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Core-shell structured Fe;0,@C nanoparticles were fabricated by a facile one-pot hydrothermal route. The
structure and component of the nanoparticles were fully characterized by transmission electron
microscope, X-ray diffraction, Mdssbauer spectroscoy, Raman spectroscoy, thermogravimetric analysis,
magnetometry and Brunauer—-Emmett—Teller specific surface area measurement. The obtained Fe;04@C
nanoparticles possessed favorable dispersibility, high saturation magnetization (61.4 emu g™') that could
quickly response to external magnetic field and excellent biocompatibility. Excitingly, the experiments of
the Fe;0,@C nanoparticles as drug carriers revealed an efficient drug-loading as high as 1.08 mg mg™.
More importantly, the drug loading composite exhibited pH-responsive release profiles and the duration
was as long as 200 h, at the pH value of 5.8 and 7.4, the release rate was 93.7% and 33.6%, respectively.
Furthermore, the resulted Fe;O4@C nanoparticles had good magneto-thermal ability. All these positive
attributes make the as-prepared Fe;O,@C nanoparticles a promising platform for further biomedical
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evaluations.

Introduction

In recent decades, nanotechnology has received considerable
attention for their unique characteristics and has gained
tremendous success by joining together with biology, medicine or
other disciplines."” Rapid development has been achieved on the
nanomaterials’ application to biomedicine especially cancer
therapy in the past years, and extensive research has been focused
on nanoparticles.>* Magnetic nanoparticles have become the
recent research center for their attractive properties which portend
potential biomedical applications, such as contrast agents for
magnetic resonance imaging (MRI), targeted drug/gene/RNA
delivery,  hyperthermia, = biomolecular  separation  and
purification.>® Among those, Fe;0, is the most promising
candidate because it has been proved to have good stability, low
cytotoxicity, and high magnetic saturation for excellent magnetic
operation.”'® For better biocompatibility and multiple-levels
functions, various modification of Fe;O,4 are often necessary.11
For example, liposome, micelle, polymer, dendrimers, silica,
carbon have been widely used for synthesis magnetic composites
with good biocompatibility.'>'® Forming composites with carbon
has been a major approach, since the carbon moiety may reduce
aggregation, protect the core from oxidation, and increase surface
area to promote drug loading content. The most widely used
methods up to now is in-situ modification during the synthesis of
Fe;0,4, or using some decorates after obtaining the magnetic
particles.”” Generally, such composites were synthesized by
mixing magnetic nanoparticles or their precursors with carbon
source (e.g., glucose, dopamine and ethylene glycol) followed by
the carbonization process.'>?° These approaches led to improved
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performance, however, most of the previous approaches adopt
relatively complex and expensive synthetic procedures. Thus,
synthesis of uniform Fe;0,@C nanoparticles with high
magnetization, good stability and excellent biocompatibility via
green and economical methods still is desirable.

The major challenges in drug delivery are the limited
bioavailability, the targeted release of a cargo which can be
triggered by a stimulus, and the duration of blood circulation of
the cargo load system. A release stimulus that is often used is the
pH gradient between the extra- and intracellular regions and
between healthy and diseased tissue.?' There have been some
reports focused on biocompatible nanotransport systems based on
magnetic carbon nanocomposites. These nanocomposites are able
to load anti-tumor drugs without damaging the payload during
load process and can be triggered by a slightly acidic pH to
release the load. Recent examples for nanometer-sized magnetic
carriers that fulfill these criteria are the Fe;0,-graphene
composites and graphene-carbon nanotube-Fe;O, hybrid. These
two drug-loaded nanocarriers had great water-solubility and the
release of the drug was efficient at a mild acidic pH of 4.0. The
composites before drug-loading showed negligible cytotoxicity in
a control experiment, while drug-loaded nanocarriers retained
high anti-tumor activities, which proved the efficient drug release
into tumor cells. Drawback of these systems is the low magnetic
saturation value as it’s just 23 and 19 emu g respectively, which
may be not good for magnetic target delivery.”*** Another nano-
sized Fe;O0,@graphene yolk-shell nanoparticles were also used
for anticancer drug delivery, which had high drug-loading
efficiency and pH-activated release. However, the release process
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was too fast to sustain the cargo load system through blood
circulation to get to the disease area and just 25% of the loading-
drug was released.”* Therefore, a magnetic-carbon hybrid system
with effective anticancer drug loading, strong magnetic, pH-
stimuli responsive drug release and relative long time duration, as
well as other function like great heat generation ability and good
biocompatibility would hold great potential in biomedical
application.

In this work, we demonstrate the large-scale synthesis of
Fe;0,@C nanoparticles with uniform size and good dispersity via
a simple hydrothermal method. In this reaction, easily operated
FeCl,-4H,0 was chosen as the only source of Fe without any
extra addition of oxidants, starch was chosen as carbon source,
while not only did NaAc work as base, but as modifier to
promote the formation of well-defined core@shell Fe;04,@C
nanoparticles. In consideration of potential application of our
Fe;0,@C nanoparticles in biomedicine, their magnetic property
and biocompatibility were evaluated. A common anti-cancer drug
doxorubicin (DOX) used in the treatment of solid tumor was used
for drug-loading and releasing research. Heat generating effect of
the prepared samples in alternating magnetic field was also
studied in vitro.

Materials and methods

Materials

Ferrrous chloride (FeCl,-4H,0), sodium acetate (NaAc), starch
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Minimum essential medium and fetal bovine serum were
purchased from Invitrogen (USA). Doxorubicin hydrochloride
(DOX), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and dimethylsulfoxide (DMSO) were purchased
from Sangon Biotech Co., Ltd. (Shanghai, China). All of the
reagents were analytical grade and used without further
purification unless otherwise indicated. Deionized water was used
in the experiments throughout.

Synthesis of Fe;04@C nanoparticles

Fe;0,@C nanoparticles with core-shell structure were obtained
by one step hydrothermal method. Firstly, 0.5 g of starch, 0.4472
g of FeCl,-4H,0 and 1.2242 g of NaAc was added into 20 mL of
H,O in a 50 mL three-necked flask. Vigorous mechanical stirring
was made for 20 min at 80 °C in a water bath to get a
homogeneous solution. Then the solution was transferred into a
Teflon-lined stainless steel autoclave (20 mL capacity) for
hydrothermal treatment at 200 °C for 20 h. After cooled down to
room temperature (R.T.), the black precipitate was collected by a
magnet and washed several times with ethanol and water,
respectively. The sample was dried overnight at 40 °C before
characterization and application.

Characterization of composition and structure of the
prepared samples

The morphology of the products was investigated by a
transmission electron microscope (TEM, JEM-2100 ) operated at
200 kV. X-ray diffraction (XRD) patterns were obtained with a
Rigaku Ultima IV (D/tex) diffractometer using Cu Ko radiation
ss (A=1.541 A). The transmission M?ssbauer spectroscopy
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experiments were carried out in a constant acceleration with a
25mCi*’Co(Pb) source at R.T. using 25 um o-Fe foil as reference.
The Mdssbauer parameters were fitted by a standard least-squares
fitting program. The Raman spectrum was taken on an inVia
Reflex spectrometer (Renishaw) with an argon-ion laser at an
excitation wavelength of 514 nm. Mettler Toledo thermo-
gravimetric and differential thermal combined analyzer of type
TGA/SDTA 851e was used to check out the thermal performance
of the products with the temperature range from 25 to 700 °C at a
heating rate of 20 °C min' in air atmosphere. Nitrogen
adsorption—desorption isotherms were performed by using a
Micromeritics ASAP 2010 M analyzer on the dried sample which
had been degassed at 80 °C under vacuum for 6 h. The Brunauer—
Emmett—Teller (BET) specific surface area was calculated from
the linear part of the BET plot. Pore size distribution was
calculated using Barrett-Joyner—Halenda (BJH) method.
Magnetic hysteresis loops were obtained at R.T. using a
Lakeshore 7400 model vibrating sample magnetometer (VSM)
under a magnetic field up to 12 kOe. Fourier-transform infrared
(FT-IR) spectra were measured in wavenumber ranging from 400
to 4000 cm™ using Nicolet Nexus 670 FT-IR spectrophotometer.
The dried samples were grinded with KBr together, and then
compressed into thin pellets for measurement.

Loading of DOX

For drug-loading research, most widely used DOX was chosen as
a model drug. In brief, 5 mg of Fe;04@C nanoparticles were
dispersed in 20 mL pH 7.4 phosphate buffer solution (PBS, DOX
100 mg L"). The suspension was shaked at 30 °C, an aliquot of
solution was taken out at given intervals and separated with an
external magnet. The concentration was obtained on the basis of
the standard curve by using a Unico UV-2802S ultraviolet and
visible (UV-Vis) spectrophotometer at 480 nm.

Adsorption isotherm at 30 °C was also measured in order to
ensure the saturated adsorption. DOX solution with different
concentration was mixed with Fe;O4@C nanoparticles, shaked
for 8 hours for total adsorption equilibrium. The absorbance of
the solution was measured after magnetic separation. The DOX-
loading efficiency of the nanoparticles was judged by q
calculated according to the following formula:

(Co— OV

q= m

Where C, is the initial concentration of DOX, C is the
concentration of DOX after adsorption, ¥ is the volume of DOX
solution, and m is the mass of Fe;04,@C nanoparticles.

In vitro drug release

To study drug release, two sets of experiments with different pHs
(5.8 and 7.4) were performed at 37 °C. In each drug release
experiment, 3.0 mg of DOX loaded Fe;0,4@C nanoparticles were
dispersed in 30 mL PBS with pH of 5.8 or 7.4 in a three-necked,
round-bottomed flask, placed the flask in a water bath. The
release medium was withdrawn at predetermined time intervals
and equal amount of fresh PBS was added at the same time to
keep the total solution volume as constant of 30 mL. The samples
were analyzed at spectrometer after separation to determine the
amount of DOX released.
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The cumulative DOX release was calculated by:
M,
DOX release (%) = A X 100%
0

Where M, is the total amount of DOX released from DOX-loaded
Fe;0,@C at time t, and M, is the amount of DOX initially loaded
onto Fe;0,@C. >

Cellular cytotoxicity of DOX-loaded Fe;O4@C nanoparticles
were conducted by MTT assay as discussed in vitro cytotoxicity
assay part with some modification. The DOX loaded
nanoparticles diluted in serum-free culture medium were added to
the wells at final concentrations of 0.5, 1, 2, 3, 5,10 and 20 pg
mL™" for DOX, respectively.

In vitro cytotoxicity assay

The cell viability was chosen as a cytotoxicity parameter and
determined using a colorimetric assay with MTT reagent. The
human hepatoma cell line HepG2 was used to evaluate cell
viability in the presence of the nanoparticles. The HepG2 cells
were grown as monolayer in minimum essential medium
supplemented with 10% fetal bovine serum, 100 units ml™
penicillin and 100 pg ml' streptomycin in a humidified
atmosphere containing 5% CO, at 37 °C. In the experiments, cells
were seeded at a density of 1x10* cells per well in 96-well culture
plates and incubated for 24 h before adding the nanoparticles.
The nanoparticles diluted in serum-free culture medium were
added to the cells at indicated concentrations and cultured at 37
°C. 48 hours post incubation, the MTT reagent was added to each
well and cells were incubated for an additional 4 h. Then all the
mediums were removed and 100 uL of DMSO was added and
mixed thoroughly to dissolve formazan crystals. After incubation
at 37 °C for 10 minutes, the absorbance of the solubilized
formazan product was spectrophotometrically quantified in an
ELISA microplate reader at 570 nm with the reference at 630 nm
(Bio-tek, Synergy). All experiments were performed three times
and in triplicates. The relative cell viability was calculated. For
analysis of the biocompatibility, cells were incubated with
Fe;0,@C and culture medium as a control. For evaluation of the
cytotoxicity, cells were treated with DOX-loaded Fe;0,@C and
used Fe;0,@C as a control. Data are expressed as means +=SD of
a representative of three independent experiments performed in
triplicate. In all statistical evaluations, P < 0.05 was considered as
statistically significant.

Magneto-thermal property of Fe;O,@C nanoparticles

The heating ability of our Fe;O,@C was measured from the time-
dependent  calorimetric The  aqueous
nanoparticles’ solution with the concentration of 8 mg mL™' was
chosen in this experiment. One milliliter of the sample was taken
in a centrifuge tube (2 mL capacity), with suitable arrangements
to minimize the heat loss. The RF generator (SP-15A) used for
this experiment has a variable field down to 15.1 kA m™ and a
fixed frequency of 45 kHz. In this study, AC magnetic fields of
15.1 and 17.4 kA m™" were used.

measurements.

Results and discussion

Preparation and characterization of Fe;O,@C
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Figure 1. TEM images with different magnification (a, ¢) and
size distribution (b) of Fe;0,@C.

In order to examine the morphology and architecture of these as-
obtained samples, TEM and SAED measurements
conducted. TEM image in Figure 1a shows that the products are
composed of well dispersed nanoparticles with irregular shape.
Size of these nanoparticles ranges from 8 nm to 30 nm, which
centers at 16 nm (Figure 1b). Discreted diffraction dots in SAED
picture (inset of Figure 1la) indicate that these nanoparticles are
well-crystallized. TEM image of higher magnification in Figure
lc demonstrates that these nanoparticles are of core@shell
structures, in which the edge of these particles with light contrast
means C as indicated by arrow. This result demonstrated that
starches were successfully transformed into carbon under the
hydrothermal treatment process and coated on the surface of the
magnetite nanoparticles.

(a)
Fe,0,@C
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Figure 2. XRD patterns (a) and Mossbauer spectra (b) obtained
from Fe;0,@C at room temperature.

Table 1. Mossbauer parameters of Fe;0,4 in Fe;0,@C.

Sample Fe Isomer shift Quadrupole Hyperfine Wid Area ratio
component (mms™) Shift (mms™)  Field (kOe)

D 0.69+0.13 1.49£0.15 0.40£0.13  0.090+0.030

Fe,0,@C S1 0.37+0.02 0.02+0.01 485.84£0.56  0.23+0.01 0.412+0.025

S2 0.66+0.04 0.03+0.03 451.211.32  0.45+0.02 0.498+0.034

The components and structures of the samples were determined
by powder X-ray diffraction (XRD) and Mé&ssbauer spectroscopy.
A typical XRD pattern of the resulted products in Figure 2a
shows all peaks are in good agreement with face-centered cubic
inverse spinel structure Fe;04 (JCPDS Card No. 88-0315) and no
impurities are detected. The diffraction peaks of Fe;0,@C have
higher background at around 20°, which is due to the presence of
amorphous carbon.””*® The average crystallite size was about
19.8 nm for Fe;0, crystal particle in Fe;04@C, obtained from
Sherrer equation,” consist with TEM results. Experimental and
fitted Mossbauer spectra for Fe;O,@C sample at R.T. are
discerned in Figure 2b and the hyperfine parameters are tabulated
in Table 1. The spectrum of Fe;04,@C was best fitted with two
sextets and a doublet. The first sextet having hyperfine field (H)
485.84 kOe and isomer shift (I.S.) 0.37 mm s™' is assigned to Fe**
at the tetrahedral (A) site. The other sextet having hyperfine field
451.21 kOe and isomer shift 0.66 mm s has been assigned to the

This journal is © The Royal Society of Chemistry [year]
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presence of both Fe*" and Fe*" at the octahedral (B) sites. The
extra doublet indicates some of Fe;O,4 in Fe;04@C composite are
superparamagnetic at R.T, which may be due to finite size effect
caused by the smaller size of Fe;0, in Fe;04,@C composite than
the critical size.** Combined with XRD pattern, we can make sure
that the samples contain no other iron oxide phase than Fe;O,4 in
the obtained samples.
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Figure 3. (a) Raman spectrum and (b) TGA curve of Fe;O,@C
sample; (c) N, adsorption—desorption isotherms and pore size
distribution of Fe;0,@C; (d)M-H loop of Fe;O,@C
nanoparticles at room temperature, inset d, shows its great water
solubility and mangnetic responsiveness.

Magnetic Field / Oe

Raman spectroscopy was also measured to further ascertain the
existence of carbon and its crystalline (Figure 3a). The peak at
1396 cm is associated with the vibrations of carbon atoms with
dangling bonds for the in-plane terminations of disordered
graphite that labeled as D-band. The peak at 1585 cm’™ is closely
related to the vibration in all sp> bonded carbon atoms in a two-
dimensional hexagonal lattice that labeled as G-band. These two
vibrational peaks are broad, and the intensity ration of the two
bands (Ip/Ig) reaches as high as 0.76, which indicates the poor
crystallinity of carbon in the as-formed state.?”!** Therefore, the
Raman spectrum shows that carbon in our sample is disordered,
in agreement with XRD pattern observation. According to TGA
analysis (Figure 3b), the total weight loss of Fe;O,@C
nanoparticles was 14.1%. The 1.5% weight loss below 200 °C
was due to the evaporation of water physically adsorbed on the
sample, thus only 12.6% weight loss was caused by carbon.'®*!
That’s to say, the carbon content is about 12.6% in the sample.
Figure 3¢ shows the adsorption—desorption isotherm and the pore
size distribution curves of Fe;0,@C. The BET surface area is
3469 m’ g' and the pore size distribution reveals a relative
narrow pore-size distribution centered at 6 nm.

To investigate the magnetic properties of the Fe;O,@C core-shell
nanoparticles, magnetic hysteresis loops were recorded at R.T.
with American Lakeshore 7400 vibrating sample
magnetometer (VSM). Figure 3d shows the saturation
magnetization (Ms) of Fe;0,@C is about 61.4 emu g, a little
smaller than bulk Fe;0,.3 This could be attributed to the rather
smaller size of Fe;O, and the existence of non-magnetism
carbon.*? The inset d; of Figure 3d shows the remanence (Mr) is
7.7 emu g and the coercivity (Hc) is 55 Oe, combined with
Massbauer results, confirm the small size of Fe;0,@C. However,

an

the magnetization is large enough not only for separating the

4s sample from the reaction medium rapidly and easily in a
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magnetic field, but also delivered to the target region by applying
a moderate external magnetic field. As shown in the inset d, of
Figure 3d, the Fe;04@C core-shell nanoparticles dispersed in
water to form a uniform stable suspension of black. The black
powder was completely attracted within 20 s in the presence of an
external magnet, and the solution became transparent. After
taking away the magnet and gentle shake, the particles dispersed
well into water again. The excellent dispersion ability in water
and magnetic response suggest great potential application in
biomedicine for our Fe;0,@C sample.
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Figure 4. Cell viability of HepG2 cells incubated with different
concentrations of Fe;0,@C suspensions at 37 °C for 48 hours.

Cytotoxicity of Fe;0,@C nanoparticles

For biomedical applications such as drug delivery and magnetic-
heat therapy, the toxicity is a major concern. To examine the
cytotoxicity of Fe;04@C, HepG2 cells were incubated with
different concentrations of the Fe;0,@C nanoparticles for 48 h.
MTT assay showed that the nanoparticles had no effects on the
growth of HepG2 cells at the concentration range of 5-160 pg ml”
'(Figure 4). Even at the highest concentration of Fe;0,@C
nanoparticles, the relative cell viability was still over 90%. These
data indicated that Fe;04@C nanoparticles obtained by our one-
step hydrothermal method are biocompatibility.*
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Figure 5. FT-IR spectra of Fe;0,@C nanoparticles before (NP)

70 and after drug-loading (NP-DOX), DOX was measured for

comparision.
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Drug loading capacity of Fe;O,@C

The concentration of DOX in the experimental process was
obtained on the basis of the standard curve. FT-IR spectra were
measured in order to investigate the interaction between DOX
and Fe;0,@C nanoparticles. Figure 5 shows the IR spectra of
Fe;0,@C nanoparticles (NP) and after the adsorption of DOX
(NP-DOX). For comparison purpose, the characteristic spectrum
for pure DOX is also included (DOX). The characteristic
absorption band for the Fe-O spinel vibration at 570 cm™ is
observed for nanoparticle spectra (NP, NP-DOX). The adsorption
of DOX onto Fe;0,@C nanoparticles resulted in a change of the
spectrum as shown in Figure 5. Additional bands that can be
ascribed to the DOX bands appear at 990-1120 cm™ and 1210-
1290 cm'. Methylene stretching vibrations at 2851 and 2924 cm’
'and amine stretching at 3337 cm” (DOX) are merged with a
very broad band in the 2800-3600 cm™ range, most probably due
to the intermolecular hydrogen bonds between the carbon “shell”
and adsorbed DOX. The disappearance of a carbonyl asymmetric
stretching of DOX (1730 cm™) perhaps is also due to the above
intermolecular interactions.”®** It is also worth noticing that since
DOX shows a positive charge in neutral state, which leads to a
strong interaction with the negatively charged Fe;0,@C through
the robust electrostatic attraction. Thus, the high negative charge
density of Fe;O4@C helped them load a considerable amount of
DOX as well as improve their stability in solution.

(a)250 (b)

'-m|50 o
E’ ?600
=100 Experimental plots 00
L —— First-order fitting o

—— Second-order fitting

100 500 600 75 150 225 300

Co/mg L1

375 450

Tim?ao;)mind
Figure 6. (a) Adsorption equilibrium curve of DOX onto
Fe;0,@C and fitting with kinetic models; (b) Adsorption
isotherm for the Fe;04@C drug loading process.

Table 2. Kinetic models and parameters fitting results for the
adsorption of DOX.

Kinetic Model Equation Kinetic Model Parameters Nonlinear analysis

pseudo-First-order

k,/(min') 3.3930x 102
47q(1-e™1) q,,(theo)/(mg g™) 237.8266

q.(exp)/(mg g™) 247.9210

R 0.9544
pseudo-Second-order

k,/(g mg™' min"') 0.1911x 103
a7kyq (14, 1) 4,(theo)/(mg g) 255.7612

R 0.9797

As the drug loading process was an adsorption process, we not
only studied the adsorption equilibrium curve to make sure the
equilibrium time, but also the adsorption isotherm to find saturate
adsorption content at 30 °C. From Figure 6a, we can see the
process almost reached equilibrium in just 6 h, thus we did the
following experiments for 8 h to ensure totally adsorption

equilibrium. The amount of drug loaded into the nanoparticles
w0 was shown in Table 2, which was 247.9 mg g'. The drug-loading
percentage was calculated according to the following formula:

Madded DOX ~Munbound DOX x 100%
2

Drug loading percentage =
Madded DOX

and the value turned out to be 61.8%. In order to elucidate the

adsorption mechanism, the kinetics data were fitted using two
ss different models. Comparison between the experimental
adsorption date and the theoretical values is illustrated in Figure
6a and the obtained parameters are given in Table 2. According to
Table 2, the value of queo) for the pseudo-second-order kinetics
model is closer t0 qe(exp) than the value of quneoy for the pseudo-
first-order kinetics model. In addition, the correlation coefficient
(R?) for the pseudo-second-order kinetics model is higher than
that of the pseudo-first-order kinetics model. These results
indicate that the pseudo-second order kinetic model can
effectively describe the observed kinetics. To determine the
saturation level of DOX onto our Fe;04@C nanoparticles,
Fe;0,@C nanoparticles were added into pH 7.4 PBS solutions
with different concentrations of DOX. As shown in Figure 6b, the
equilibrium adsorption capacity of DOX onto Fe;0,@C
nanoparticles increased with the increase of DOX concentration.
e The highest equilibrium adsorption capacity reached 1079.82 mg

g, much higher than the other drug carriers.*®

93
S

w
a

@ ®loo
——pH74
804 ——pH58

@
=3

3
=3

3

=1

a
3

% Cell Viability
8

N
S

DOX Release / %
3

o

0
0 25 50 75 100 125 150 175 200 0
Time/h
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(b) The cell viability of HepG2 cells treated with different

concentrations of DOX loaded by Fe;0,@C nanoparticles for 48
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In vitro drug release kinetics and cytotoxicity of NP-DOX

Figure 7a displays the cumulative release profile of DOX as a
function of time under different conditions (pH 7.4 means
physiological condition, while pH 5.8 mimics slightly acidic
environment of tumors®®). Both of the systems show a sustained
drug release pattern as expected, and the drug released ration of
weak acid system is significantly higher than neutral, indicating
the pH-sensitive drug release mechanism of our Fe;0,@C
75 nanoparticles. About 48.1% of DOX was released in 20 h in pH
5.8 PBS, while only 18.7% was released in pH 7.4 system. As
prolonging the incubation time to 200 h, nearly 93.7% DOX was
released in acid system while 33.6% in neutral. It was thought
that the more drug release was triggered by the impairment of the
so interaction between DOX and the nanoparticles, including
cleavage of the hydrogen bond and disappearance of electrostatic
interaction under the acid condition. As we know, the acidity is
always stronger in tumor site than normal tissues, when the drug-
load particles reach the targeted tumor site, more drug would be
ss released under the stimulation of lower pH.**® Utilizing the pH-
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dependent drug release superiority, Fe;O4@C nanoparticles can
reserve part of DOX before getting to the cancer cells, which can
enhance circulation time and drug retention in the blood
circulation system. Additionally, instead of the burst release, the
consecutive and gradual release profiles were observed at the
whole stage as long as 200 h, this is quite good for clinical cancer
treatment. The pH-sensitive and long-time gradual release feature
of the drug release process is quite beneficial for more efficient
tumor-target therapy with negligible side-effect. We measured the
magnetic hysteresis loops of the Fe;0,@C nanoparticles after
drug release at pH 5.8 for 200 h to prove the stable magnetic
property of the sample. As shown in Figure S1 in the
supplementary information, the saturation magnetization (Ms)
still reached 55.6 emu g, just decreased a little compared with
the Fe;0,@C nanoparticles before drug loading (61.4 emu g™).
This result clearly demonstrated our Fe;O0,@C nanoparticles
could overcome the drawback of poor magnetic saturation of the
sample during long-term drug-releasing process.

In order to evaluate the cytotoxicity of drug-loaded Fe;0,@C
nanoparticles, we treated HepG2 cells with Fe;0,@C
nanoparticles in the absence or presence of indicated
concentrations of DOX for 48 h. As shown in Figure 7b, the NP-
DOX lowered the cell viability in a dose-dependent manner. 17%
decrease was detected with DOX concentration at 0.5 pg ml™ and
a maximal 70% inhibition was found at 10pug ml” (P<0.05 and
P<0.01, respectively). As we know, cells only die when DOX
chelates with DNA inside the nucleus and arrest the cell
functions.’” The prominent cytotoxicity of the NP-DOX implied
an efficient cellular uptake of drug from our drug-loading
nanoparticles. Since the DOX is linked to the Fe;O4@C
nanoparticles through hydrogen bonds and electrostatic
interactions, once the drug-loaded nanoparticles entered into the
cell, the DOX is easily released from the NP-DOX under the
chemical environment within the cytoplasm and is available to
penetrate within the nucleus of the cell to kill the cell by chelating
with DNA.*® In addition, although a small amount of drug was
also released before NP-DOX entered the cells, the acidic
extracellular environment can promote the released drug
diffusing through the cell membrane into the intracellular
compartment to kill the cancer cells.””***' Together with great
biocompatibility, the efficient anti-cancer efficiency after drug
loading the Fe;0,@C nanoparticles have potential cancer
treatment applications.

Magneto-thermal property of Fe;O,@C nanoparticles

The temperature variation with time of magnetic treatment in
Figure 8 explored the heat generating effect of Fe;04@C. In a
magnetic field of 15.1 kA m’, temperature of the magnetic
solution increased to 55.2 °C in 30 min. It’s just need 6 min to get
45.0 °C, which is an effective and appropriate temperature for the
localized hyperthermia treatment of cancer, but has little side
effect to human normal cells. Magnetic heat-generation was
further tailored by improving the magnetic field strength. When
the field strength improved to 17.4 kA m™', the temperature would
reach 45.0 °C in less than 4 min, and up to a high temperature as
72.4 °C in 30 min. For ferromagnetic nanoparticles, sufficient
heat would be produced by hysteresis loss when they were placed
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in an alternating magnetic field of high frequency, which depends
upon the existence of coercive force and remanence
magnetization.” However, as some of the Fe;0,@C
nanoparticles are superparamagnetic as we learned from the
Mossbauer results, the magnetic heat generation may also partly
be caused by Néel and Brownian relaxations.***
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Figure 8. Temperature kinetic curves obtained after application
of an alternating magnetic field on the samples dispersed in water
with a concentration of 8 mg mL".

Conclusions

A new facile one-step hydrothermal strategy has been
demonstrated for fabricating Fe;0,@C nanoparticles that exhibit
good dispersity, quick magnetic responsibility and great
biocompatibility. Composition and surface analyses have proven
that the resulted nanoparticles consist of the Fe;O,4 core and the C
shell. This simple method may be extended to the synthesis of
other nanoparticles/carbon composites. In the multifunctional
nanoparticles, the magnetic Fe;O,4 core could be easily controlled
by external magnetic field and used to generate heat in AC
magnetic field. The existence of C made the material achieve
high loading efficiency of DOX, and the duration release of the
drug from this hybrid was much higher under acid conditions
compared with neutral conditions. Thus, our multifunctional
Fe;0,@C nanoparticles have great potential in future cancer
theranostic applications.
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Core@shell structured Fe;04@C nanoparticles synthesized by one-pot hydrothermal method show

good pH-response drug release property and magneto-thermal performance.



