased region. In order
to improve therapeutic efficacy and reduce toxicity, various drug
delivery systems have been developed. Over the past few
decades, copolymer micelles, polymeric nanoparticles and
liposomes have been used, many of which have been engi-
neered for improved drug stability and in vivo circulation
time.3–6 However, these organic drug delivery systems show low
drug encapsulation efficiency and thermal instability, which
have impeded their clinical application.7 Alternatively, inor-
ganic drug delivery systems have attracted attention in
biomedicine due to their excellent biocompatibility and
stability.8
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In recent years, mesoporous silica nanoparticles (MSNs)
have attracted more attention for their biomedical applications.
With their mesoporous structure and high surface area, MSNs
as drug delivery systems show signicant advantages.9,10

However, MSNs have no magnetic responsiveness, hard to
achieve magnetically targeted delivery drugs. Over the past few
decades, magnetic nanoparticles, especially iron oxides, have
been extensively studied due to their stability under physio-
logical conditions, unique magnetic reactivity and biocompat-
ibility.11–13 These specic features endow them with great
potential in nanomedicine as targeted delivery vehicles for drug
delivery.14–16 Therefore, integration of magnetic nanomaterials
and hollow structures to form magnetic hollow mesoporous
ferrite nanoparticles, which possess large cavity, strong
magnetic responsiveness and enhanced drug loading capacity,
is undoubtedly of signicance as versatile carriers for diag-
nostic and therapeutic applications. In addition, traditional
nanocarriers are effective at physical encapsulation and subse-
quent release of hydrophobic therapeutics, but the simulta-
neously delivery of hydrophilic and hydrophobic drugs is still
challenging to achieve without chemical drug conjugations.17

Therefore, it is important to develop a drug delivery system that
simultaneously encapsulate different drugs to facilitate
combination therapy, particularly the co-delivery of hydro-
phobic and hydrophilic therapeutics.

Herein, we would like to report hollow mesoporous ferrite
nanoparticles (HMFNs) to targeted co-delivery of hydrophilic
and hydrophobic drugs. As shown in Fig. 1, the HMFNs exhibit
This journal is © The Royal Society of Chemistry 2018
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unique structural characteristics, such as large hollow interiors
and mesoporous shells. The large hollow interior act as reser-
voirs for hydrophobic drugs and the hydrophilic mesoporous
shell adsorbed hydrophilic drugs and guarantees the water
dispersivity of the nanocarriers. Furthermore, the HMFNs
nanocarriers can be manipulated by an external magnet owing
to their magnetic responsiveness.18

However, how to ll the hydrophobic drugs into the deeper
pore canals of the HMFNs and improve the drugs loading
capacity would be the key problems for a better application of
the HMFNs in sustained-release drug delivery system. In recent
years, the SC-CO2 technique has also been widely used in the
production of drug delivery systems.19–21 High diffusibility and
high dissolving capacity were two main features of the SC-
CO2.22,23 We proposed a hypothesis that using of these features
of the SC-CO2 technique for the hydrophobic drug loading, and
then improve the loading capacity and prolong the releasing
time of hydrophobic drugs.

In this study, rst we synthesized hollow mesoporous ferrite
nanoparticles (HMFNs) by one-pot hydrothermalmethod based on
Ostwald ripening process, and MTT assay, lactate dehydrogenase
(LDH) leakage assay, and hemolysis assay were used to demon-
strate HMFNs exhibit excellent biocompatibility. Furthermore,
a typical highly hydrophobic drug-rifampin (RFP) was loaded into
HMFNs using SC-CO2. Last but not least, the HMFNs successful
co-encapsulation hydrophobic drug (rifampin, RFP) and hydro-
philic drug (isoniazide, INH) in HMNCs.
2. Materials and methods
2.1. Materials

Ferric chloride hexahydrate (FeCl3$6H2O), sodium citrate,
polyacrylamide (PAM, Mn ¼ 3 000 000), urea and polyethylene
glycol-2000 (PEG-2000) were all purchased from Sinopharm
Chemical Reagent Co., Ltd (China). Rifampicin was obtained
from Sigma-Aldrich (St. Louis, MO, USA). Isonicotinic were
purchased from Aladdin Industrial Corporation (Shanghai,
China). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) were purchased from Sigma-Aldrich. The
aforementioned chemicals without denotation were of analyt-
ical grade and used as received without further purication.
RPMI-1640 medium, fetal bovine serum (FBS), penicillin and
streptomycin were purchased from Hyclone. Carbon dioxide
was purchased from Xiangyun Industry Co., Ltd (China). The
deionized water was prepared by UPT ultrapure water polishing
system.
Fig. 1 Schematic illustration of the formation procedure of magneti-
cally targeted drug delivery systems co-loading/co-delivery of
hydrophobic and hydrophilic agents.

This journal is © The Royal Society of Chemistry 2018
2.2. Cell culture

Murine broblast L929 cells was purchased from China Center
for Type Culture Collection (CCTCC, Wuhan, China), Cells were
cultured in a RPMI-1640 medium (Hyclone, USA) supplemented
with 10% fetal bovine serum (FBS, Hyclone, USA), 100 IU ml�1

penicillin, and 100 mg ml�1 streptomycin in an incubator (Heal
Force, China) with 5% CO2 at 37 �C and saturated humidity.
Once the cells reached 80% conuency, the L929 cells were
digested by 0.25% trypsin (Hyclone, USA) and were resuspended
in fresh complete medium before plating.
2.3. Synthesis and characterization of HMFNs

HMFNs were prepared through a modied hydrothermal reac-
tion according to previous report.24 In a typical synthesis
procedure, 2 mmol FeCl3$6H2O, 6 mmol urea and 4 mmol
sodium citrate were dissolved in 40 ml deionized water. Then
0.2 g PEG-2000 and 0.3 g PAM were added under continuous
stirring until they were dissolved totally and transferred into an
autoclave (100 ml capacity). The autoclave was heated to 200 �C
and maintained for 12 h, and collect the product aer it was
cooling. The black product washed with deionized water and
ethanol and then dried under vacuum overnight.

X-ray powder diffraction (XRD) on a D8 Advance diffrac-
tometer using Cu Ka radiation (l ¼ 1.5418 Å) at a scanning rate
of 4� min�1. The microstructures of the resultant products
observed using transmission electron microscopy (TEM, HITA-
CHI H-7000FA, Japan) and eldemission scanning electron
microscopy (FESEM, S-4800, Hitachi Corp, Japan). Fourier
transform infrared (FT-IR) spectra were measured on a Nico-
let6700 (Nicolet, USA) spectrometer by using a KBr pellet
method. Magnetic investigation was carried out at 300 K on
a vibrating sample magnetometer (ppms-9T, Quantum Design,
USA). The thermogravimetric analysis (TG) was conducted by
STA449F3 with a heating rate of 10 �C min�1 in N2. The Bru-
nauer–Emmett–Teller (BET) specic surface areas and pore size
distributions of the resultant products were measured with
a Micromeritics ASAP 2020 M instrument.
2.4. Assessment of the biocompatibility of HMFNs

2.4.1. MTT assay. The in vitro cytotoxicity of HMFNs was
measured by MTT assay. L929 cells were seeded at a density of 2
� 103 cells per well in 96-well plates and incubated for 24 h.
Containing different concentration (0, 25, 50, 100 and 200 mg
ml�1) of the HMFNs medium culture cells in 5% CO2 at 37 �C
for 24, 48, and 72 h. Cells without treatment with HMFNs act as
control. At the end of the incubation, 20 ml MTT solution (5 mg
ml�1 in PBS) was added to each well, and incubated for addi-
tional 4 h at 37 �C for MTT formazan formation. Then, the
media were completely removed, and 200 ml DMSO was added
to each well to dissolve MTT formazan. The plates were mildly
shaken for 15 min to ensure the dissolution of formazan. The
absorbency values were measured by a microplate reader
(Multiskan GO, Thermo Scientic, USA) at a wavelength of
570 nm.
RSC Adv., 2018, 8, 15326–15335 | 15327
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2.4.2. Lactate dehydrogenase (LDH) leakage assay. Lactate
dehydrogenase (LDH) is an enzyme widely present in cytosol
that converts lactate to pyruvate. When plasma membrane
integrity is disrupted, LDH leaks into culture media and its
extracellular level is elevated LDH assay was carried out by the
LDH-Cytotoxicity assay kit (Beyotime Institute of Biotechnology,
Shanghai, China) according to the manufacturer's protocol. In
brief, 3000 cells per well were seeded in 96-well plates and
exposed to HMFNs at the concentrations of 0, 25, 50, 100, and
200 mg ml�1 for 24 and 48 h. At the end of incubation, a 100 ml of
supernatant transferred to new fresh well of 96-well plate that
already containing 100 ml reaction mixture from Beyotime
Institute of Biotechnology kit and incubated for 30 min at room
temperature. At the end of treatment LDH levels in the media
versus the cells were quantied and compared to the control
values using microplate reader (Multiskan GO, Thermo Scien-
tic, USA) at 340 nm according to the manufacturer's protocol.

2.4.3. Hemolysis assay. Ethylenediamine tetraacetic acid
(EDTA)-stabilized blood samples were isolated from New Zea-
land white rabbits. All animal procedures were performed in
accordance with the Guidelines for Care and Use of Laboratory
Animals of Wuhan University of Technology and approved by
the Animal Ethics Committee of Wuhan University of Tech-
nology. First, 5 ml of blood sample was added to 10 ml of PBS,
and then red blood cells (RBCs) were isolated from serum by
centrifugation at 4000 rpm for 5 min. The RBCs were further
washed 5 times with 10 ml of PBS solution. Aer the last wash,
the red blood cells (RBC) were diluted with 50 ml of PBS. Then
0.2 ml of diluted RBCs suspension was added to 0.8 ml of
nanoparticle solution at different concentration and mixed by
vortexing. Herein, RBC incubation with deionized water and
PBS were used as the positive and negative controls, respec-
tively. All samples were prepared in triplicate and the sample
tubes were kept in static condition at room temperature for 3 h.
Finally, the mixtures were centrifuged at 4000 rpm for 5 min,
and 100 ml of supernatant of all samples was transferred to a 96-
well plate. The absorbance values of the supernatants at 570 nm
were determined by using a microplate reader with absorbance
at 655 nm as a reference. Hemolysis was calculated as %
hemolysis ¼ [(sample absorbance � negative control)/(positive
control � negative control)] � 100.25,26
2.5. Cellular uptake experiment

The cellular uptake of the HMFNs were evaluated in L929 cells
by Prussian blue staining. The cells were seeded in a 24-well
plate in RPMI-1640 medium containing 10% FBS. Aer an
incubation for 24 h, the culture medium was replaced with
RPMI-1640 medium containing HMFNs with the concentration
of 0, 50, 100 mg ml�1 and co-incubation for different time
intervals (12 and 24 h). At the end of incubation, cells were
washed with PBS 3 times, and Prussian blue staining analysis
was performed. In Prussian blue staining, cells were xed for
30 min by using 4% paraformaldehyde. Aer washing with PBS,
the cells were incubated with Perls' reagent (4% potassium
ferrocyanide and 6% HCl) for 30 min, and followed by a neutral
15328 | RSC Adv., 2018, 8, 15326–15335
red counterstain. The cells were observed using a light
microscopy.27,28

In addition, Bio-TEM analysis was conducted on ultrathin
sections of L929 cells to illustrate the possible uptake mecha-
nism and intracellular location of HMFNs. The L929 cells were
incubated with 100 mg ml�1 HMFNs in RPMI-1640 medium in
5% CO2 at 37 �C for 24 and 48 h. Then, the cells were washed
twice with PBS (pH ¼ 7.4) and detached by incubation with
0.25% trypsin. The cell suspension was centrifuged at 1000 rpm
for 5 min. Aer removing RPMI-1640, the cells were xed by
glutaraldehyde at room temperature. The samples were rinsed
with PBS and dehydrated through a graded ethanol series. The
samples were then embedded in EPOM812 and polymerized in
the oven at 37 �C for 12 h, 45 �C for 12 h and 60 �C for 48 h.29

Ultrathin sections of approximately 70 nm thick were cut with
a diamond knife on a Leica EM UC7 ultramicrotome and
transferred to the copper grid. The images were viewed on
HT7700 electron microscopy.
2.6. RFP encapsulation in HMFNs

In all experiments of the drug loading by SC-CO2 technique, the
supercritical impregnation set-up used in the study is sche-
matically represented in Fig. S1.† A 34 factorial experiment was
designed to determine the optimum SC-CO2 pressure (10, 15, 20
MPa), vessel temperature (30, 40, 50 �C), the amount of RFP (20,
30, 40 ml) and duration (2, 3, 4 h) for loading of HMFNs with
RFP. For each run, a constant amount of the HMFNs was 0.5 g.
At the end of the loading period, the reactor was depressurized
and the HMFNs powders loaded with RFP were retrieved. The
obtained samples (RFP-HMFNs) were washed with 5 ml acetone
to remove RFP that adsorbed on the surface of the HMFNs and
dried for 12 h at room temperature.
2.7. Characterization of drug-loaded HMFNs (RFP-HMFNs)

The drug loading capacities of the samples were determined by
thermogravimetric analysis (TGA). In detail, Samples of the
range 2–10 mg were loaded on tared platinum pans and heated
from ambient temperature to 1000 �C, at a heating rate of
10 �C min�1 under an inert nitrogen atmosphere. All samples
were analysed in triplicate. Drug-loading amount was calculated
using the following formula. Drug-loading amount (%) ¼
(weight loss of RFP-HMFNs� weight loss of HMFNs)/amount of
HMFNs � 100%
2.8. INH and RFP co-encapsulation in HMFNs

RFP-HMFNs (10 mg) were dispersed into INH PBS solutions
(10 ml: 50 mg ml�1) by ultrasonic treatment. The mixture was
mechanically stirred for 24 h at room temperature. The solvents
were then evaporated to allow penetration of INH through
mesoporous shell channels and entrapped in the mesoporous
channels or adsorbed on the external surfaces of HMFNs. The
INH-loaded HMFNs isolated by an external magnet and dried
under vacuum at room temperature.
This journal is © The Royal Society of Chemistry 2018
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2.9. Characterization of drug-loaded HMFNs (INH-RFP-
HMFNs)

Fourier transform infrared (FT-IR) spectroscopy was used to
determine chemical bonding between the RFP/INH and HMFNs
in the processed RFP-HMFNs/INH-RFP-HMFNs samples. The
drug loading capacities of the samples were determined by
thermogravimetric analysis (TGA). Magnetic characterization
was carried out with a vibrating sample magnetometer at 300 K.
2.10. In vitro release studies

100 mg INH-RFP-HMFNs were transferred to a dialysis tube and
immersed in 20 ml of PBS (pH ¼ 7.4) buffer solution in a water
bath at 37 �C with gentle shaking. At different time points, 2 ml
of the release medium was extracted and replaced with fresh
buffer solution. The concentrations were determined by UV-vis
spectrophotometer by measuring the maximum absorbance at
the wavelengths of 260 nm for INH and 340 nm for RFP,
respectively. The calibration curves were obtained using solu-
tions of INH and RFP respectively.
2.11. Statistical analysis

Statistical analyses were performed using the one-way analysis
of variance (ANOVA), and statistical values are presented as
mean � standard deviation. Throughout, p < 0.05 was consid-
ered signicant.
Fig. 2 (a) Low-magnification SEM image of the HMFNs, (b) the correspon
image of the HMFNs, the arrows indicate the broken spheres of the HM

This journal is © The Royal Society of Chemistry 2018
3. Results and discussion
3.1. Synthesis and characterization of HMFNs

The morphology of the resulting product was investigated by
SEM and TEM. Fig. 2a showed the typical SEM image of the as-
prepared HMFNs, which indicated that the products contain
very uniform spheres. The corresponding histograms with the
particle size distribution of the as-prepared HMFNs are pre-
sented in Fig. 2b. As clearly seen, the nearly monodispersed
HMFNs with a diameter ranging from 100 to 400 nm, average
diameter is about 290 nm. It should be noted that the spheres
with narrow size distribution are well dispersed. Under higher
magnication (Fig. 2c), the HMFNs are composed of small
irregular particles, and some broken hollow spheres can also be
observed. The hollow structure is further investigated by TEM
image shown in Fig. 2d, the intensive contrast between the
black margin and the bright center of the sphere conrms the
existence of hollow structure, consistent with the SEM obser-
vation. X-ray diffraction (XRD) (Fig. 3a) gives further support to
the phase structure of the HMFNs. The positions and relative
intensities of all diffraction peaks matched well with the JCPDS
card (JCPDS 79-0419) for magnetite. No evidence of impurities
can be found in the XRD pattern. The sharp, strong peaks
conrmed the products were well crystallized.

The nitrogen adsorption–desorption isotherms and the
Barrett–Joyner–Halenda (BJH) pore size distributions derived
from the adsorption isotherms for the HMFNs are shown in
Fig. 3b. The isotherm is of type IV and displays the H3 hysteresis
ding particle size distribution of the HMFNs, (c) high-magnification SEM
FNs (d) TEM image of the HMFNs.

RSC Adv., 2018, 8, 15326–15335 | 15329
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Fig. 3 (a) XRD pattern of the HMFNs, (b) nitrogen adsorption/desorption isotherm and BJH pore plot (inset) of the HMFNs.
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loop (inset of Fig. 3b). The hysteresis loop of Fig. 3b should be
assigned to the textural mesopores of nanoparticles.30 The
strong adsorption at P/P0 close to 1.0 should be a result of the
accessible large mesoporous cavities of the prepared samples.31

The mesoporous size distribution using the Barrett–Joyner–
Halenda (BJH) model shows the prepared mesoporous ferrite
nanoparticles mainly has a mesopore size distribution centered
at 22.12 nm in diameter (inset in Fig. 3b). The Brunauer–
Emmett–Teller (BET) surface area and total pore volume are
calculated to be 48.5 m2 g�1 and 0.27 cm3 g�1, respectively. The
higher BET surface area and larger pore volume strongly
support the fact that the product has a mesoporous structure.

To further explore their surface property, the FT-IR spec-
troscopy of HMFNs is shown in Fig. S2.† The peaks appearing at
577 cm�1, attributed to the typical band of Fe3O4, correspond to
the stretching vibration modes of Fe–O. 3430 and 1550 cm�1

can be assigned to the –OH stretching vibration and bending
vibration, indicating the existence of the free –OH group on the
HMFNs, which showed that the HMFNs exhibited to be hydro-
philic shell.32
3.2. Assessment of the biocompatibility of HMFNs

The study on biocompatibility of drug delivery vehicles is very
important for drug delivery systems. L929 cells were exposed to
HMFNs at the concentrations of 0, 25, 50, 100, and 200 mg ml�1

and cytotoxicity was determined using MTT assay and LDH
leakage assay. All the three assays had shown that HMFNs up to
the concentration of 200 mg ml�1, did not produce signicant
cytotoxicity (p > 0.05 for each). Fig. 4a showed the effects of
HMFNs on cell viabilities of L929 cells measured by MTT assay,
which showed that no signicant cytotoxic activity for HMFNs
could be observed for 24, 48, and 72 h co-incubation.

LDH is an enzyme widely present in cytosol that converts
lactate to pyruvate. When plasma membrane integrity is dis-
rupted, LDH leaks intomedia and its extracellular levels elevate.
Therefore, higher LDH values in the medium indicate higher
cytotoxicity.33 In this study, no signicant LDH leakage was
observed at 24 and 48 h on exposure to HMFNs at the
15330 | RSC Adv., 2018, 8, 15326–15335
concentrations of 0, 25, 50, 100, and 200 mg ml�1 (p > 0.05 for
each) (Fig. 4b), which indicated that HMFNs did not induce cell
membrane damage (LDH leakage) in L929 cells in all the
concentrations used as above.

It is seen from the above, HMFNs have good cytocompati-
bility. However, it is equally important to assay the biocom-
patibility of HFNEs with blood cells to guarantee the safety of
the nanocarriers. Red blood cells (RBCs) were isolated from
freshly obtained EDTA-stabilized rabbit blood by centrifugation
and puried by successive washing with PBS solution. Aer co-
incubation of HMFNs with RBCs for 3 h, the hemolytic activity
of HMFNs was assayed by microplate reader, the result of which
was shown in Fig. 4c. The RBCs are red due to the presence of
hemoglobin. During the hemolysis assay experiment, hemo-
globin is released into the solution by hemolysis, resulting in
a visually red solution in the case of strong hemolysis (inset of
Fig. 4c). No or negligible hemolysis of RBCs was detected when
exposed to HMFNs at concentrations ranging from 25 to 200 mg
ml�1. About 0.48% hemolytic activities were measured at
concentration reach up to 200 mg ml�1 (Fig. 4c), demonstrating
the excellent blood compatibility of HMFNs.

It is seen from the above, HMFNs exhibits excellent cyto-
compatibility and blood compatibility, which can be used as
drug delivery vehicles.
3.3. Cellular uptake

Effective intracellular drug delivery is necessary for improved
therapeutic efficacy because many clinically important thera-
peutic agents have an intracellular site of action.34 Therefore, we
investigated the cellular internalization of the HMFNs nano-
carrier. As shown in Fig. S3,† Prussian blue staining was per-
formed to detect the presence of HMFNs in the cells, and
HMFNs were absorbed into the L929 cell is in a dose and time-
dependent manner.

We further investigated the possible uptake mechanism and
intracellular location of HMFNs. Bio-TEM analysis was con-
ducted on ultrathin sections of L929 cells. The distribution of
HMFNs in L929 cells could be clearly observed in TEM images,
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) The proliferation of L929 cells treated with HMFNs for 24, 48 and 72 h; (b) LDH leakage of L929 cells treated with HMFNs; (c)
percentage of hemolysis of RBCs incubated with HMFNs at different concentrations ranging from 25 to 200 mg ml�1 for 3 h (inset: photographic
images for direct observation of hemolysis by HMFNs, using water as a positive control and PBS as a negative control, and HMFNs suspensions of
different concentrations). Data represent means� SD (n ¼ 6). *Statistically significant difference as compared to the controls (p < 0.05 for each).
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and a large number of them could be found in cytoplasm
(Fig. 5a and c), which maintained their hollow spherical struc-
ture (Fig. 5d). As shown in Fig. 5a, a few HMFNs could be found
near the cell membrane, while no nanocarriers were observed in
the nucleus. With the longer incubation time, more HMFNs
were observed in cytoplasm, (Fig. 5c). Based on the present
Prussian blue staining and bio-TEM observations, the major
route for HMFNs to enter the L929 cells may be through
endocytosis. Co-incubating with L929 cells, HMFNs are easily
enclosed by the cell membrane to form vesicles driven by elec-
trostatic interaction, then internalized by L929 cells.35
3.4. HMFNs efficient delivery of hydrophobic agents (RFP)

RFP, a representative and hydrophobic anti-tuberculosis drug,
was selected as a typical model of hydrophobic agents. RFP was
loaded into HMFNs using SC-CO2 impregnation. The inuence
This journal is © The Royal Society of Chemistry 2018
of different experimental conditions on SC-CO2 impregnation
efficiency was studied: different drug solution volume (20 to 40
ml), different pressure conditions (10 to 20 MPa), different
temperature conditions (30 to 50 �C), and the contact duration
between the SC-CO2 and the silica (2 to 4 h). Results in terms of
the loading amount are reported in Table 1.

The loading amount of RFP in HMFNs can be determined by
thermo-gravimetric (TG) analysis (Fig. S4†). Native HMFNs
before drug loading had a small amount of weight loss between
ambient temperature and 1000 �C, because of the moisture and
organics present. Compared with the native HMFNs before drug
loading, RFP-carrying HMFNs revealed an approximate 18.25%
weight loss between ambient temperature and 1000 �C
(sample1), indicating that a considerable amount of RFP was
loaded into the carriers through the available mesoporous
channels. Sample1 had the highest drug loading amount. The
duration of processing time, processing pressure and
RSC Adv., 2018, 8, 15326–15335 | 15331

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra02343c


Fig. 5 Bio-TEM images of HMFNs uptake by L929 cells. (a) and (c) HMFNs are internalized into the L929 cell after 12 and 24 h of incubation; (b)
and (d) the internalized HMFNs trapped inside the cytoplasm are viewed from an enlarged rectangular area and the trapped HMFNs show the
hollow structure.
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processing temperature had no signicant impact on drug
loading (p > 0.05).

3.5. HMFNs co-delivery of hydrophobic and hydrophilic
drugs

Successful loading of RFP and INH is conrmed by Fourier
transform infrared (FT-IR) spectroscopy as shown in Fig. 6. The
peak appearing at 569 cm�1, attributed to the typical band of
Table 1 Fractional factorial experimental design matrix and results

Run no.
Pressure
(MPa)

Temperature
(�C)

Amou
(ml)

1 10 30 20
2 10 40 30
3 10 50 40
4 15 30 30
5 15 40 40
6 15 50 20
7 20 30 40
8 20 40 20
9 20 50 30

15332 | RSC Adv., 2018, 8, 15326–15335
Fe3O4, corresponds to the stretching vibration modes of Fe–O.
For the RFP loading, the detection of a band centered around
2923 cm�1 due to the –CH3 stretching vibration, as well as the
–OCH3 symmetrical stretching vibration (�2853 cm�1) and C–O
stretching vibration (�1093 cm�1), indicates the incorporation
of RFP into the HMFNs (Fig. 6a). Spectra of standard INH show
characteristic absorptions at 3111, 1665 and 1334 cm�1, which
are ascribed to the stretching vibration of N–H, C]O and
nt of RFP solution Duration time
(h)

Drug loading
(%)

2 19.19
3 15.65
4 8.51
4 10.01
2 15.81
3 11.41
3 9.75
4 11.58
2 11.16

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 FT-IR spectra of the pure RFP, INH, and the drug-loaded HMFNs.
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bending vibration of C–H, respectively. As for HMFNs-RFP aer
loading with INH, the new peak located at 3111, 1665 and
1334 cm�1 corroborate that INH has been loaded into the
HMFNs-RFP (Fig. 6b).

To determine the amount of INH storage in the HMFNs, TG
was employed to directly measure the weight loss of as-prepared
product as shown in Fig. 7a. We selected sample1 (RFP-HMFNs)
which had the highest RFP loading amount to continue loading
INH. The INH weight losses were estimated to be 9.55%, by
subtracting the weight loss of RFP-HMFNs.

Magnetic properties were investigated with a vibrating
sample magnetometer at 300 K, as shown in magnetization
curves in Fig. 7b. The HMFNs have saturation magnetization
values of 71.5 emu g�1. Aer loading hydrophobic drug (RFP)
and hydrophilic drug (INH), the saturation magnetization
values reduce to 66.7 and 51.1 emu g�1, respectively. Wang
et al.36 reported a targeted delivery system whose saturation
magnetization was 39.8 emu g�1. This result proved that the
magnetic properties of the HMFNs would reduce slightly aer
loading drug, but still had a high saturation magnetization. A
magnetic drug carrier could be made to selectively target the
Fig. 7 (a) TG curves of HMFNs, RFP-loaded HMFNs, INH and RFP co-loa
HMFNs, INH and RFP co-loaded HMFNs.

This journal is © The Royal Society of Chemistry 2018
affected organs or tissues in the presence of an external
magnetic eld. This special property can be applied as the
magnetically targeted drug delivery vehicles.
3.6. In vitro drug release

The release proles of RFP, INH from HMFNs are shown in
Fig. 8. About 37% of the RFP was released within 4 h, and the
release was not as rapid in the remaining part of the assay. Aer
being loaded into the inner core of the nanoparticles, RFP was
released slowly into PBS solution and exhibited a typical sus-
tained release behavior without any burst effect. Only about
82% of the loaded RFP was released from the carriers within
72 h. Recently, Chen et al. employed hollow/rattle-type meso-
porous nanoparticles for the encapsulation and delivery of the
anticancer drug doxorubicin.37 The large cavities between the
core andmesoporous shell could store large quantities of drugs,
and the mesoporous shell could exhibit sustained release
proles. Fig. 8 showed the release behavior of INH in PBS (pH¼
7.4) at 37 �C. A burst release was observed at the early stage,
indicative of the released drug adsorbed in the shallow
ded HMFNs, (b) the magnetic hysteresis curves of HMFNs, RFP-loaded

RSC Adv., 2018, 8, 15326–15335 | 15333
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Fig. 8 Release profile of RFP and INH from INH-RFP-HMFNs in PBS at
37 �C.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 7

/4
/2

02
5 

12
:3

5:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
nanochannels. The released percentage reached a value
approximately 60% at the rst 4 hours. The INH release rate
decreased dramatically 4 hours later, which resulted from
chemical adsorption, INH molecules could bond onto the
surface of HMFNs through hydrogen bonding, thus release
relatively slowly in the later stage.
4. Conclusions

In summary, we reported a very simple hydrothermal method
for the synthesis of monodisperse magnetite ferrite nano-
particles with hollow mesoporous structure. The prepared
HMFNs act as inorganic nano-drug carrier, which could effi-
ciently encapsulate hydrophobic drug (RFP) and simultaneous
co-load hydrophobic (RFP) and hydrophilic (INH) drugs,
respectively. Besides, the prepared HMFNs exhibit excellent
biocompatibility, high saturation magnetization and large
amount uptake by L929 cells. These special properties endow
HMFNs with great potential applications in the magnetically
targeted drug delivery system. In addition, we used supercritical
carbon dioxide (SC-CO2) for drug loading into HMFNs, which
could enhance drug loading capacity of inorganic carriers and
solved the delivery problem of hydrophobic drug molecules.
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