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Introduction

Superparamagnetic FezO4 nanoparticles: synthesis
by a solvothermal process and functionalization
for a magnetic targeted curcumin delivery system

Man Qi,? Kai Zhang,? Sigiao Li,? Jianrong Wu,? Chuong Pham-Huy,” Xintong Diao,’
Deli Xiao*® and Hua He*?¢

Tailoring surface characteristics is necessary for the biomedical application of superparamagnetic FezO4
nanoparticles. This study developed an approach for the synthesis of FezO4 nanoparticles with different
functional groups grasped on the surface and the influence of different functionalization on the behavior
of drug loading and release was also assessed. Monodisperse FesO,4 nanoparticles were first prepared
through a novel and simplified solvothermal process. The resulting oleylamine coated nanoparticles
(about 4.3 nm in diameter) were carboxylated by meso-2,3-dimercaptosuccinic acid (DMSA) ligand-
exchange reactions and further development of amino-functionalized nanoparticles (FesO,@DMSA-NH,
NPs) was achieved by chemical reaction with a short chain molecule ethanediamine via 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride activation of the carboxylic acids on the surface of
DMSA-coated FesO4 NPs. The two types of functionalized magnetic nanoparticles with —COOH and/or
—NH, fabricating their hydrophilicity were characterized and designed as drug carriers to load a natural
antitumor drug, curcumin (CUR), which is water-insoluble and instable. The loading process could be described
by the Langmuir adsorption isothermal model and pseudo-second-order kinetic model for both functionalized
FezO4 NPs and a stronger drug-loading ability was observed from the FesO,@DMSA-NH, NPs. Furthermore, it's
worth noting that all the particles showed a relatively pH-sensitive drug release and the FesO,@DMSA-NH,
NPs showed a prolonged drug release, which makes them suitable for use as a scaffold for the design of
a pH-sensitive based controlled release carrier. Due to those properties, the functionalized nanoparticles
have great promise to be developed as a magnetic targeted drug delivery system for hydrophobic drugs.

to their non-specificity for various solid tumors and easy control
with an external magnetic field.”™
Over the years, there were numerous nanoparticulate prepara-

Nowadays, cancer has become the major factor which threatens
the health of people and the means of nonsurgical therapy mainly
include radiotherapy and chemotherapy. Many of the chemo-
therapeutic drugs lack selectivity for tumors and often elicit
toxicity to normal cells even under optimal conditions. Given
this, precisely targeting drugs to diseased cells has become
increasingly important in tumor treatment." The last decades
has witnessed various targeted drug delivery strategies explored
for drug targeting, among which, magnetic targeted drug delivery
systems (MTDDS) have been found to be excellent approaches due
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tions applied to magnetic targeted drug delivery and applications
including cellular therapy, hyperthermia, magnetic resonance
imaging (MRI) and tissue repair. Superparamagnetic Fe;O,
nanoparticles (SPIONs) have characteristics which give them
potential, e.g., easy-prepared, small size, low-toxicity and unique
magnetism.>® Furthermore, especially size factors promoting
the accumulation of a drug at tumor sites through the enhanced
permeability and retention effect (EPR) have given rise to their
widespread application in magnetic targeting drug delivery, and
they have even been approved to be used as a contrast agent for
tumor imaging by the U.S. Food and Drug Administration (FDA).”
Recent animal clinical trials have further confirmed that SPIONS,
a functional material, have a great future in the development of
targeting technology.®™°

In past decades, there were various preparations based on
Fe;0,4 nanoparticles applied to nanomedicine. However, just as
a scaffold for developing MTDDS, raw Fe;0, nanoparticles have
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defects such as poor water dispersibility, bad chemical stability
and lack of functional groups for effectively conjugating bio-
molecules and pharmaceutical compounds, which lead to a low
load capacity. Given this, how to prepare SPIONs with small
size, narrow size distribution, high saturation magnetization, good
crystallinity and further functionalization for different applications
is of essential importance."""*?

Currently, there are several ways to prepare magnetic nano-
particles (MNPs), in which solvothermal decomposition and a
co-precipitation method are typical representatives of a homo-
geneous reaction system. Compared with a co-precipitation
method, the solvothermal decomposition process operated at
high-temperature and with high-pressure surroundings possesses
the advantages to construct nanocomposites with satisfactory
properties as described above, sparking tremendous popularity
among materials research areas.>”** This mainly results from
these reasons: (1) solvothermal decomposition performed at high
temperature allows the control of the nucleation and growth of
nanoctrystals; (2) adoption of the organic phase can sequester the
participation of water which could easily coordinate with iron ions.

In addition to the preparation of initial nanoparticles, further
surface functionalization is also a necessary prerequisite for
constructing MNP based drug delivery.”"® Nanoparticles carrying
such organic functional groups as -COOH, -NH,, -OH, etc. can
achieve an effective connection to drug molecules through
chemical bonds, hydrogen bonds or physical interactions and
achieve their controllable release as well, which depends on the
pH and temperature variation in different tissues and cellular
compartments [the tumor has a lower pH (~ 5-6) than normal
tissues pH (~7.4)].””"" For instance, Hua’s group developed
a nontoxic drug carrier based on MNPs (8 nm in diameter)
modified with a water-soluble polyaniline derivative, poly[aniline-
co-sodium N-(1-one-butyric acid)aniline] (SPAnNa). The fabricated
SPAnH/MNPs formation containing carboxyl groups can covalently
bind the hydrophobic drug paclitaxel and greatly improve its
adsorption amount and water solubility.?° In the study of Shun
Yang et al., a multifunctional pH-sensitive nanocomposite for
targeted drug delivery and MRI was prepared via a self-assembly
process. The formation consists of hollow mesoporous silica
nanoparticles (HMS) modified by hydrocarbon octadecyltrimethoxy-
silane (C18) as a core, a pH-sensitive amphiphilic polymer
(HAMAFA-b-DBAM) as a shell and SPIONs fixed between the
two segments mentioned above. The model drugs were loaded
in the hollow core of the HMS and the nanocomposites could
be easily tracked by MRI due to the magnetism of the encapsulated
SPIONs. In addition, the amphiphilic polymer conjugated with
folic acid (FA) endowed the carrier with pH-sensitive drug release
and allowed it to biologically target the folic acid receptor (FR) of
over-expressed tumor cells.*!

Curcumin (CUR), a natural polyphenol component extracted
from the underground rhizome of tumeric, has gained consider-
able attention recently because of its multiple pharmacological
activities, including anti-inflammatory, antioxidant, anti-bacterial,
and antiviral activities and its especially wide spectrum of actions
against tumors."** Favourably, no obvious toxicity or side effects
were found when used for a long period.>” Recent research implies
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that curcumin is also an effective multidrug resistance (MDR)
reversal agent. Curcumin has been considered as one of the ideal
anti-cancer chemicals. However, its widespread application in
clinic tumor therapy is greatly hindered by its water-insolubility,
instability and thus low bioavailability. In spite of the disadvantages,
inspired by its specific biological activity and simple molecular
structure, curcumin is still considered as an excellent lead
compound for structure modification and selection of anti-tumor
drugs.”® In recent years, aimed at improving hydrophilicity and anti-
tumor effect, research on building hydrophilic CUR preparations
has proved to be an effective strategy to tackle the problem and have
attracted great interest from researchers. To date, although many
nanotechnology investigations focused on either improving hydro-
philicity or bioavailability of CUR, achieving the micromolar
concentrations at which CUR exhibits anticancer effects at the
tumor site in humans is highly challenging and has not yet
been accomplished.*

In this study, superparamagnetic Fe;O, nanoparticles (~4.3 nm
in diameter) with narrow size distribution, chemical stability and
good magnetic response were first prepared via a simplified thermal
decomposition method. Then the resulting oleylamine coated
Fe;0,4 nanoparticles were functionalized to construct targeted
drug delivery systems for loading the natural anti-cancer drug
CUR, and the loading and release behavior was systematically
investigated. Although sound scientific literature is available on
drug loading on functionalized MNPs, systemic studies of the
effects of different functional groups on the loading and release
of CUR are rarely reported. As is indicated in the results, the
as-fabricated functionalized Fe;O, nanoparticles obtained from
a ligand exchange reaction and subsequent amination can
significantly improve the loading behavior of CUR. Furthermore,
the hydrophilic groups on the surface of the magnetic nano-
particles endow the carrier with good water solubility and stability.
In summary, the as-developed MNP-mediated drug delivery nano-
formulations with high loading capacity and hydrophilicity are
expected to be used as a scaffold for the design of a CUR carrier
and enable the effective concentration at tumor sites. Our study
will enrich the basis theory on surface-engineered MNPs and provide
a reference for the design of MTDDS for hydrophobic drugs.”*

Experimental
Materials

Iron(m) acetylacetonate [Fe(acac)s;], oleylamine, benzyl ether and
other chemical reagents were purchased from Sinopharm Chemical
Reagent Co. Ltd. meso-2,3-Dimercaptosuccinic acid (DMSA), ethane
diamine, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydro-
chloride (EDC-HCI) were obtained from Aldrich Chemical Co. All
reagents mentioned above were of analytical reagent grade and
used as received. The drug curcumin (CUR) was supplied by
Sigma-Aldrich and its chemical structure is shown in Fig. 1a.

Synthesis of superparamagnetic iron oxide nanoparticles

The SPIONs were prepared using a very simplified solvothermal
route.”® In a typical synthesis, 22.5 mL of oleylamine and 7.5 mL
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Fig.1 (a) The structure of CUR and (b) the UV-Vis spectra of CUR 75%
ethanol water solution at a concentration of 10 pg mL™™%.

of benzyl ether were mixed in a warm water bath. Afterwards,
Fe(acac); (3 mmol) was dissolved into the solution with ultra-
sonication for 30 minutes. The light brown dispersion obtained
was transferred into a Teflon-lined stainless-steel autoclave,
followed by flushing with nitrogen to eliminate trace oxygen
and moisture, and then the mixture was heated to 200 °C and
aged at this temperature for 2 hours. After the reaction, the solution
was allowed to cool down to room temperature. The product was
extracted upon the addition of ethanol, followed by a centrifugation
recovery process several times to remove residual reagents. The final
black materials were dried in a vacuum at 30 °C overnight and
designated as Fe;0,@Oley NPs.

Carboxylation of iron oxide nanoparticles

The as-prepared Fe;O,@Oley NPs were only oil-soluble. The
carboxylation of the Fe;0, NPs with DMSA was carried out by
a direct route, during which hydrophobic Fe;O, NPs were
successfully transformed to be hydrophilic magnetite nano-
particles (Fe;0,@DMSA NPs).>>*” 300 mg of dried Fe;0,@0ley
NPs dispersed into 20 mL of toluene were added into a container
containing a solution of DMSA (300 mg, 1.07 mmol) in 20 mL of
DMSO. Then the mixture was sonicated for 1.5 h, followed
by shaking with a rotary shaker at 185 rpm for 36 h at room
temperature. Afterwards, the supernatant was discarded and the
resulting functionalized nanoparticles were mixed with ethanol
and water, followed by centrifugation to eliminate free oleylamine
molecules. The washing procedure was repeated several times
before redispersing the carboxylated nanoparticles into water.
Finally, the pH of the aqueous suspension was adjusted to 10 with
NaOH solution to deprotonate the carboxylic groups and thiol
groups of the DMSA. Then the pH was tuned to 7 with HNO;
solution in order to achieve a stable dispersion of Fe;0,@DMSA
NPs. The surface carboxyl groups on the Fe;O0,@DMSA NPs were
determined with a titration method and the content was calculated
to be 1.63 x 107°-1.65 x 10> mol g~ '.>%*°

Amination of iron oxide nanoparticles

The amination of iron oxide nanoparticles was achieved via an
ethyl-3-(3-dimethylaminopropyl)-carbodiimide  hydrochloride
(EDC-HCIl)-mediated amidation reaction with a small molecule,
ethane diamine. The coating process was carried out in an ice
water bath under ultrasonic waves. An aqueous suspension
containing 150 mg Fe;0,@DMSA NPs was mixed with ethane
diamine (8 mL). The resulting solution was mixed with EDC:
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HCI (30.0 mg), which was divided into six aliquots, one of
which was added every 120 min, and the sixth 16 h after the
previous addition. The molar ratio of COOH/NH,/EDC-HCI was
valued as 1:1.6:1.2. Afterwards, the pH was tuned to 6 with a
HCI solution and then the mixture was sonicated for 6 h, followed
by circularly shaking for 48 h at room temperature. Then the
formed nanoparticles (denoted as Fe;0,@DMSA-NH, NPs) were
collected using an external magnet and washed several times with
ethanol and water, and finally dispersed into water.

The whole functionalization process is illustrated in Fig. 2.

Characterization

The morphology and size of the products were examined using
a FEI Tecnai G2 F20 transmission electron microscope (TEM).
The hydrodynamic radius and zeta-potential measurements of
the particles were performed with dynamic light scattering
(DLS) equipment (Brookhaven, USA). Phase identification was
carried out with an X'TRA X-ray diffractometer with Cu Ko
irradiation at y = 0.1541 nm. The measurements were conducted
in the 20 range of 10-70° with a scanning velocity of 2° min .
The surface groups on nanocomposites were measured with an
8400 s FTIR spectrometer (Shimadzu Corporation, Japan) with
KBr pellets.*® Elemental analysis was carried out using a Vario
EL III Elemental analyser. The magnetic properties of the obtained
samples were investigated using a LDJ9600-1 vibrating sample
magnetometer (VSM) operating at room temperature with applied
fields of up to 10 kOe. The ultraviolet-visible (UV-Vis) spectrum of
curcumin was recorded with a Shimadzu UV-1800 spectrophoto-
meter (Japan) equipped with 1.0 cm quartz cells.

The investigation of the stability of CUR

To determine the detecting wavelength, a 75% ethanol water
solution containing curcumin at a concentration of 5 pg mL ™"
was prepared and scanned using a UV-Vis spectrophotometer at
a range of 200-600 nm. The characteristic absorption spectrum
is shown in Fig. 1b. The maximum wavelength 426 nm was
selected as the detection wavelength.

Because it is easily affected by complex environmental factors,
such as pH, light and temperature, the stability of CUR was
investigated for the purpose of developing ideal experiment
conditions under which CUR was stable. To investigate the
influence of pH on the stability of CUR, a series of buffer solutions
in an equal concentration at different pH values (3.0 to 10.0) were
prepared and kept in the dark at room temperature. A certain
volume of the solution was withdrawn at predetermined intervals
and the absorbance was measured at 426 nm using a UV-Vis
spectrometer. With a 75% ethanol-water mixture used as a
solvent, a study of the effect of light on the UV-Vis absorbance
of CUR was performed under dark and lighting conditions,
respectively. In addition, different temperature (4 °C, 25 °C, 37 °C,
60 °C) treatments were carried out to evaluate the thermal stability
of CUR. The estimation of the effect of light and temperature on
CUR stability using UV-Vis spectrophotometry was carried out in a
similar manner as the study of pH.

The results of the investigation of the stability of CUR are
shown in Fig. 3. Fig. 3a represents the influence of pH on the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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Fig. 2 Schematic illustration of the functionalization process of SPIONs.

stability of CUR. It was observed that the changes in the UV-Vis
absorbance were pH-dependent and the decomposition occurred
quickly under neutral and alkaline conditions.*" Fig. 3b shows an
easy degradation of CUR because of light. The results of the
stability testing performed under various temperatures are
depicted in Fig. 3c. The absorbance values of the CUR solutions
deposited at temperatures of 4 °C, 25 °C and 37 °C present
relatively small changes within the error range allowed, while
the sample incubated at 60 °C has a much bigger variation,
indicating the thermal instability of CUR at high temperatures.
All the investigations on the stability of CUR described above
suggest that the experiments on CUR should be carried out at
low temperature, low pH and dark conditions.

Adsorption experiments

CUR standard solutions at different concentrations of 1-9 g mL "
were prepared and the absorbance was measured using a UV-Vis
spectrometer to establish the homologous standard curve, from
which the concentration of the CUR solutions could be calculated.
The background effect of the particle solution was deducted
during the measurement.

To evaluate the adsorption kinetics of curcumin onto func-
tionalized particles, 50 mL of designed curcumin 75% ethanol

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016

water solutions at a concentration of 200 ug mL™" containing
40 mg of Fe;0,@0ley NPs, Fe;0,@DMSA NPs or Fe;0,@DMSA-
NH, NPs were prepared respectively. Samples were withdrawn at
different time intervals until the adsorption reached equilibrium.

To evaluate the adsorption capacity of different particles,
static equilibrium adsorption experiments were conducted
in 5 mL screw-capped glass centrifuge tubes at 25 °C. Each
tube containing 5.00 mg Fe;0,@O0ley, Fe;0,@DMSA NPs, or
Fe;0,@DMSA-NH, NPs, respectively were filled with 4 mL of
the pre-prepared 75% (v/v) ethanol water containing CUR at
different concentrations. All tubes were sealed and shaken
persistently using a rotary shaker at 185 rpm for 6 h.

All adsorption experiment batches were performed in the
dark at ambient temperature (25 £+ 2 °C) and the pH of all the
adsorption systems was kept at 5.4. Samples were magnetically
separated from the reaction mixture and the clear supernatant
from each sample was taken to measure the absorbance at
A =426 nm with a UV-Vis spectrophotometer. The data measured
were used to estimate the loading quantity of CUR according to the
following expression:

(Co—C)V

G=—"p (1)

New J. Chem., 2016, 40, 4480-4491 | 4483
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Fig. 3 The results of the influence of (a) pH, (b) light and (c) temperature
on the stability of CUR.

where g, is the amount of CUR loading on the nanoparticles
(mg g7 1); Co and C, (mg g~ ) respectively represent the CUR
concentrations in the supernatant initially and at time ¢ (min);
V is the total volume (L) of the solution and m is the mass of the
particles used in the adsorption experiments.

In vitro release of CUR

For the drug release study, the suspensions of CUR loaded
Fe;0,@0ley, Fe;0,@DMSA NPs and Fe;0,@DMSA-NH, NPs
(20 mg) were allowed to stand at 37 °C in two phosphate-
buffered saline (PBS) solutions containing 0.1% weight/volume
SDS (Sigma-Aldrich) at pH 7.40 and 5.38, respectively. Then the
mixture was shaken with a rotary shaker at 185 rpm persistently.
At predetermined intervals, 3 mL of the release medium was
withdrawn and centrifuged at 13 000 rpm for 2 minutes and the

4484 | New J. Chem., 2016, 40, 4480-4491
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supernatant was stored at 4 °C in the dark. Then equal volumes
of the fresh medium were replaced in the tube to redisperse the
particles. The collected supernatants were measured by spectro-
photometry at 426 nm as described earlier.

Results and discussion
Synthesis and characterization

Monodisperse SPIONs were first fabricated by a direct and simple
solvothermal method based on the decomposition of Fe(acac); in a
hot solvent solution. According to the reports published, among all
the synthetic procedures developed so far, thermal decomposition
of Fe(acac); in a hot organic solvent in the presence of a reducing
reagent and surfactant was first demonstrated to be an ideal way to
synthesize monodisperse Fe;0, NPs.'>*** In a typical procedure,
SPIONSs are prepared in a mixture of oleylamine and oleic acid. In
this paper, the SPIONs were fabricated through a simplified route
in which oleylamine was used as both a reducing reagent and a
surfactant which was inexpensive and could create much stronger
reductive circumstances than the alkanediols used in previous
reports.®®> The excess amount of oleylamine is the key to the
thermal decomposition of Fe(acac); and could facilitate the reac-
tion at a lower temperature. It is noted that the size and the shape
of the SPIONSs could be tuned by controlling the heating conditions
and the ratio of oleylamine to benzyl ether. The detailed inter-
pretations were clarified as in reports by Xu et al.*

The morphology and size of different functionalized SPIONs
including Fe;0,@0ley, Fe;0,@DMSA, Fe;0,@DMSA-NH,
were examined using TEM (Fig. 4) and the corresponding size
distributions are presented in the bottom-right corner of each
photo. The particle sizes were arithmetically averaged directly
to build size distributions by counting ~ 100 particles for each
sample. Fig. 4a is the TEM image of the Fe;0,@Oley NPs. It was
observed that the average size of the particles was ~4.3 nm
with a narrow distribution of 3.9-6.4 nm. The shape was uniform
and nearly spherical. This was attributed to the interaction of
oleylamine with Fe(acac); during the nucleation and growth phase
which may aid the crystal growth to become spherical-shaped
which would have the lowest surface free energy and colloidal
stability in organic solvents. In Fig. 4b, the mean diameter of the
Fe;0,@DMSA NPs, fabricated using a ligand-exchange reaction,
determined from the TEM image was about 9.5 nm with a much
larger size distribution than that of the Fe;0,@O0ley NPs. Besides,
the shape of the particles in the visual field was free-form.

This might attributed to the fact that the particles became
instable and aggregated during the intermediate process in
which the oleylamine was replaced and DMSA did not cover
the particles effectively yet.'* Fig. 4c is the TEM image of the
Fe;0,@DMSA-NH, NPs. There was no significant difference in
shape and size distribution from that of the Fe;0,@DMSA NPs
due to the amidization reaction occurring at the end of the
DMSA molecules.

Hydrodynamic size (Dy,) is a greatly important assessment of
particles for biomedical applications. Only nanoparticles with
appropriate Dy, could avoid uptake by the reticuloendothelial

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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Fig. 4 TEM images and size distributions of (a) FesO,@0ley, (b) Fes04,@DMSA and (c) Fes0O4@DMSA-NH, NPs.

system (RES) and reach the diseased tissues. The Dy, of different
Fe;0,4 nanoparticles was measured using DLS. As shown in Fig. 5A,
the sizes of the Fe;0,@0ley, Fe;0,@DMSA and Fe;0,@DMSA-
NH, NPs were ~7.3 nm, ~19.5 nm and ~20.8 nm, respectively.
The Dj, of all nanoparticles were larger than the TEM sizes. This
kind of increase in size may result from the fact that the DLS gives
the mean size of the magnetite core surrounded by the solvation
layers, whereas the TEM diameter is based on the samples alone in
a dry state.*®?” Because of the exchange of ligands, the Dy, and
polydispersity index (PDI) of the two types of functionalized Fe;O,
nanoparticles were bigger than that of the initial nanoparticles
(PDI = 0.16 £ 0.06) which was consistent with the TEM results.
The PDIs of the two types of functionalized particles were low
(PDI = 0.26 + 0.08 for Fe;0,@DMSA NPs and PDI = 0.27 + 0.06
for Fe;0,@DMSA-NH, NPs), showing a good dispersion in
water, which makes them a potent vehicle for drug delivery.
The lattice structure of the as-prepared magnetic nano-
particles were studied by XRD. Fig. 5B shows the XRD patterns
of the native Fe;O, nanoparticles. The crystalline diffraction
peaks appearing at 30.1°, 35.5° 43.1°, 57.0° and 62.6° were
attributed to the (220), (311), (400), (511) and (440) planes of
the spinel phase of Fe;0, (JCPDS No. 65-3107),*® respectively.

(A)

The average particle size estimated using Debye-Scherrer’s equation
was nearly consistent with the results observed in the TEM images,
indicating a single crystal of each individual Fe;O, nanoparticle. In
addition, the calculated lattice parameter of the nanoparticles from
the position of the (311) peak was 8.387 A, which is quite close
to the standard parameter of magnetite (8.396 A) and relatively
far from that of maghemite (8.346 A), indicating the as-prepared
iron oxide nanoparticles are in the magnetite phase."> Obviously,
there was little difference between the calculated lattice para-
meters and the standard one, which was probably attributed to
the small size induced surface instability of the oxygen stoi-
chiometry of the materials.'>3%*°

The surface groups of the different functionalized nanoparticles
were characterized using FTIR spectroscopy throughout the range of
400-4000 cm ™" (Fig. 5C). Fig. 5C(b) shows the FTIR spectrum of the
Fe;0,@0ley NPs. Compared with the spectrum of oleylamine
[Fig. 5C(a)], the methyl stretching bands at ~2930 and 2846 cm ™"
were because of the oleylamine covering on the surface of the
Fe;0, NPs. In Fig. 5C(b), it also exhibits an intense band at
~3510 cm™ ', which could be assigned to the stretching vibration
of the amino group dating back to the oleylamine molecules.
Also a new broad signal at ~580 cm™ ' was clearly observed,

(B)
50
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Fig. 5 (A) Dynamic light scattering (DLS) of Fes04@Oley NPs, FesO4,@DMSA NPs and FesO,@DMSA-NH, NPs; (B) XRD pattern of as-prepared
Fez04@O0ley NPs; (C) FT-IR spectrum of (a) oleylamine, (b) Fe304@Oley NPs, (c) CUR loaded FezO,@0Oley NPs, (d) DMSA, (e) Fes0,@DMSA NPs, (f) CUR
loaded Fez0,@DMSA NPs, (g) Fes0,@DMSA-NH, NPs, (h) CUR loaded FesO,@DMSA-NH, NPs.
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which was a characteristic peak of the Fe-O stretching mode
in magnetite, indicating the formation of Fe;O,@Oley NPs.
Fig. 5C(c) shows the FTIR spectrum of the Fe;0,@Oley NPs
loaded with CUR. Except the characteristic Fe-O absorbance
peak at ~589 cm ™', the band appearing at ~3510 cm ™" is due
to the bending vibration of the phenolic hydroxyl groups in
the structure of CUR. In addition, peaks at 2930 and 2846 cm ™"
are for methoxyl stretching. The FTIR spectrum of the Fe;0,@DMSA
NPs is shown in Fig. 5C(e). Three characteristic stretching bands are
observed at ~550 cm™ ', 1230 cm ™" and (~1578 and 1650 cm )
corresponding to the S-S, C-O and C—0O stretching of DMSA
molecules whose typical IR spectrum is shown in Fig. 5C(d).
Although the S-S stretching peak is overlapped by the Fe-O
stretching peak at ~580 cm™*, the slight shift to the low wave-
number region and the increased peak intensity at ~550 cm ™"
verify the formation of S-S crosslinking between the DMSA
molecules on the surface of the Fe;04 NPs.*"** Fig. 5C(f) shows
the FTIR spectrum of the Fe;0,@DMSA NPs loaded with CUR.
The characteristic bands at ~3510 cm™ ", ~1670 cm ™", (1600
and 1500 cm '), ~1230 cm ™" that correspond to the vibration
of the hydroxyl groups, carbonyl group, aromatic carbon back-
bone and phenolic hydroxyl groups in the CUR molecule
indicate the loading of CUR on the surface of the Fe;0,@DMSA
NPs. Fig. 5C(g) shows the spectrum of the Fe;0,@DMSA-NH,
NPs. The ~580 cm™ " band is the Fe-O characteristic band. The
peaks at ~3400 cm™ ' and 1610 cm ™" are assigned to the amino
group on the surface of the particles which are the indication
of the successful amination of the nanoparticles. Just as in
Fig. 5C(h), in addition to the inherent characteristic peaks of the
Fe;0,@DMSA-NH, NPs, the new emerging bands reference the
structure of CUR, indicating the successful loading of the drug
on the surface of the particles. Table 1 shows the elemental
analysis results of the Fe;0,@0ley, Fe;0,@DMSA and Fe;0,@
DMSA-NH,, NPs. The lines in the table represent that the content
of N and S atoms is lower than the detection limit and could not be
detected. From the elemental analysis of the Fe;0,@DMSA NPs,
the absence of nitrogen atoms and the new emergence of S verified
the fact that the oleylamine molecules on the surface of the initial
Fe;0,@O0ley NPs were successfully replaced with DMSA. The new
emerging N, combined with the increase of C calculated from
the potency of N and related molecular weight, indicated the
successful amination on the surface of the Fe;O0,@DMSA-NH,
NPs. Consistent with the results of FTIR, elemental analysis
confirms the construction of the two types of functionalized
nanoparticles.

The magnetic properties of the Fe;0,@0ley, Fe;0,@DMSA
and Fe;0,@DMSA-NH, NPs are shown in Fig. 6A. On the left
are the VSM results obtained with an applied magnetic field

Table 1 Elemental analysis of Fes04@Oley NPs, Fes0,@DMSA NPs and
Fez0,4@DMSA-NH, NPs

Sample C (%) H (%) N (%) S (%)
Fe;0,@O0ley NPs 5.81 1.53 0.34 —
Fe,0,@DMSA NPs 5.79 1.31 — 6.63
Fe;0,@DMSA-NH,, NPs 4.63 1.29 0.76 5.27
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sweeping from —9 kOe to 9 kOe at room temperature. The
magnetic hysteresis loops of the three nanoparticles were S-like
and the magnetic remanence was nearly zero. The fact that
there was almost no remaining magnetization when the external
magnetic field was removed indicated the superparamagnetic
properties of the composites at room temperature.**** The magnetic
saturation (M) values of the Fe;0,@DMSA, Fe;0,@DMSA-NH, and
Fe;0,@0ley NPs are 29.59, 28.79 and 25.78 emu g~ ', respectively.
The values of the saturation magnetization for the Fe;O,@DMSA
and Fe;0,@DMSA-NH, NPs are nearly same indicating the
amination exerting little influence on the magnetism of the
functionalized Fe;O, NPs. But the M; values are slightly higher
than that of the original Fe;0,@Oley NPs. These phenomena
can be attributed to not only the decrease of the nonmagnetic
material in Fe;0, formation with high-molecular-weight oleyl-
amine molecules replaced by lower-molecular-weight DMSA,
but also the bigger particle size generated due to the aggregation
of magnetic nanoparticles during the ligand exchange reaction.
This is consistent with the results reported that the M, values of
magnetic nanoparticles vary with their diameters and larger
nanoparticles exhibit higher M.***> On the right of Fig. 6A are
the photographs of the magnetic separation of (a) Fe;0,@0Oley
NPs, (b) Fe;0,@DMSA NPs and (c) Fe;0,@DMSA-NH, NPs
dispersed in ethanol. It was observed that the suspensions of
the Fe;0,@DMSA NPs and Fe;O,@DMSA-NH, NPs became
clear within 40 s when placing a permanent magnet outside
the bottle while the Fe;0,@O0ley NPs dispersion became clear
until 75 s, suggesting that the two different types of functionalized
Fe;0, NPs have higher magnetism than the Fe;O,@Oley NPs,
which agrees well with the VSM results.

Due to oleylamine covering the particles, the Fe;0,@0Oley
NPs show properties of hydrophobicity and tend to disperse in
nonpolar solvents such as hexane, toluene and chloroform."?
The two types of functionalized Fe;O, NPs obtained from a
ligand exchange reaction and a subsequent amidation reaction
tend to be hydrophilic due to the functional groups on the surface
of the particles. Fig. 6B shows the photos of the solubility test for
the Fe;0,@0ley, Fe;0,@DMSA and Fe;0,@DMSA-NH, NPs. The
results show that the Fe;O, NPs have been transformed from the
organic phase to polar solvents after functionalization and show
hydrophilic properties, which is of great significance for the design
of drug delivery systems for hydrophobic drugs.

The zeta potential measurement of the two different types of
functionalized Fe;O, NPs as a function of pH was carried out to
test the surface charge properties. Fig. 6C demonstrates the
zeta potential of the Fe;0,@DMSA NPs and Fe;0,@DMSA-NH,
NPs measured in the pH range 1-12. The movement of the
zeta potential values on the surface of the Fe;0,@DMSA-NH,
NPs towards positive values verifies the successful amination of
the Fe;0,@DMSA NPs. It can also be observed from the graph
that the Fe;0,@DMSA-NH, NPs have an isoelectric point at
approximately 6.23, compared to 2.57 for the Fe;0,@DMSA
NPs. It is worth noting that when the pH is between 2.57 and
6.23, the surface charge of the Fe;0,@DMSA NPs is negative
while the Fe;0,@DMSA-NH, NPs possess a positive charge, which
indicates the possibility of increasing the loading capacity of drug

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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Fig. 6 (A) The VSM results of Fes0,4@Oley, Fes0,@DMSA and Fez04,@DMSA—-NH, NPs and photographs of the magnetic separation of (a) Fes0,@Oley
NPs, (b) Fes0,@DMSA NPs and (c) Fes0,@DMSA-NH, NPs dispersed in ethanol; (B) photos of the solubility test for (a) Fez04@Oley, (b) Fes0,@DMSA,
(c) Fes04@DMSA-NH, NPs; (C) zeta potential curves of FesO4,@DMSA NPs and FesO4@DMSA—-NH, NPs in the pH range 1-12.

carriers for drugs carrying negatively charged groups.*® Exceptionally,
the physical stability of a particle solution can be estimated with
the zeta potential of the formulation. After CUR molecules were
loaded, the zeta potentials of the Fe;0,@DMSA and Fe;O,@DMSA-
NH, NP formulations were respectively —7.36 mV and —3.23 mV,
which allows good stability during storage. Because the zeta
potential for the nanoparticles in PBS solution (pH 7.4) is a
relatively negative value, the nanoparticles are likely to repel
each other, resulting in less aggregation.”’*° The two different
types of -COOH or -NH, functionalized particles were loaded
with hydrophobic curcumin and the dispersity of the composites
in PBS solution was investigated. Both dispersion systems kept
stable over a number of weeks.

Kinetics analysis

The adsorption kinetics of CUR on Fe;0,@O0ley NPs, Fe;0,@
DMSA NPs and Fe;O0,@DMSA-NH, NPs in 75% ethanol water
solution at 25 °C are presented in Fig. 7. A rather fast uptake of
CUR happened during the first hour and it only took 30 min to
reach equilibrium for the Fe;0,@O0Oley NPs while 55 min for the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016

Fe;0,@DMSA-NH, NPs. For the Fe;O,@DMSA NPs about 3 hours
had passed before reaching equilibrium and it showed a much
slower adsorption process. The adsorption rates of CUR on the
Fe;0,@0ley, Fe;0,@DMSA and Fe;0,@DMSA-NH, NPs were
rapid at the beginning stage and afterwards a slower stage was
observed until the adsorption of CUR reached its equilibrium value.

To design and model the adsorption processes, two different
models were adopted to calculate the kinetic parameters and
interpret the kinetic processes.’® The pseudo-first-order rate
equation is defined as:

In(ge — g¢) = Inge — kyt (2)
The pseudo-second-order model is shown as follows:
rt 1

——— ©)

q: B a k2Qe

where g and ¢, (mg g~ ) are the adsorbed amounts of CUR at
equilibrium and at time ¢ (min); k; and k, represent the equilibrium
rate constant for the pseudo-first-order model and pseudo-second-
order model, respectively. Straight lines from plots of In(ge — ¢;)
and ?/q, versus t were fitted from the kinetic data.
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Fig. 7 Kinetic curves for CUR adsorption on different FesO4 NPs (CUR

concentration 200 pg mL™%, adsorbent dose 0.8 mg mL™%, temperature
25 °C, pH 5.4).

The adsorption kinetics processes of the three nanoparticles
are found to fit better with the pseudo-second-order model with
higher values of correlation coefficient.>® The rate constants
calculated from the fitted plots are listed in Table 2. This result
suggests that the adsorption rate of CUR depends on the
concentration of CUR at the surface of adsorbents and the
amount of drugs adsorbed at equilibrium.

Adsorption isotherms

The adsorption isotherm demonstrates the relationship between
adsorption capacity at equilibrium and equilibrium concentration
at a specific temperature. Fig. 8 represents the adsorption isotherms
of CUR on the Fe;0,@0ley, Fe;0,@DMSA and Fe;0,@DMSA-NH,
NPs at 25 °C. In general, the equilibrium adsorption capacity
increases with the equilibrium concentration until the value
of initial concentration reaches a certain point. The Langmuir
model and the Freundlich model are widely used modes for the
description of the adsorption isotherm. The Langmuir model is
used to describe the monolayer adsorption behavior on a homo-
geneous surface with limited adsorption sites and is expressed
as follows:

1 1 1

qe - m * OmCeKL (4)

where Qy, is the maximum adsorption capacity of CUR; g. represents
the equilibrium CUR concentration absorbed on the materials
(mg g™ Y); C. is the equilibrium concentration of CUR in solution
(mg mL™") and K; is the Langmuir constant concerning the
affinity of the adsorption sites.
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Fig. 8 Adsorption isotherms of CUR on different materials (adsorbent
dose 0.8 mg mL~%, temperature 25 °C, pH 5.40, equilibrium time 4 h).

The Freundlich isotherm applies to studying the absorption
on heterogeneous surfaces with varied affinity sites and the
related sorption energy changing exponentially. The equation is
described as:

lgge = Ig Kr +lg% (5)
where g. is the equilibrium absorbed concentration on the
materials (mg g '); C. is the equilibrium concentration of CUR in
solution (mg mL ™~ "); Ky and n, the Freundlich constants, are related
to the adsorption capacity and adsorption intensity, respectively.
The equilibrium adsorption data of CUR on the Fe;0,@0Oley,
Fe;0,@DMSA and Fe;0,@DMSA-NH, NPs was studied by the
Langmuir and Freundlich isotherm models (Fig. 8). The adsorbed
amount of CUR was found to increase with increasing concentration

of CUR at equilibrium. The values of the correlation coefficient

Table 2 Adsorption kinetic constants for CUR adsorption on FezO,@Oley NPs, Fes0,@DMSA NPs, and Fes0,@DMSA-NH, NPs at 25 °C

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

Materials Geexp (Mg g™ ) Geca (Mg g ™) k, (min) R Gecal (Mg g ") k, (g mg™" min™") R,?

Fe304@01ey NPs 184.96 26.17 0.0482 0.9478 185.19 0.0052 0.9997
Fe;0,@DMSA NPs 25.62 15.95 0.0118 0.9838 26.25 0.0023 0.9983
Fe;0,@DMSA-NH, NPs 126.89 17.58 0.0149 0.9378 128.21 0.0031 0.9999
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Table 3 Adsorption isotherm constants for CUR adsorption on
Fez04@Oley NPs, Fes0,@DMSA NPs, and FesO,@DMSA-NH, NPs at 25 °C

Freundlich isotherm Langmuir isotherm

model model
Materials Ky n R? Om K R
Fe304@Oley NPs 9.32 1.68 0.7792 208.33 0.03 0.9535
Fe;0,@DMSA NPs 0.96 1.77 0.9791 33.33 0.01 0.9822

Fe;0,@DMSA-NH, NPs 8.21 1.95 0.8087 129.87 0.03 0.9920

R®> and the constants calculated from the two models are
presented in Table 3.

The results revealed that the Langmuir model better described
the CUR adsorption data for the three kinds of Fe;O, nano-
particles with much higher R* values, indicating the homo-
geneous nature of the particle surfaces and thus identical
adsorption activation energy for each CUR molecule. The maximum
amounts of CUR adsorbed to the Fe;0,@0ley, Fe;0,@DMSA and
Fe;0,@DMSA-NH, NPs were calculated to be 208.33, 33.33 and
129.87 mg g, respectively.

Drug loading mechanism

In summary, the data and constants from the adsorption
experiments including kinetics analysis and adsorption isotherms
demonstrated the order of adsorption affinity which was as
follows: Fe;0,@O0ley NPs > Fe;0,@DMSA-NH, NPs > Fe;0,@
DMSA NPs. This can be illuminated by the mechanisms of CUR
loading on the three kinds of nanoparticles. For Fe;0,@0ley
NPs, the loading of CUR was due to the strong hydrophobic
interactions under the conditions of the polar solvent and
therefore a much higher adsorption capacity (with 184.96 ng
CUR per one mg of nanoparticles) was achieved. When the
oleylamine molecules on the surface of Fe;0,@0ley NPs were
replaced by DMSA, because of the lack of enough groups fabricating
hydrogen bonds, Fe;0,@DMSA presented limited drug loading.
After the amination reaction, Fe;0,@DMSA-NH, NPs showed an
improved loading capacity for CUR, which could be attributed to the
cooperating results of not only the hydrogen bonds, but also the
enhanced hydrophobic interactions under the relatively polar
conditions due to prolonged chain generated through the amidation
reaction. Although CUR has shown great potential as an anti-tumor
agent, its widespread use in tumor treatment is hindered by its poor
aqueous solubility and low bioavailability. In past decades, extensive
efforts have been devoted to developing novel formulations for
CUR to solve this issue. All together, the Fe;0,@DMSA-NH, NPs
possessed advantages over both the Fe;0,@O0ley and Fe;O0,@DMSA
NPs, such as hydrophilicity and high adsorption capacity and
they have remarkable potency to be developed as MTDDS for
hydrophobic drugs like CUR.

In vitro drug release

The amount of CUR loaded onto particles was quantified using
a UV-Vis spectrophotometer. The loading of CUR was 95.57%
(139.86 pg mg '), 18.37% (23.55 pg mg ') and 76.29%
(111.64 pg mg™ ') respectively for the Fe;0,@0Oley, Fe;0,@
DMSA and Fe;O,@DMSA-NH, NPs. The release experiments

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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in vitro were carried out at 37 °C, the temperature of human
body. The in vitro release profiles of CUR from the three
formulations of nanoparticles in PBS solution at different pH
values are shown as Fig. 9. The blue lines in each plot represent
the equilibrium point of drug release. From the figures, it could
be indicated that the adsorption of CUR on the particles was
reversible and showed a rapid release process in the early stage,
followed by a slow and sustained release stage, which is consistent
with the previous report that the desorption of chemical substances
from sediment often occurs in two stages: a quick release of a labile
adsorbed fraction, then a slow release of a steady fraction.”>

The solubility of drug in the release medium plays an important
role in the desorption profiles of the drug from the delivery system.
As shown in Fig. 9, the amounts of CUR released from the
Fe;0,@0ley, Fe;0,@DMSA and Fe;0,@DMSA-NH, NPs in
neutral solution are respectively about 52%, 73% and 76%, while
50%, 62% and 60% in acidic solution. Compared with related
literature,"™ the cumulative release rates from the two types of
functionalized nanoparticles under neutral conditions were
slightly lower, while the hydrophobic Fe;0,@Oley NPs show a
relatively low release rate, which may be interpreted by not only
the strong hydrophobic interaction, but also the poor solubility
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Fig. 9 Cumulative release results of CUR from (a) FesO,@Oley, (b)
Fez04@DMSA and (c) FesO4@DMSA-NH, NPs at different pH at 37 °C.
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Table 4 Release of CUR from different materials at different pH

Release percentage (%) (n = 6)

Materials pH5.38 RSD (%) pH7.40 RSD (%)
Fe;0,@O0ley NPs 49.89 2.31 54.21 2.56
Fe;0,@DMSA NPs 64.98 2.56 74.53 1.98
Fe,0,@DMSA-NH, NPs  58.39 3.01 73.68 2.61

of CUR in the polar PBS solution. Furthermore, as shown in
Table 4, the cumulative release rates of CUR from all the three
nanoparticles, shaken for 8 h, in the acidic medium (pH 5.38)
was lower than that in the physiological pH medium (pH 7.40).
This phenomenon could be due to the keto-enol tautomerization
of CUR and the enol form is the preferential conformation under
acidic conditions, which will fabricate much stronger hydrogen
bonds and hydrophobic interactions and thus lower solubility in
the release medium. Interestingly, compared with the two other
types of particles, the Fe;0,@DMSA-NH, NPs show a prolonged
and even slightly longer release time at pH 5.38, which is because
of hydrogen bonds under acidic conditions and enhanced hydro-
phobic actions under polar conditions due to the prolonged chains
generated through the amidation reaction. It has been reported
that the local pH of tumor cells (pH < 6.5) is lower than that of
normal cells (pH 7.40).>**® Therefore, the pH-sensitive release
behavior of CUR from Fe;0,@DMSA-NH, NPs may benefit the
tumor treatment.

Conclusion

In summary, superparamagnetic Fe;O, nanoparticles with chemical
stability, small size, narrow size distribution and good magnetic
properties were fabricated using a very simplified method based
on the solvothermal decomposition of Fe(acac); in a high-boiling
organic solvent with oleylamine as both the reducing agent and
stabilizer. The resulting oleylamine-coated nanoparticles (~4.3 nm
in diameter) were carboxylated by meso-2,3-dimercaptosuccinic acid
(DMSA) ligand-exchange reactions and subsequently aminated
to obtain carboxyl-functionalized and amino-functionalized Fe;O,
nanoparticles. The two types of functionalized magnetic nano-
particles were characterized and designed as drug carriers to
load a natural antitumor drug, curcumin. The loading processes
could be described by the Langmuir adsorption isothermal model
for both functionalized Fe;O, NPs and the pseudo-second-order
model fitted well with the kinetic data. In addition, the drug
release of all particles showed to be pH-sensitive. On compre-
hensive consideration, the Fe;O, nanoparticles carrying the
-NH, group (Fe;0,@DMSA-NH, NPs) have advantages over
the initial nanoparticles (Fe;0,@Oley NPs) and carboxylated
nanoparticles (Fe;0,@DMSA NPs) such as high loading capacity,
hydrophilicity, and a prolonged drug release. Due to these properties,
the functionalized nanoparticles have great promise to be utilized in
engineered magnetic targeted drug delivery systems for curcumin to
improve its water solubility and bioavailability. This study will enrich
the theoretical research on functionalization in the design of drug
delivery systems for hydrophobic drugs.
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