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In the past decade, magnetic nanoparticles (MNPs) have been among the most attractive nanomaterials

used in different fields, such as environmental and biomedical applications. The possibility of designing

nanoparticles with different functionalities allows for advancing the biomedical applications of these

materials. Additionally, the magnetic characteristics of the nanoparticles enable the use of magnetic fields

to drive the nanoparticles to the desired sites of delivery. In this context, the development of new MNPs in

new approaches for drug delivery systems (DDSs) for cancer treatment has increased. However, the syn-

thesis of nanoparticles with high colloidal stability triggered drug delivery, and good biocompatibility

remains a challenge. Herein, multi-core shell MNPs functionalized with Pluronic ® F-127 were prepared

and thoroughly characterized as drug carriers for doxorubicin delivery. The functionalized nanoparticles

have an average size of 17.71 ± 4.2 nm, high water colloidal stability, and superparamagnetic behavior. In

addition, the nanoparticles were able to load 936 µg of DOX per mg of functionalized nanomaterial. Drug

release studies at different pH values evidenced a pH-triggered DOX release effect. An increase of 62% in

cumulative drug release was observed at pH simulating tumor endosome/lysosome microenvironments

(pH 4.5) compared to physiological conditions (pH 7.4). In addition, an innovative dynamic drug delivery

study was performed as a function of pH. The results from this test confirmed the pH-induced doxo-

rubicin release capability of carbon multi-core shell MNPs. The validity of traditional kinetic models to fit

dynamic pH-dependent drug release was also studied for predictive purposes.

Introduction

As a result of being a disease with multi-level complexities and
variability, growing mortality, and incidence, cancer has
become a public health problem.1 Clinical treatments used so
far in medicine include radiation therapy, surgical resection
and, mostly, chemotherapy.2 Although chemotherapy treat-
ments present progress in treating several types of neoplasms,
this method is limited by inadequate cell uptake, multidrug re-

sistance and, especially, due to serious side effects.3 For this
reason, the cancer research field is currently focused on explor-
ing new approaches to treat the disease and eliminate draw-
backs in the current widely applied approaches.4–9 Among the
strategies studied in this enormous field, stimuli-responsive
drug delivery systems have presented satisfactory results,
improving the possibility of successful treatment compared
with conventional chemotherapy. These systems respond to
external environmental stimuli, such as pH, enzyme, tempera-
ture and magnetic field changes, as a trigger to deliver the
drug to specific sites.10–16 As the scientific community con-
tinues to fabricate and engineer new DDSs, the necessity to
develop new types of advanced materials to overcome old bar-
riers takes shape.

In recent years, much effort has been dedicated to synthe-
sizing magnetic nanocomposites in an attempt to exploit their
applications.17–22 MNPs offer a great promise for biomedical
research and clinical therapy applications, given their small
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size, which offers unique properties. The most relevant MNP
properties for medical treatments are biocompatibility, inject-
ability, controlled shape and size, and a high level of accumu-
lation in target tissues or specific areas.23–25 For biomedical
applications such as magnetic resonance imaging (MRI),
hyperthermia and drug delivery, nanoparticles with superpara-
magnetic behavior are required. Their capacity of losing mag-
netism after removal of the magnetic field brings advantages
for their application in these approaches.26,27 Multiple tech-
niques have been developed to prepare iron nanoparticles,
including thermal decomposition, sonochemical decompo-
sition, vapor-phase condensation and solution combustion
(SCS).28–30 The synthesis of magnetic materials by solution
combustion has become a promising candidate for the prepa-
ration of nanoparticles since it is considered a time/energy
saving procedure.31

SCS is an efficient method for the preparation of oxide
materials, being recognized as a potential route for the syn-
thesis of iron oxide composites. In brief, SCS is a self-sus-
tained exothermic redox reaction between an oxidizer and fuel
in a homogeneous aqueous solution. Usually, oxidants are
metal precursors themselves, like metal nitrates, sulfates, and
carbonates. The fuel is any organic material, such as citric
acid, urea, or glycine.31,32 Briefly, SCS consists of three main
steps: (i) formation of the combustion mixture, (ii) formation
of the gel and (iii) combustion of the gel. In addition to the
cost, SCS only needs simple instrumentation that can be easily
scaled up, and products with various functionalities and struc-
tures can be obtained. The final products obtained by SCS are
materials with high purity, high surface area, and optimum
aggregation.33

In this work, iron oxide nanoparticles were synthesized by
the SCS method and used as magnetic cores, which are
further coated with carbon in multi-core shell structures.
Carbon coating represents an excellent strategy to overcome
drawbacks such as non-biocompatibility and toxicity of mag-
netic materials, making its biomedical applications feasible.
The most applied materials prepared by carbon coating are
core–shell (CS) and yolk–shell (YS) nanoparticles, for which
the main difference is the presence of a void between the core
and the shell in the case of the YS nanoparticles. When the
coating enwraps several cores of a given material or different
materials, the nanoparticles may be named multi-core shell
structures. In addition to coating, MNPs were functionalized
with nitric acid and Pluronic® F-127 (PF127) to increase the
colloidal stability and obtain negatively charged particles,
enabling them to have great affinity toward cationic drugs
such as doxorubicin (DOX). DOX is a highly potent che-
motherapeutic drug that has been used successfully to
produce regression in a broad spectrum of cancers. The
carbon structure with its unique bonds and negatively
charged surface enables different electrostatic interactions
between the drug and the material in solutions with distinct
pH values. This interaction is very important for drug delivery
in cancer therapy since it is well-known that cancerous
tissues have an acidic pH.

Materials and methods
Chemicals

The reagents used in this study were iron(III) nitrate nonahy-
drate (99%, Sigma Aldrich, Germany), citric acid monohydrate
(98.8%, WWR Chemicals, Belgium), ethanol absolute (99.8%,
Fischer Chemical, South Africa), tetraethyl orthosilicate (TEOS,
98%, Fluka Chemika, Germany), 1,3-benzenediol (99%, Alfa
Aesar, USA), methanal (37–38% wt%, PanReac, Spain),
ammonia solution 28–30% (Merck, Germany), sodium hydrox-
ide (98.73%, Fisher Chemical, U.K.), potassium bromide (99%,
Merck, Germany), sodium dihydrogen phosphate hydrate
(99%, V.P., Portugal), disodium hydrogen phosphate dihydrate
(99.5%, Pronalab, Portugal), nitric acid (37 wt% Fisher
Chemical, U.K.), Pluronic ® F-127 (MW = 12 600, PF127,
Sigma-Aldrich, Germany), and doxorubicin hydrochloride
(DOX, 98%, Discovery Fine Chemicals, Wimborne, U.K.). All
reagents were used as received, and distilled water was used
throughout this work.

Synthesis of multi-core shell MNPs

The synthesis of the MNPs was performed in four main steps
as presented in Fig. 1: (i) synthesis of the superparamagnetic
core, (ii) carbon coating, (iii) removal of silica (etching), and
(iv) functionalization of the surface.

For the first step, the synthesis of superparamagnetic mag-
netite (Fe3O4) was achieved by solution combustion synthesis
(SCS), as illustrated in Fig. S1† and described elsewhere.33

Briefly, 10 mL of 12 mM citric acid (C6H8O7) solution was
added dropwise for 10 min using a peristaltic pump to 10 mL
of 21 mM iron(III) nitrate solution. The resultant solution was
heated at 80 °C in a drying oven for 6.5 h. The flask was placed
in an oil bath heated using a magnetic stirring plate and sub-
jected to N2 flow (100 N cm3 min−1) for 1 h at room tempera-
ture to ensure an inert atmosphere therein. After N2 circula-
tion, the solution was heated at 180 °C for 3 h. The yielding
product obtained was washed with distilled water until neutral

Fig. 1 Schematic representation of the synthesis steps of
Fe3O4@C_PF127.
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pH by centrifugation at 6000 rpm for 5 minutes in an
MPW-260R centrifuge (MPW Med. Instruments). The material
was dried in an air oven overnight at 60 °C.

The carbon-based multi-core shell architecture was
achieved in different stages: coating, carbonization, and
etching. First, a one-pot strategy of hydrolysis and polymeriz-
ation of TEOS and polymerization of the precursors resorcinol
(1,3-benzenediol) and formaldehyde (methanal) was used by
adapting the extended Stöber method described elsewhere.34

Briefly, an ultrasonicated mixture of 0.25 g of magnetite with
50 mL of distilled water and 150 mL of absolute ethanol was
added to a 500 mL three-necked bottom flask previously
loaded with 0.10 g of resorcinol and 1.2 mL of ammonia solu-
tion (28–30%). The mixture was kept stirring for 1 h at 30 °C
using a magnetic stirring plate with temperature control.
Hereafter, 0.150 mL of formaldehyde solution (37–40%) and
0.210 mL of TEOS were added dropwise and the mixture was
kept stirring for 6 h at the same temperature. After that, the
temperature was increased to 80 °C and kept stirring at this
temperature for 8 h. In the end, the solid sample was washed
several times with distilled water by centrifugation at 6000
rpm for 5 min until the rinsing waters reached the neutrality
of distilled water. The final washing was done with absolute
ethanol, and the obtained solid was dried at 60 °C in a drying
oven and named Fe3O4@resin.

At the end of the coating, the nanoparticles were covered
with a shell made of the as-synthesized resin. For the carboniz-
ation step, the sample was annealed under an N2 atmosphere
in a vertical tubular furnace (ROS 50/250/12, Thermoconcept)
at 120 and 400 °C for 1 h at each temperature, and then at
600 °C for 4 h, with a heating rate of 2 °C min−1 for the temp-
erature ramps. The nanoparticles recovered from the furnace
were named Fe3O4/SiO2@C. In the final step, the resultant
Fe3O4/SiO2@C nanoparticles were etched under stirring with
10 M NaOH solution at room temperature for 16 h to remove
the content of silica from the material. The product was
washed several times by centrifugation with distilled water
until the rinsing waters reached the neutrality of distilled
water. The final washing was done with absolute ethanol, and
the obtained solid was dried at 60 °C overnight in an air oven.
The resultant carbon-coated material was denoted as
Fe3O4@C.

The Fe3O4@C surface was functionalized to increase its col-
loidal stability and affinity with cationic drugs. For this
purpose, the oxidation of the carbon-based shell was per-
formed by mild acid treatment followed by the incorporation
of PF127.10 Briefly, MNPs were suspended in a nitric acid solu-
tion (1 M) with a concentration of 5 mg mL−1, maintained
under stirring for 3 h at 60 °C. After this treatment, the
product was washed with distilled water several times by cen-
trifugation at 6000 rpm for 5 minutes until the rinsing waters
reached the neutrality of distilled water. The final washing was
done with absolute ethanol, and the obtained solid was dried
at 60 °C overnight in an air oven. Once the surface was acti-
vated with HNO3, the resultant material named Fe3O4@C_ox
(2 mg mL−1) was functionalized with PF127 (40 mg mL−1) for

5 h at room temperature under magnetic stirring. In the end,
the functionalized nanoparticles were recovered by centrifu-
gation at 13 000 rpm for 20 minutes and washed several times
with distilled water to remove the unbound copolymer. The
final nanomaterial (Fe3O4@C_PF127) was stored at 4 °C in dis-
tilled water with a concentration of 10 mg mL−1 until posterior
utilization for drug loading and release tests.

Nanoparticle characterization

X-ray diffraction, Fourier Transform Infra-Red (FT-IR) spec-
troscopy, and textural properties were investigated to character-
ize the materials, following the methodologies described in
previous work.35 Briefly, the superparamagnetic core was
characterized by XRD to perform phase identification and to
determine the crystalline structure. In addition, the particle
size was estimated using XRD data following the Halder–
Wagner mathematical methodology, as described elsewhere.36

Fe3O4@resin nanoparticles were also analyzed by XRD to
identify possible interferences in the crystalline structure of
the magnetite. XRD analysis was performed in a PANalytical
X’Pert MPD equipped with an X’Celerator detector and a sec-
ondary monochromator (Cu Kα λ = 0.154 nm; data recorded at
a 0.017° step size). The composition of the superparamagnetic
core based on magnetite was identified using the HighScore
software and the Crystallography Open Database. FT-IR ana-
lysis was performed using a Perkin Elmer Spectrum Two
FT-IR spectrometer with Universal ATR at a resolution of
1 cm−1 and a scan range of 4000 to 450 cm−1. For the analysis,
pellets of the sample dispersed in KBr were prepared with
1 mg of nanomaterial and 100 mg of KBr. This mixture was
pressed into a mold to form a pellet, with 8 tons of pressure
for 3 minutes.

The samples were subjected to thermogravimetric analysis
(TGA) (STA 449 Jupiter, Netzsch, Goa, India) to study the mass
loss according to the temperature range and calculate the DTG
results to corroborate with the discussion. Fe3O4, Fe3O4@resin,
Fe3O4/SiO2@C, and Fe3O4@C were analyzed under an air atmo-
sphere from 50 to 950 °C, with a heating rate of 10 °C min−1.

The textural properties of the MNPs were determined by
analysis of N2 adsorption–desorption isotherms at 77 K
(Quantachrome NOVA TOUCH LX4, equipped with long cells
with a bulb and outer diameter of 9 mm). BET specific surface
area (SBET), total pore volume (VT), and average diameter of
micropore (Dmic) were determined with the aid of the
Quantachrome TouchWin™ software, following the methods
described elsewhere.37 Transmission Electron Microscopy
(TEM), Scanning Transmission Electron Microscopy (STEM)
and energy-dispersive X-ray spectroscopy (EDX) were carried
out with a double corrected FEI Titan G3 Cubed Themis
equipped with a Super-X EDX System, operating at 200 kV. EDS
mapping of C, O, Fe and Si was performed, with the following
spectral lines: C Kα = 280 eV, O Kα = 524 eV, Fe Kα = 6403 eV,
and Si Kα = 1741 eV.

To evaluate the stability of the nanoparticles, suspensions
of functionalized nanomaterials in water, phosphate buffer
solutions (PBS) of pH 4.5, 6.0, and 7.4, and 2 biological fluids
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were monitored for 6 h. Biological fluids used were Dulbecco’s
Modified Eagle’s Medium (DMEM) and DMEM with 1% of
Fetal Bovine Serum (DMEM1). The concentration of the nano-
particles in the suspension was 1 mg mL−1, and the stability of
the MNPs in the fluids was followed by the acquisition of
digital images at times of 0, 1, 2, 4 and 6 h. To confirm the
stability and determine the average hydrodynamic diameter of
the nanoparticles and surface charge, dynamic light scattering
(DLS, Horiba SZ-100Z) and zeta potential measurement were
carried out.

Relaxation times at a magnetic field of 1.41 T were
measured using a Bruker minispec (mq 60) bench-top relax-
ometer operated at 60 MHz and 37 °C. Five water solutions
(200 µL) of the carbon-coated magnetite nanostructures in the
Fe concentration range 0.1–0.4 mM were measured using (i) a
standard inversion recovery sequence for longitudinal relax-
ation time (T1) determination, and (ii) a standard Carr–
Purcell–Meiboom–Gill (CPMG) sequence for transverse relax-
ation time (T2) calculation. The relaxivity constants (r1 and r2)
were calculated from the slope of the curve obtained by fitting
the T1

−1 or T2
−1 values versus the total Fe concentration in

mM.
For r2 calculation at 3 T a T2 parametric map was acquired

with a multi-echo-multisliced (MEMS) sequence with 10
echoes times (TE = 15, 30, 45, 60, 75, 90, 105, 120, 135 and
150 ms), a repetition time (TR) of 1400 ms and a number of
averages (NA) = 10 using an MR Solutions Benchtop system
(Guildford, UK) at 37 °C with matrix 256 × 252, a field of view
(FOV) of 60 × 60 mm and 1 slice of 1 mm thickness. Post-pro-
cessing was performed using the ImageJ software (Rasband,
W. NIH) for the construction of T2 maps, and r2 was calculated
from the slope of the curve obtained by fitting the T2

−1 values
versus the total Fe concentration in mM.

Drug loading and release

To assess the efficiency of the developed Fe3O4@C_PF127 as
pH-dependent drug nanocarriers, a drug-delivery system was
used to simulate the environment in which the drug is used.
For this purpose, phosphate buffer solutions (PBS) were
employed at different pH values, namely 4.5, 6.0, and 7.4. PBS
at pH 4.5 was prepared using a solution of 0.05 M
NaH2PO4·H2O. The solutions of pH 6.0 and 7.4 were prepared
according to the Promega Protocol & applications guide, using
Na2HPO4·12H2O and NaH2PO4·H2O.

11

Drug loading was carried out by mixing a DOX solution
with a Fe3O4@C_PF127 suspension. For this purpose, 4 mL of
DOX 5 g L−1 solution and 2 mL of Fe3O4@C_PF127 suspension
(10 mg mL−1) were separately added into 20 mL of PBS with
pH 7.4. Then, both solutions were placed in an ultrasonic bath
(Ultrasonic Compact cleaner 1 L, Powersonic PS01000A,
NOTUS, Vrable, Slovakia) for 1 h until homogeneity. Afterward,
the solutions were mixed and placed in an IKA ® KS 130 Basic
orbital shaker for 48 h at room temperature with stirring (300
rpm). The resulting suspension was centrifuged at 6000 rpm
for 5 minutes, and the bottom body containing
Fe3O4@C_PF127 loaded with DOX (Fe3O4@C_PF127-DOX) was

lyophilized and stored in a freezer until its use for drug release
tests. To calculate the DOX concentration loaded on
Fe3O4@C_PF127, the supernatant’s absorption was measured
at 480 nm in a UV-VIS spectrometer (T70 UV/VIS Spectrometer,
PG Instruments Ltd, United Kingdom).

Drug release tests were carried out in duplicate for different
PBS values at physiological (pH 7.4) and acidic pH levels (pH
4.5 and 6.0). To perform the release of the drug, around 2 mg
of lyophilized freeze-dried Fe3O4@C_PF127 containing DOX
were weighed and then added to 10 mL of PBS at different pH.
The flasks were placed in an incubator (Shel Lab, USA) at
37 °C (average human body temperature) and stirred at 150
rpm for the tests. After 15 minutes, the mixture was centri-
fuged, and the concentration of the drug was measured by
UV-VIS analysis at 480 nm. In the following, new PBS solutions
were added to each one of the vessels to continue the study of
drug release at different pH values. The process of centrifu-
gation, analysis of the supernatant and reposition of PBS were
repeated at times of 0.5, 1, 2, 4, 6, 24, 48, and 72 h.

An innovative dynamic drug release test was performed to
assess the nanoparticles’ capacity to deliver the drug in a more
realistic scenario in which the nanocontainer would follow a
path experiencing pH changes over time. For this test, 2 paths
(path X and Y) with different pH values along 3 time zones
(y1, y2, and y3) were explored to evaluate if Fe3O4@C_PF127
containing DOX could present the expected response, follow-
ing the strategy presented in Fig. S2.† Accordingly, y1 was
defined as the first 2 h of drug release, y2 was defined as the
drug release between 2 and 6 h, and y3 represents the drug
release between 6 and 72 h. For path X, pH 7.4 was used in the
first time zone, changed to pH 6.0 in the second zone and
completed with pH 4.5. For path Y, pH 6.0 was used in the
first time zone, pH 7.4 in the second time zone, and pH 4.5 in
the last one.

Magnetic resonance imaging

MR imaging was performed in a 3 T horizontal bore MR
Solutions Benchtop system (Guildford, UK) equipped with 48
G cm−1 actively-shielded gradients. For imaging of the sample,
a 56 mm diameter quadrature birdcage coil was used in trans-
mit/receive mode. For the phantom measurements, 100 µL of
Milli-Q-water nanoparticle solutions in the concentration
range 0–50 µM (Fe) were imaged with an image matrix 256 ×
252, a field of view (FOV) of 60 × 60 mm, and 2 slices with a
slice thickness of 1 mm and a slice gap of 1 mm. For T2-
weighted imaging acquisition a fast spin echo (FSE) sequence
with TE = 68 ms, TR = 4800 ms and NA = 10 was used. For T1-
weighted imaging a FSE sequence with TE = 11 ms, TR =
720 ms, and NA = 10 was used.

Calculation methods

The concentration of DOX loaded was calculated by the differ-
ence between the theoretical input DOX loading and the con-
centration of DOX in the supernatant. The DOX loading in
Fe3O4@C_PF127 was expressed in terms of DLC (drug loading
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capacity) and DLE (drug loading efficiency), calculated using
eqn (1) and (2).

DLC ¼ CFe3O4@CPF127‐DOX

CFe3O4@C PF127
ð1Þ

DLE %ð Þ ¼ C0;DOX � Cf;DOX

C0;DOX
� 100 ð2Þ

where CFe3O4@C_PF127-DOX is the concentration of DOX loaded in
Fe3O4@C_PF127 (µg mL−1), CFe3O4@C_PF127 is the concentration
of Fe3O4@C_PF127 (mg mL−1), C0,DOX is the initial concen-
tration of the drug solution before loading (µg mL−1), and
Cf,DOX is the final concentration of the drug measured in the
supernatant after loading (µg mL−1). To determine the percen-
tage of cumulative drug release (CDR) at each time, a calcu-
lation using the amount of DOX present in Fe3O4@C_PF127-
DOX through DLC was done. Considering MT as the total mass
of Fe3O4@C_PF127-DOX used for experiments, M0 as the initial
mass of DOX loaded on Fe3O4@C_PF127-DOX, CDRt as the
CDR for each time, and Mc,t as the cumulative mass of DOX, the
percentage can be calculated according to eqn (3) and (4).

M0 ¼ MT � DLC
DLCþ 1

ð3Þ

CDRt ¼ Mc;t

M0
� 100 ð4Þ

Kinetic modelling was performed following the methods
described in previous works.38,39 Briefly, the equations were
fitted using non-linear regression employing a successive
numerical iteration based on a generalized reduced gradient
algorithm for the least error sum of squared minimization of
the dependent variable of each kinetic model. The models
were evaluated by the determination factor (r2) and the
adjusted determination factor (r2adjust.) to take into account
the degrees of freedom or the number of parameters from
each model equation.40 Prediction of CDR for pH-dependent
path drug release was made using the kinetic models that best
fit the experimental points.

Iron leaching from the magnetic core in drug release tests

Iron leaching from the superparamagnetic core and the
Fe3O4@C_PF127 sample was evaluated. In brief, 2 mg of nano-
particles were placed in 10 mL of PBS solutions with pH 7.4,
6.0, and 4.5 (the same PBS as those used for the drug release
studies). This mixture remained in an incubator for 72 h at
37 °C, simulating the experiment performed for the drug
release tests. In the end, the nanoparticles were recovered, and
the liquid samples were used to measure iron concentration
using atomic absorption spectroscopy (Varian SpectrAA 220).

Results and discussion
Textural properties and morphology of the synthesized MNPs

Adsorption isotherms of N2 at 77 K for bare magnetite, Fe3O4/
SiO2@C, and Fe3O4@C are shown in Fig. S3.† Isotherms can

be classified as type IV, following the IUPAC classification of
N2 adsorption isotherms. This classification is attributed to
the isotherms with a hysteresis loop, typically found for meso-
porous materials. The hysteresis loop is classified as type H4,
associated with narrow slit-like pores. The results obtained for
textural properties for the materials are presented in each
adsorption isotherm. The BET surface area increased about
123% after carbonization (from 35 to 78 m2 g−1) when silica
and the carbon shell were present in the material structure
(Fe3O4/SiO2@C). Surprisingly, the BET surface area further
increased up to 239% (78 to 265 m2 g−1) after removing silica
by etching with 10 M NaOH (sample Fe3O4@C). The high
increase is ascribed to the partial removal of silica from the
interstitial space of the multi-core agglomeration.

Following the Stöber method, the hydrolysis and polymeris-
ation of TEOS are favoured at the early stages of the reaction
and, as the reaction processes are near completion, the poly-
merisation of resorcinol and formaldehyde became predomi-
nant, resulting in the formation of a phenolic resin polymer
layer that is carbonized, etched and functionalized.41 The
chemical structure proposed for the resin and carbon shell
presented in Fig. 1 was presented in other works reported in
the literature.10,41 With the purpose of observing the resultant
material, TEM analysis was performed. The results obtained
are given in Fig. S4a† for the magnetite synthesized by SCS
and in Fig. S4b† for the functionalized sample
(Fe3O4@C_PF127). The particle size was calculated using the
ImageJ software, and it was found to be 15.9 ± 2.7 nm for the
bare magnetite agglomerates and 17.7 ± 4.2 nm for
Fe3O4@C_PF127. With these results, it is possible to estimate
that the shell presents about 1.7 ± 6.9 nm of thickness.
Further investigations were necessary to understand the final
composition of the nanoparticle, and to evaluate the effect of
the etching.

Representative STEM and TEM images confirm the core–
shell structure of the developed nanoparticles before Si
etching (Fig. 3(a) and Fig. S5†). Highly ordered crystalline
domains are clearly observed in the magnetic core, which is
compatible with a multi-core formed by smaller magnetite
nanoparticles. The particle size was found below the single-to-
multi-domain size transition, in agreement with the observed
superparamagnetic properties of the sample. Fig. 3B shows a
HAADF-STEM image of the same core–shell magnetic aggre-
gate and an Energy-Dispersive X-ray (EDX) elemental analysis
map highlighting the spatial distribution of the C, Fe, O and Si
elements. The results confirm the amorphous carbon compo-
sition of the shell, as well as the iron oxide core, as deduced by
the Fe and O spatial distribution which is restricted to the core
volume. Likewise, Si is randomly distributed all over the in-
organic magnetic core, pointing to an interstitial occupation.
This is further confirmed by an EDX line scan analysis across
the multi-core shell structure in Fig. 3C: whereas a higher
density of C is observed within the shell thickness compared
to the core. Fe, O and Si elemental density is localized only in
the core, being null in the outer carbon shell. These results,
together with the structural and magnetic results, confirm the
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multi-core shell structure of nanoparticles with the chemical
composition Fe3O4/SiO2@C.

Representative HAADF-STEM and TEM images in Fig. S5(a–
b) and S4† still show core–shell carbon-coated multi-core struc-
tures, where EDX elemental mapping analysis highlighted a C
shell and a Fe/O rich multi-core (Fig. S5(c)†). Surprisingly, the
etching process could not remove all the Si from the structure,
which still can be observed in the inorganic cores. EDX line
scan analysis along a core–shell structure confirms the pres-
ence of a C shell around several inorganic nuclei, where Fe, O
and Si are uniformly distributed, Si being present in a signifi-
cant much lower amount (Fig. S6(c)†). It is important to high-
light that the etching process induces the partial crystallization
of the carbon shell (mostly in the outer part), which resembles
the crystalline structure of carbon nanotubes (see the TEM
images of several representative core–shell nanostructures in
Fig. S7†).

The difference in the total pore volume is even more signifi-
cant, with an increase of about 276% through carbonization
(143 mm3 g−1 for Fe3O4/SiO2@C and 38 mm3 g−1 for Fe3O4)
and 260% through the etching process (from 143 mm3 g−1 for
Fe3O4/SiO2@C to 515 mm3 g−1 for Fe3O4@C). Therefore, both
the BET surface area and total pore volume increase after silica
indicates the success of the synthesis protocol. The average
pore diameter calculated was about the same for Fe3O4 and
Fe3O4/SiO2@C materials, with a significant increase for the
Fe3O4@C nanomaterial.41

Thermal properties of the MNPs

TGA under an oxidative atmosphere and differential thermo-
gravimetry were used to study the influence of the material
structure on the mass loss at different temperatures and conse-
quently to determine the effect of the different steps per-
formed during the synthesis. The results obtained are pre-
sented in Fig. 2a. The curve for the core shows about 5% of
mass loss, which agrees with the values reported in the litera-
ture, following the same method of synthesis known for the
high purity materials obtained.11 The peak in the DTG of the
bare magnetite appearing at 400 °C can be ascribed to the
removal of the low content of organic impurities from the
material.

Fe3O4@resin is the coated core, for which the resultant
material has a shell made of polymeric resin based on TEOS,
resorcinol, and formaldehyde. Fe3O4@resin is the material
with the highest mass loss (47% loss mass at 950 °C) among
all studied samples (4%–20%), and this can be attributed
majorly to the synthesized organic resin shell.42 According to
the polymerization process, a phenolic hybrid ceramic has
been prepared with a three-dimensional cross-linked inorganic
network structure based on covalent O-bonds between the
organic (aromatic rings) and inorganic (Si) phases, as pre-
sented in Fig. 1. Accordingly, the sample may be thermally
decomposed and oxidized during TGA assays. DTG results in
Fig. 2b show different peaks observed during the resin degra-
dation for this sample. The peak in the range of 80–120 °C rep-
resents the loss of adsorbed water, and the peak ranging from

200 to 400 °C represents both the decomposition of OH
groups of silanols and the elimination of the organic content,
coming from the phenolic hybrid ceramic.

After annealing in the N2 atmosphere, SiO2 occupies the
interstitial space of the multi-core agglomeration, and the
Fe3O4/SiO2 nanoparticles are coated with a shell made of
carbon, as shown in Fig. 1 and confirmed in Fig. 3. The for-
mation of SiO2 is of great importance to avoid the carbon
coating reaching the multi-core and blocking useful surface
area. SiO2 is then used as a hard template to protect the multi-
core from pore blocking, once its removal significantly
increases the surface area as shown by the SBET results after
etching. Both TGA and DTG results show that after heat treat-
ment under an inert atmosphere (Fe3O4/SiO2@C), the nano-
material achieved high stability since the mass loss was lower
(20 wt%), which can be ascribed to the high degree of carbon-
ization of the material. Again, the peak related to the loss of
adsorbed water can be identified in DTG. The other peak rep-
resents the decomposition of OH groups of silanols, still
present in the material structure.

Finally, the results obtained for the nanoparticle after the
etching (Fe3O4@C) present a lower mass loss than the previous
one (9 wt%). The decrease in the mass loss can be ascribed to
the removal of the silica, confirmed by the disappearance of
the peak in the range 200–400 °C attributed to the elimination
of OH groups of silanols. Beyond the detailed analysis of the
modifications to the material at each step, it is also possible to
calculate the percentage of carbon in the final material, which
is around 5%.

Fig. 2 Results of (a) TGA and (b) DTG for MNPs obtained at different
synthesis stages.
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Crystallinity and magnetism of the core

XRD was used to characterize the crystallography of the super-
paramagnetic core of the synthesized magnetite before and
after coating with the resin. The XRD spectrum presented in
Fig. 6 shows characteristic peaks corresponding to the pres-
ence of magnetite,43,44 as desired. The spectra for the coated
nanoparticles (Fe3O4@resin) showed no significant changes in
the inorganic structure since the peaks related to magnetite
are still present after the procedure. From the XRD spectra of
the pure superparamagnetic core, it is possible to calculate the
particle size using the Halder–Wagner methodology described
elsewhere,36 and a particle size of 14.8 nm was obtained.

The magnetic hysteresis loop obtained for Fe3O4@C_PF127
is presented in Fig. 4a. The saturation magnetization for the
functionalized nanoparticle reached a value of 46.5 emu g−1.
The thermal treatment performed during the synthesis steps
can increase the magnetic characteristic of the nanomaterials.
The results also show a strong superparamagnetic behaviour
of the sample, as revealed by the magnified region of the
graph (inset Fig. 4b) with low coercivity (Hc) and saturation
remanence (Mr) values of 45 Oe and 2.89 emu g−1, which can

be attributed to the lower dipolar interaction between the
cores due to the presence of a carbon-based shell.

Functionalization of the MNPs

FT-IR was carried out to recognize the chemical bonds in the
structure, relate them with the treatments used during the syn-
thesis, and study the effects of the functionalization at the
material surface. A comparison of the spectra before and after
functionalization is shown in Fig. 5. The presence of magnetite
is noticed in the absorption bands at 564 cm−1. The bands
observed at 1632 and 3436 cm−1 correspond to the bending
and stretching vibrations of the surface –OH groups present in
the carbon-based shell. The absorption bands at 1384, 1458,

Fig. 3 Before Si etching (Fe3O4/SiO2@C). (a) TEM image of a core–shell
magnetic aggregate. The left inset shows a zoom-in showing the multi-
domain crystalline structure of the magnetic core. (b) HAADF-STEM
image of the same core–shell nanostructure and Energy-Dispersive
X-ray (EDX) elemental mapping analysis showing the spatial distribution
of C, Fe, O and Si elements in the structure. (c) STEM-EDX line scan ana-
lysis along a single core–shell nanostructure by measuring the intensity
of the characteristic spectral lines of C, Fe, O and Si elements.

Fig. 4 Hysteresis loop for the core and Fe3O4@C_PF127, and (b)
magnified region.

Fig. 5 FTIR results for the functionalized and non-functionalized
MNPs.
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and 2923 cm−1 may be ascribed to carboxylic acid groups in
the samples, as expected after the oxidation with nitric acid.
The bands at 1110 and 2852 cm−1 identified in the
Fe3O4@C_PF127 nanomaterial are ascribed to the vibration of
the Pluronic ® F-127 alkyl chain, confirming the presence of
the copolymer in the final material. It is important to highlight
that the presence of carboxylic groups remaining after
functionalization with PF127 in the resultant nanomaterial
(Fe3O4@C_PF127). Those functional groups are directly related
to the enhancement of the colloidal stability of the final nano-
particles in aqueous solutions, a desirable characteristic for
the biomedical applications of nanomaterials.

In particular, high colloidal stability is also a requirement
for an injectable drug delivery system. With a very simple test, it
was possible to analyze the colloidal behavior of
Fe3O4@C_PF127 suspended in different media for 6 h. The
images obtained in this test are shown in Fig. S8.† The results
revealed the high stability of the suspension since no significant
change was observed during more than 6 h of the test. Its high
stability in aqueous media was confirmed by DLS analysis, as
shown in Fig. 7. Through this analysis, the average hydrodyn-
amic diameter (DH) was determined to be 290 ± 41 nm, with a
polydispersity index (PDI) of 0.344.10 The zeta potential of func-
tionalized nanoparticles was found to be −42.5 mV, which is in
agreement with the good stability observed in the previous ana-

lysis. Furthermore, negatively charged nanoparticles are known
to have increased circulation in blood by avoiding the oposina-
tion phenomenon and their elimination by macrophage cells.45

Drug release

The obtained values for DLC and DLE were 936 µg of DOX per
mg of Fe3O4@C_PF127 and 93.6%, respectively, representing
an improvement in the previous results involving MNPs syn-
thesized via co-precipitation.10 The pH values used were 4.5,
6.0, and 7.4 to investigate drug release conditions at an acidic
level (simulating the acidic tumor environment and the acidic
inside of intracellular vesicles, such as lysosomes where the
nanoparticles could be cell internalized). The drug release
results at the different pH values are shown in Fig. 8a.

The DOX release profile from Fe3O4@C_PF127 shows a
strong dependence on pH. A higher cumulative release of the
drug was observed as the pH decreased. The release profile fol-
lowed the same tendency for distinct pH values, starting with
a fast release in the first 4 h (first stage), followed by slow
release until the end of the experiment (second stage). The
results for drug delivery in the first stage revealed a very low
amount of DOX released at pH 7.4 (8.3%), which simulates the
physiological pH. At pH 6.0, DOX release was higher than in
the simulated physiological environment pH, reaching 30%
after 72 h of the experiment. Finally, the most acidic pH con-
sidered for the drug delivery tests (pH = 4.5) achieved the

Fig. 7 Dynamic light scattering results of Fe3O4@C_PF127.

Fig. 8 (a) Drug release results using 0.2 mg mL−1 Fe3O4@C_PF127 at
37 °C in PBS solutions at different pH values (parameters for Weibull and
Korsmeyer–Peppas kinetic models are summarized in Table 1); (b)
P-value at each time for pH-dependent drug release tests.

Fig. 6 XRD spectra of bare synthesized and coated magnetite.
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highest amount of DOX delivery, reaching 76.2% after 72 h of
drug release time.

The main reason for the triggered pH release observed with
these specific nanoparticles is the π–π stacking interactions
between the carbon-based nanocarriers and the aromatic DOX
molecules, which are easily disrupted under a mildly acidic
environment. In addition, the drug release in a mildly acidic
environment is also favoured by the increased stability of DOX
in the acid medium due to the protonation process.46 The
materials used in this work follow a procedure similar to the
previous materials used for the same purpose, changing the
method used to prepare the nanoparticle core. For instance, in
earlier work,11 the highest drug delivery achieved after 72 h
was close to 20%, showing that Fe3O4@C_PF127 presents
better performance than previously reported magnetite nano-
particles synthesized by different methods.

An ANOVA test was performed at different times to statisti-
cally evaluate if the amount of drug delivered into the system
is significantly different at the proposed pH values. Fig. 8b
illustrates the P-value obtained at each time. The results for
the test can prove mathematically that the release is significant
at all times, considering the amount of drug delivered at
different pH values (95% confidence). Another interesting
aspect of this result is that the P-value grows together with
time, and this can be ascribed to the fact that drug delivery
results present higher differences in the first stage of drug
release. When the system goes through a steady-state (i.e.,
reaching a plateau shape on the curve), the differences become
smaller, reflecting the value obtained for the analysis for the
statistical significance. Despite this difference being lower at
the end of the experiment, it is possible to observe that the
results remain different, reinforcing the pH-triggered drug
release effect.

Semi-empirical drug release kinetic models such as zero
and first order, Higuchi, Baker–Lonsdale, Korsmeyer–Peppas
(KP), and Weibull models (represented by eqn (5), (6), (7), (8),
(9), and (10), respectively) were used to fit the drug release pro-

files at different pH values and gain insights about the drug
release kinetics.

Qt ¼ Q0 þ k0 � t ð5Þ
ln Qt ¼ ln Q0:5 þ k1 � t ð6Þ

Qt ¼ kH � ffiffi
t

p ð7Þ

3
2

� �
� 1� 1� Qt

Q1

� �2=3
 !

� Qt

Q1
¼ kBL � t ð8Þ

Qt

Q1
¼ kKP � tn ð9Þ

Qt

Q1
¼ 1� exp � t� Tið Þβ

α

 !
ð10Þ

where Qt is the amount of drug released at time t; Q0 is the
initial amount of drug that is 0; Q0.5 is the amount at 0.5 h
(used for the first-order model); k0 is the zero-order constant;
k1 is the first-order constant; Q∞ is the amount of drug
released at the equilibrium state (here considered as 72 h); kH,
kKP, and kBL are the release constants of Higuchi, Korsmeyer–
Peppas, Baker–Lonsdale, respectively; and α, β and Ti denote
the scale parameters of the Weibull model that describe the
time dependence, shape of the dissolution curve progression
and the latency time of the release process (here consider as Ti
= 0 h), respectively. The results obtained for the fitness of
kinetic models to experimental data are expressed in Table 1.

Zero-order, first-order, and Higuchi models have very low r2

values, with some advantage for the Higuchi model followed
by first-order. The results obtained for zero-order fitting
suggest that the release of the active agent is not only depen-
dent on time but also probably on the active agent concen-
tration inside nanoparticles.47 For first order and Higuchi
models, the results demonstrate that the release profile is not
completely dependent on concentration or is controlled by
diffusion behavior. r2 obtained for the Baker and Lonsdale

Table 1 Kinetic parameters obtained through the fitness of the kinetic models to the experimental data in the DOX release using 0.2 mg mL−1 of
Fe3O4@C_PF127-DOX at 37 °C in PBS solutions at different pH values

Model pH 4.5 pH 6.0 pH 7.4

Zero-order k0 = 10.02 h−1 k0 = 3.92 h−1 k0 = 0.903 h−1

r2 = radjust.
2 = 0.090 r2 = radjust.

2 = 0.358 r2 = radjust.
2 = 0.449

First-order k1 = 0.002 h−1 k1 = 0.019 h−1 k1 = 0.024 h−1

r2 = radjust.
2 = 0.166 r2 = radjust.

2 = 0.334 r2 = radjust.
2 = 0.400

Higuchi kH/Q∞ = 0.176 h−0.5 kH/Q∞ = 0.164 h−0.5 kH/Q∞ = 0.160 h−0.5

r2 = radjust.
2 = 0.199 r2 = radjust.

2 = 0.564 r2 = radjust.
2 = 0.663

Baker–Lonsdale kBL = 9.56 × 10−3 h−1 kBL = 8.69 × 10−3 h−1 kBL = 8.19 × 10−3 h−1

r2 = radjust.
2 = 0.090 r2 = radjust.

2 = 0.358 r2 = radjust.
2 = 0.449

Korsmeyer–Peppas (KP) kKP = 0.941 h−n kKP = 0.635 h−n kKP = 0.532 h−n

n = 0.0200 n = 0.117 n = 0.166
r2 = 0.992 r2 = 0.905 r2 = 0.921
radjust.

2 = 0.991 radjust.
2 = 0.889 radjust.

2 = 0.908
Weibull α = 0.306 h α = 1.27 h α = 1.65 h

β = 0.649 β = 0.666 β = 0.681
r2 = 0.999 r2 = 0.992 r2 = 0.994
radjust.

2 = 0.999 radjust.
2 = 0.991 radjust.

2 = 0.993
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model was low because this model was developed based on
Higuchi’s model, and in this work, diffusion behavior is not
the driving agent in drug release.48 The Korsmeyer–Peppas
model fitted better than previous ones because, in this empiri-
cal model, the assumption is that the release mechanism is
rather not known or even dependent on more than one type of
drug release phenomenon.49

Finally, the model with the best fit with experimental data
was the Weibull model. For all pH values, the scale parameter β
was below 1, which means the release profile is parabolic and
displays a high initial slope and a consistent exponential charac-
ter.50 Parity plots were done for all the models following the
strategy used in previous works to analyze how good models
represent concentration trends, and the result is illustrated in
Fig. S9.† 51,52 The Weibull and Korsmeyer–Peppas model results
are presented together (Fig. S9a, S9b, and S9c†) to show that
both models predict CDR significantly better than other models
found in the literature (Fig. S9d, S9e, and S9f†).

Comparing the kinetic constants obtained in this work with
the others from the literature is however complicated since
most works present the values without unities.53–56 Despite
different results for model fitting, which is comprehensible
considering most models were developed based on specific
considerations about release characteristics, a tendency could
be observed for all kinetic constants. In Fig. S10,† normalized
kinetic constants (regarding maximum value for each pH)
obtained for each model are represented. As observed in
Fig. S10,† kinetic constants followed a tendency even for
models with low r2 values. k0 (zero-order), kH (Higuchi), kBL
(Baker–Lonsdale), and kKP (Korsmeyer–Peppas) are parameters
that decrease as pH increases; and k1 (first-order), n
(Korsmeyer–Peppas), α and β increase with increasing pH. To
the best of our knowledge, no other work has addressed this
analysis before.

Drug release during pH paths

Considering real application scenarios, the fluid carrying the
drug loaded nanoparticles would be introduced into the
patient. The nanoparticles would travel through the body
directed by magnetic fields to successfully deliver the drug
content to specific sites. In this regard, nanoparticles could
experience different pH values along the pathway. The drug
delivery experiment performed before was useful for evaluating
the pH-triggered drug release capacity of the nanoparticles but
is not enough to understand the real ability of the nano-
particles for real case applications. For this reason, another
experiment was considered to analyze the nanoparticle behav-
ior when exposed to different pH values during a 72 h drug
delivery experiment. The results obtained with two different
pH-dependent paths are shown in Fig. 9.

The results for drug release in this experiment reinforced
the pH-dependent release nature achieved with the use of
these nanoparticles and the capacity to deliver a higher
amount of DOX in an acidic medium. The behavior followed
the expected result for each time zone. In the first time zone,
y1, a higher delivery of DOX in path Y can be observed com-

pared to path X (5.76% for X vs. 25.51% for Y), ascribed to the
more acidic environment in path Y in this time zone. In the
second time zone, y2, the situation changes since path X has a
more acidic environment, achieving a higher release of DOX
than path Y in the same time zone (22.55% for X vs. 2.18% for
Y). The same pH was used for the different paths in the last
time zone, and the DOX delivery achieved the highest values
for both tests. Surprisingly, CDR reached about 79% in path X
and 75% in path Y, with a higher release for path X in this
time zone (51.45% for path X vs. 46.55% for path Y). Higher
release for path X with the same pH as path Y can be explained
because the nanoparticles in path X had more drug loaded
than path Y when the time zone y3 started in each experiment.
This assay successfully confirms the pH-dependence on DOX
release for DOX-loaded Fe3O4@C_PF127 nanoparticles. To the
best of our knowledge, no other work has explored the ability
of the nanomaterials to deliver the cargo experiencing pH
changes throughout the experiment.

The prediction of drug release with a pH-dependent path
was performed using kinetic models that best fit previous drug
release results. Both models used for pH-dependent path drug
release presented good fitting with experimental data, with r2

values of 0.998 and 0.975 for Weibull and Korsmeyer–Peppas
models in path X (Fig. 9a), and 0.999 and 0.997 for Weibull
and Korsmeyer–Peppas models in path Y (Fig. 9b).

Magnetic resonance imaging

The inherent magnetic properties of certain nanostructured
nanoparticles have been conventionally exploited for bio-

Fig. 9 pH-Dependent path drug release tests for (a) X path and (b) Y
path (Weibull and Korsmeyer–Peppas kinetic models are presented).
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imaging applications. In particular, iron oxide nanoparticles
of different sizes have been demonstrated to offer non-invasive
MR imaging contrast enhancement, predominantly as a T2
contrast agent, and also as a T1 contrast agent in the case of
ultra-small magnetite nanoparticles. In order to evaluate the
MRI properties of the carbon-coated magnetite nano-
structures, the longitudinal and transversal relaxivities (r1 and
r2, respectively) were calculated at a low magnetic field of 1.41
T. The results showed an r2 which was >40 fold higher than r1
(r2 = 180 mM−1 s−1, r1 = 4.3 mM−1 s−1), indicating the preferen-
tial T2 – behaviour of the nanostructures (Fig. S11A†). In fact,
the r2 value obtained was higher than that of Feridex
(120 mM−1 s−1 at 1.5 T), a commercially used contrast agent
based on iron oxide nanoparticles.

In order to translate these relaxivity values into real MR
imaging in the clinical field of 3 T, both T1 and T2 weighted
images were acquired in a phantom using an increasing con-
centration of nanoparticles (Fig. 10(a)). The results indicate a
concentration-dependent contrast enhancement effect in the
T2-acquisition mode (>60% MRI signal reduction at 50 µMFe),
whereas a null signal increase was observed in the T1-acqui-
sition mode in the whole range of Fe concentrations
(Fig. 10(b)). This further confirms the T2-MRI dark contrast
effect and points to these carbon-coated magnetic nano-
structures as suitable T2-MRI (negative) contrast agents. In
addition, a T2 parametric map was acquired in which a pro-
gressive reduction of the T2-relaxation time was observed as
the Fe concentration increased in the samples (Fig. 10(a)).
Also, r2 (3 T) was calculated to be 227 mM−1 s−1 (Fig. S11B†),
26% higher than the value at 1.41 T, which can be explained
by the increase of the magnetic field and the subsequent
higher saturation magnetization of the magnetic nanoparticles
at 3 T.

Iron leaching of the nanoparticles in drug release tests

Iron leaching from Fe3O4 and Fe3O4@C_PF127 samples were
studied to evaluate the chemical stability of the nanocarrier in
the drug release experiments. Considering the application of
the nanomaterials, such evaluation is very important since the
liberation of iron into the organism during a given treatment
is not desirable. Iron leaching from bare magnetite showed to
be inversely proportional to pH since the iron concentration

decreased with increasing pH reaching values of 1.93, 1.45,
and 0.99 mg L−1 at pH 4.5, 6.0, and 7.4, respectively. Those
iron concentrations in the liquid media are related to 2.76,
2.08, and 1.42 wt% mass loss of the magnetite at pH 4.5, 6.0,
and 7.4, respectively. Surprisingly, iron leaching for functiona-
lized nanoparticles (Fe3O4@C_PF127) resulted to be negligible
at all pH values tested. These results demonstrate that carbon
coating provides chemical stability to the magnetic carrier and
protects MNP from degradation once iron was not detected in
solution after 72 h at different pH values. Additionally, the util-
ization of Fe3O4@C_PF127 for real treatment approaches
would not have problems associated with iron leaching.

Conclusions

Multi-core shell carbon-coated MNPs were prepared and suc-
cessfully applied as drug carriers for DOX delivery. The use of
SCS, a greener methodology, to synthesize a magnetic core
allowed us to obtain superparamagnetic nanoparticles with a
size of 15.94 ± 2.7 nm. In addition, functionalization with
nitric acid and Pluronic ® F-127 increased the stability of the
material in water, an important characteristic when consider-
ing its application for biomedical purposes. High colloidal
stability was confirmed by stability tests with different media,
DLS and zeta potential. Conventional drug release results
demonstrated the capacity of the nanoparticles to release the
drug in a more acidic environment, which reinforces the
potential application of the nanoparticles for DDs applied to
cancer treatment. The kinetic study performed in this work
showed the dependence of the kinetic constant on pH for all
models, and results with two best fits could be used to predict
CDR in the second drug release test. Drug release profiles at
different pH levels, static and dynamic changes, and ANOVA
mathematical analysis confirmed the pH-triggered effect of the
drug release process. Using a pH-dependent path drug delivery
test where the pH varies along with the test, it was possible to
confirm that Fe3O4@C_PF127 can preferentially release the
drug in an acidic environment. The main purpose of this test
was to expose the nanoparticles to a more realistic scenario, in
which the nanoparticles would experience pH changes over
time. Surprisingly, in the end, Fe3O4@C_PF127 delivered
about the same amount of DOX, even after following different
paths. Additionally to the innovative drug release test pre-
sented herein, iron leaching in drug release tests was also
studied in this work. The result obtained demonstrates that
Fe3O4@C_PF127 does not release iron into water, confirming
the carbon coating as a shell protecting the magnetic cores
from degradation and ensuring their safe use as DDSs.
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