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ABSTRACT

ARTICLE HISTORY

Purpose: Although magnetite nanoparticles (MNPs) are promising agents for hyperthermia therapy,
insufficient drug encapsulation efficacies inhibit their application as nanocarriers in the targeted drug
delivery systems. In this study, porous magnetite nanoparticles (PMNPs) were synthesized and coated
with a thermosensitive polymeric shell to obtain a synergistic effect of hyperthermia and chemotherapy.
Materials and methods: PMNPs were produced using cetyltrimethyl ammonium bromide template
and then coated by a polyethylene glycol layer with molecular weight of 1500 Da (PEG1500) and
phase transition temperature of 48 ± 2  C to endow a thermosensitive behavior. The profile of drug
release from the nanostructure was studied at various hyperthermia conditions generated by waterbath, magnetic resonance-guided focused ultrasound (MRgFUS), and alternating magnetic field (AMF).
The in vitro cytotoxicity and hyperthermia efficacy of the doxorubicin-loaded nanoparticles (DOXPEG1500-PMNPs) were assessed using human lung adenocarcinoma (A549) cells.
Results: Heat treatment of DOX-PEG1500-PMNPs containing 235 ± 26 mgg1 DOX at 48  C by waterbath, MRgFUS, and AMF, respectively led to 71 ± 4%, 48 ± 3%, and 74 ± 5% drug release. Hyperthermia
treatment of the A549 cells using DOX-PEG1500-PMNPs led to 77% decrease in the cell viability due
to the synergistic effects of magnetic hyperthermia and chemotherapy.
Conclusion: The large pores generated in the PMNPs structure could provide a sufficient space for
encapsulation of the chemotherapeutics as well as fast drug encapsulation and release kinetics, which
together with thermosensitive characteristics of the PEG1500 shell, make DOX-PEG1500-PMNPs promising adjuvants to the magnetic hyperthermia modality.
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Introduction
Magnetite nanoparticles (MNPs) are promising agents for
generation of a hyperthermia condition in the tumor tissue
under exposure to the alternating magnetic fields (AMF)
with clinically-relevant amplitudes [1]. These nanoparticles
could also provide a synergistic effect of chemotherapy
and hyperthermia when sufficient dosages of chemotherapeutics are conjugated on their surfaces. The drug-loaded
MNPs could further be navigated through the body via
external magnetic fields with appropriate driving forces to
actively target the tumor site and release their cargo, while
simultaneously produce a significant amount of thermal
energy by different mechanisms such as hysteresis loss,
Neel relaxation, Brown relaxation, and frictional
losses [2–7].
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In spite of the intrinsic advantages of MNPs, their limited
loading capacity may result in insufficient drug dosages
delivered to the tumor site [8–10]. Hence, synthesis of MNPs
with porous structure is a particular solution to achieve
higher drug loading capacities [11–13]. Moreover, MNPs
could be coated by different thermosensitive agents to protect the encapsulated compounds from uncontrolled leakage
[7,8,14–16]. When the particles reach the target tumor, the
produced thermal energy dissociates the protective shell and
facilitates release of the therapeutic load [17–19].
Recently, a new mechanism of thermal sensitivity has
been introduced using low-melting point polymer nanoshells
[8,14]. This research is an attempt to further enhance the
drug release efficacy of this triggering mechanism using porous magnetic nanoparticles (PMNPs) as the drug reservoir
core. As shown schematically in Figure 1, the controlled
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Figure 1. A schematic of the triggering mechanism from the porous core-shell nanostructures. Melting of the protective shell results in formation of preferred
routes for controlled drug release.

synthesis parameters could endow agglomerated nanostructures with relatively high volumetric ratios of interparticle
porosities. These nanostructures were further coated by a protective polyethylene glycol (PEG) shell with molecular weight
of 1500 Da (PEG1500) and appropriate melting temperature in
the hyperthermia range. It was assumed that the temperatures above the PEG1500 melting point (Tm) lead to partial
removal of the protective shell and thus provide preferred trajectories for facilitated drug release. The AMF and magnetic
resonance-guided focused ultrasound (MRgFUS) were
employed as selected thermal modalities to evaluate the heating and drug release efficacies of these core-shell nanocarriers
under exposure to different hyperthermia conditions.

Materials and methods
Synthesis of nanoparticles
PMNPs were synthesized by modification of the method
described previously [20], where cetyl trimethyl ammonium
chloride (CTAB) was added as a template to obtain nanoparticles
with porous structure. In a typical procedure, 1 ml of ferrous sulfate heptahydrate (FeSO4.7H2O; 2M), 3.5 ml of ferric chloride
(FeCl3; 1M), and 500 mg of CTAB were thoroughly mixed in
25 ml of ultrapure water, followed by dropwise addition of 25 ml
ammonium hydroxide (NH4OH; 33%) under vigorous stirring.
After 2 h, the nanoparticles were separated using a permanent
magnet, washed with ethanol, and incubated in a methanol
solution containing hydrochloric acid (HCl; 3%v/v) for 6 h to
remove the CTAB template. The particles were again magnetically separated, rinsed with ethanol, and dried in 80  C for 24 h.
The synthesis of PEG1500-PMNPs was carried out using
the ‘graft-to’ method according to a previously described
protocol [21]. Briefly, the surface-modified nanoparticles were
firstly prepared by stirring the as-synthesized PMNPs and
3-aminopropyl triethoxysilane in toluene at 80  C for 24 h.
Then, the obtained particles were mixed with carboxyl-terminated PEG (COOH-PEG1500) in toluene at 80  C for another
24 h. The synthesized nanoparticles were washed with ethanol and freeze-dried for 24 h to produce PEG1500-PMNPs
with sufficient stability in aqueous solutions.

Characterizations
The phase structure of the synthesized nanoparticles was
analyzed using X-Ray diffractometry technique (XRD; Philips
PW1840, Amsterdam, the Netherlands) with Cu Ka radiation
(k ¼ 1.542 A ), step size of 0.026 , and 2h range of 20–70
degrees. The chemical composition of the core-shell nanoparticles was also investigated using Fourier transform infrared (FTIR; Nicolet 6700, ThermoScientific, Madison, WI)
spectroscopy in the wavelength range of 600–4000 nm1.
The particles morphology and size were investigated
using a transmission electron microscope (TEM; LEO Libra
120 kV, Carl Zeis AG, Oberkochen, Germany). Dynamic light
scattering (Malvern Instruments, Malvern, UK) was employed
to determine the size distribution of the produced particles
as well as their zeta potential at pH 7.0. The surface area
of the particles was also measured by Brunauer–Emmett–
Teller approach (ASAP2020, TRISTAR II 3020 Kr, Micromeritics
Instruments, Norcross, GA, USA). The magnetic characteristics
of the synthesized nanoparticles were investigated using
vibrated sample magnetometer (model 7400 series,
Lakeshore, Chicago, IL). In order to calculate the onset phase
transition temperature of PEG1500, differential scanning calorimetry (DSC820 with TSO 801RO robot, Mettler-Toledo,
Columbus, OH, USA) with scan rate of 5  Cmin1 was used.
Thermogravimetric analysis (TGA; TGA/SDTA 851e, MettlerToledo, Greifensee, Switzerland) was also performed to calculate the weight percentage of the polymeric shell.

Drug loading
The drug loading capacity and drug release ratio were investigated using ultra-violet visible spectroscopy (UV-Vis;
Shimadzu UV-1800, Shimadzu Corporation, Kyoto, Japan) at
wavelength range of 260–600 nm [8,14]. The particles were
incubated in simulated body fluid (SBF; comprised of NaCl,
KCl,
Na2HPO42H2O,
MgCl26H2O,
Na2SO4,
NaHCO3,
(CH2OH)3CNH2, CaCl22H2O, and HCl) [22–24] containing
2 mgml1 doxorubicin (DOX) as model drug with water
solubility of 1.18 mgml1 [25] for 12, 24, 36, or 48 h in
order to determine the minimum immersion interval that
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provides the statistically maximum drug encapsulation (Em).
The solution was further centrifuged at 16,100 rcf for 10 min
to separate the DOX-loaded nanoparticles from the supernatant. The DOX content of the supernatant was further
measured via comparing its obtained UV-Vis spectrum with
that of a reference solution comprising 2 mgml1 of this
chemotherapeutic agent.
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A schematic of the experimental setup employed for the
magnetic hyperthermia investigations is shown in Figure 3.
The magnetic field was generated by a helical coil with 8
turns and inner diameter of 2.54 cm. Three different experimental conditions (Table 1) were examined to determine the
optimal range of AMF strength which results in temperatures
above the melting point of PEG1500. The magnetic field

Drug release
The drug release studies were carried out following stabilization of 2 mgml1 of the DOX-loaded nanoparticles in SBF for
7 days at 37  C. The amount of drug leakage was measured
via comparison of the UV-Vis spectrum of the supernatant
with that of a reference solution comprising Em mgml1 of
DOX. The drug release ratios at increased temperatures were
performed for 30 min at 10 different temperatures ranging
from 30  C to 75  C in a waterbath until no statistically significant increase in the drug release ratio was observed. After
the heat treatments, the PEG1500-PMNPs were separated
from the supernatants and the drug contents of the supernatants were measured by UV-Vis technique.

Hyperthermia experiments
The hyperthermia conditions were achieved by MRgFUS
(EX-ablate, Insightec, Haifa, Israel) and magnetic hyperthermia (Easyheat 3542LI, 4 kW, Ambrell, Gloucestershire, UK). A
typical MRgFUS procedure used for sonication of tissue-mimicking phantoms containing DOX-loaded nanostructures is
shown in Figure 2. The drug-loaded PEG1500-PMNPs
(1 mgml1) were firstly incorporated in a thermosensitive tissue-mimicking phantom [26] and sonicated for 5  20 s using
an acoustic energy of approximately 500 J, acoustic power of
25 W, and frequency of 1.15 MHz. The minimum temperature
range within the focal region (with around 2 mm size)
was approximately 43–46  C according to the obtained time–
temperature profiles.

Figure 3. A schematic of the approach used for heating the solution containing
superparamagnetic nanoparticles under exposure to an AMF. The tube
containing SBF solution and nanoparticles was embedded in a tissue-mimicking
phantom and exposed to the AMF with different experimental parameters.
Table 1. The experimental characteristics applied in the magnetic nanoparticle hyperthermia tests.
Concentration
(mgml1)
1
1
1

Time
(min)

Current
(A)

Frequency
(KHz)

Power
(W)

Field strength
(kAm1)

90
90
90

100
150
200

318
313
312

77-92
325-350
715-740

31.5
47.2
63.0

Figure 2. A typical HIFU procedure performed for sonication of a tissue-mimicking phantom containing superparamagnetic nanoparticles. Formation of a dark area
around the particles container in the tissue-mimicking phantom indicated partial melting of the polymer and exposure of the magnetic core.
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strengths (H) generated at various experimental currents
were determined using Equation (1):
H¼

ni
L

(1)

where n, i, and L represent the coil turns, current (A), and
inner coil diameter (m). The specific absorption rate (SAR) of
the nanoparticles was also calculated using Equation (2)
[27–30]:
 
Mm DT
SAR ¼ Cm
(2)
MP Dt
where Mm and Mp are respectively the medium and nanoparticles weights, Cm is the specific heat capacity of the medium
(4.127 Jg1K1), and DT represents the temperature rise in a
particular time interval (Dt). After the heat treatments, the
particles were centrifuged and the drug release ratio was
quantified through comparing the UV-Vis spectra of the
supernatants with that of the reference solution.

Cytotoxicity assays
The cell viability investigations were carried out using human
lung adenocarcinoma (A549) grown in RPMI1640 media
(Roswell Park Memorial Institute) supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin in a
humidified incubator with 5% CO2 at 37  C [31–33].
The cytotoxic effects of the PEG1500-PMNPs, DOX-loaded
PEG1500-PMNPs, and free DOX were quantified using a
(3–(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide) (MTT) assay [34,35]. The cells were cultivated with
100 ll RPMI1640 in a 96-well plate at a density of 5  104
cellsml1, followed by 24-h incubation to allow cell adherence to the plate surface. After the addition of phosphate
buffered saline (PBS) containing pre-defined concentrations
of PEG1500-PMNPs, DOX-PEG1500-PMNPs, and free DOX, the
A549 cells were again incubated for 24, 48, and 72 h, followed by replacement of the media, incubation of the cells
in a fresh medium for 24 h, removal of the media, and adding 50 ll of the MTT reagent. After incubation at 37  C for
4.5 h, 100 ml of pure dimethylsulfoxide was added and left in
the dark for 30 min to dissolve the crystal formazan. Then,
25 ml Sorensen’s glycine buffer was added and the absorbance was detected at 570 nm with a microplate absorbance
reader (Multiskan, ThermoScientific, Madison, WI). The cytotoxicity was reported as the ratio of the viable A549 cells
compared to the control well.
The proliferation of A549 cells were also assessed by
CellReporterTM (Molecular Devices LLC, Sunnyvale, CA) using
40 ,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St. Louis,
MO) for staining the cells nuclei.

Magnetic hyperthermia on the A549 cells
The A549 cells with population of 2  105 cellsml1 were
seeded in a 96-well plate. After 24 h, each well was treated
with either the medium, PEG1500-PMNPs, DOX-PEG1500PMNPs, or free DOX with pre-defined concentrations. The

Figure 4. The XRD spectrum of the synthesized PEG1500-PMNPs. The obtained
peaks confirmed formation of magnetite phase with cubic structure. A wide
stretch at left side of the spectrum also showed the presence of amorphous
polymeric phase.

magnetic hyperthermia tests were carried out using a
94.5 kAm1 field for 2 h. The samples media were replaced
after 6 or 48 h and then, the cells were harvested and plated
in a 96-well plate. The MTT assay was carried out after 24 h
in order to compare the cell viabilities of different
test groups.

Data analyses
The experiments were repeated for at least three times and
the obtained values were reported as mean ± standard deviation (mean ± SD) using Statistical Package for Social
Sciences software (SPSS; version 20, SPSS Inc., Chicago,
IL, USA).

Results and discussion
Characterization
The XRD spectrum of the synthesized PMNPs (Figure 4) confirmed formation of the cubic magnetite phase (ICDD-JCPDS
00–001-1111), where the peaks at 2h of 30, 35, 43, 54, 57, and
63 degrees, respectively corresponded to the (220), (311),
(400), (422), (511), and (440) planes of the magnetite lattice
structure. The observed stretch at low 2h angles of the XRD
pattern was possibly attributed to the amorphous PEG phase
generated as the protective shell around the PMNP cores.
The FT-IR spectra of the diamine-terminated PEG, PMNPs,
and PEG1500-PMNPs are shown in Figure 5. The characteristic peaks of both PEG1500 and PMNPs were detected in the
FT-IR spectrum of PEG1500-PMNPs. However, the significantly
higher intensities of the PMNP peaks showed the dominance
of its weight fraction in the nanoparticle structure.
The TEM image of the synthesized PMNPs is shown in
Figure 6(a). Incorporation of CTAB into the reaction mixture
resulted in the formation of large aggregated nanostructures
with diameters of around 175 nm, mainly composed of
smaller nanoparticles with approximately 10 nm diameters
rather than the generation of a mesoporous structure. This
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Figure 5. FTIR spectra of (a) PEG1500, (b) pure PMNPs, and (c) PEG1500PMNPs. The main peaks of both PEG1500 and PMNPs were observed in the
FTIR spectrum of PEG1500-PMNPs.

could be probably due to a relatively small size of the single
MNPs, which led to the formation of aggregates around the
polar terminals of the surfactant, rather than well-defined
tubular arrays observed in the mesoporous structures such
as mesoporous silica nanoparticles (MSNs). However, the
presence of interparticle porosities in these large aggregates
could further enhance the drug encapsulation capacity of
the PMNPs. The TEM image of the PMNPs coated by
PEG1500 (Figure 6(b)) also showed a thin layer of polymer
coating with uniform thickness around the agglomerated
nanoparticles, which could potentially protect the encapsulated drug from premature leakage at temperature ranges
lower than its melting temperature.
The morphological investigations by Image J software
indicated the formation of a polymer coating with approximately 4 nm thickness around the porous nanoparticles. The
TGA analysis of PEG1500-PMNPs (Figure 7(a)) also exhibited a
sharp weight loss at temperatures below 100  C, possibly
due to the water evaporation from the porous nanostructures. The secondary phase of weight loss (approximately
6%) at temperature range of 270–300  C represented the
weight proportion of the PEG1500 coating.
The phase transition behavior of the PEG1500-PMNPs
investigated by DSC technique is shown in Figure 7(b). The
obtained spectrum indicated a peak phase transition at
48 ± 2  C, corresponding to the melting point of the PEG1500

Figure 6. TEM image of the synthesized (a) PMNPs and (b) PEG1500-PMNPs. A
thin polymeric nanoshell is observed on the surfaces of PEG1500-PMNPs.

shell. However, the onset temperature of phase transition
observed at 40 ± 2  C confirmed the suitability of PEG1500
for drug release under hyperthermia condition. The obtained
values of onset and peak temperatures of phase transition
were almost equal to those of pure PEG1500 and thus, the
phase transition behavior of this polymer was not affected
by its conjugation to the PMNP surfaces.
The magnetization curves of the as-synthesized PMNPs as
well as PEG1500-PMNPs at room temperature are illustrated
in Figure 8. In spite of the increased particle size, the hysteresis and coercivity of the synthesized PMNPs were surprisingly negligible, probably due to the particular morphology
of the aggregates which are consisted of numerous MNPs
with average size of approximately 10 nm and superparamagnetic behavior. Formation of the polymer layer later
decreased the specific magnetization value from 49 ± 3 to
34 ± 5 emug1, most likely due to the diamagnetic nature of
the polymeric nanoshell [36] as well as disordered surface
spins [37], whereas no significant alteration was detected in
the hysteresis and coercivity values of the nanostructures.
The thermal profiles of the SBF solution containing
1 mgml1 of PEG1500-PMNPs at various AMF strengths are
shown in Figure 9. The gradual heating of the solution for
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Figure 9. The temperature profiles of the SBF solutions containing PEG1500PMNPs obtained after exposure to the AMF with varied strengths and different
durations. The time of 15 min was found as the optimal interval for all three
selected field strengths. However, the 63.0 kAm1 AMF could only provide a
temperature above melting point of PEG1500 at this interval.
Table 2. The morphological/physical characteristics of PMNPs and PEG1500PMNPs as well as the drug loading/release behavior of PEG1500-PMNPs.
Particle size (nm)
Zeta potential (mV)
Surface area (m2g1)
Specific magnetization (emug1)
Drug Encapsulation (mgg1)
Maximum waterbath drug release (%)
HIFU drug release (%)
Magnetic hyperthermia drug release (%)
Figure 7. (a) The TGA and (b) DSC analyses of the synthesized
PEG1500-PMNPs.

Figure 8. The magnetization curves of PMNPs and PEG1500-PMNPs. In spite of
a significant increase of their size, the coercivity values of both PMNPs and
PEG1500-PMNPs were near to zero.

15 min resulted in maximum temperature of 40 ± 2  C,
43 ± 3  C, and 50 ± 2  C when the field strengths of
31.5 kAm1, 47.2 kAm1, and 63.0 kAm1, respectively were
applied and then, no statistically significant temperature rise
over time was observed in all three studied AMF strengths.
Therefore, the heating interval of 15 min and AMF strength

PMNPs

PEG1500-PMNPs

175 ± 72
25.8 ± 1.4
91 ± 17
49 ± 3
–
–
–
–

179 ± 90
5.5 ± 0.9
35 ± 12
34 ± 5
235 ± 26
71 ± 4
48 ± 3
74 ± 5

of 47.2 kAm1 were considered as the minimum heating
intervals and AMF strengths which could generate temperatures above the melting point of PEG1500. The maximum
reachable temperatures after exposure to the AMF for 90 min
with 31.5 kAm1, 47.2 kAm1, and 63.0 kAm1, respectively
were 42 ± 2  C, 48 ± 2  C, and 56 ± 3  C. The obtained SAR values for different AMF strengths were also 120.4 Wg1,
172.0 Wg1, and 206.3 Wg1.
Various morphological and physical properties of PMNPs
and PEG1500-PMNPs are summarized in Table 2. Addition of
CTAB to the synthesis solution resulted in a significant
increase in the particle size from 10 nm [20] to 175 nm,
which was further increased to 179 nm after formation of the
PEG1500 nanoshell. However, the PEG1500 layer decreased
the particles zeta potential, leading to increased agglomeration vulnerability at physiological environments. Moreover,
the formation of the PEG1500 layer caused a threefold
decrease of the surface area, due to coverage of the large
particle aggregates and limited accessibility to the small
MNP surfaces.

Drug loading
Measurement of the drug loading capacity of PEG1500PMNPs indicated an incubation time of 36 h as the optimal
encapsulation interval, resulting in 235 ± 26 mg of DOX
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Figure 11. A typical TEM image of PEG1500-PMNPs after heating at 50  C.
Melting of the polymeric shell resulted in formation of large nanoparticle
aggregates in the solution. Numerous individual nanoparticles detached from
the initial agglomerates were also observed in the solution.

Figure 10. The nanoparticles ability in (a) encapsulation and (b) release of DOX
used as a model drug.

loaded on 1 g PEG1500-PMNPs (Figure 10(a)). This incubation
time is significantly less than that obtained in the previous
study (48 h) where MSNs were used as the reservoir cores,
probably due to larger pore size of the PMNPs compared to
those observed in MSNs and thus, easier penetration of the
aqueous solution into the core structure [8,14]. The obtained
loading capacity is also comparable to that reported for
other porous drug carriers such as MSNs [8,14]. Therefore,
this incubation time was utilized in further steps for encapsulation of DOX into the PEG1500-PMNPs.

Drug release
Investigation of the drug release behavior of the
DOX-PEG1500-PMNPs at elevated temperatures showed their
potential for rapid unloading of their cargo at various hyperthermia conditions. The maximum measured ratio of DOX
release was 70 ± 4%, achieved after heating at 50  C for
30 min in a waterbath and then, no significant increase in
the DOX release ratio was observed by further heating of the
nanoparticles at higher temperatures (Figure 10(b)). However,
the ratio of DOX leakage during stabilization of DOX-PEGPMNPs at 37  C was relatively high (21 ± 4%), most likely due

to the low thickness of the protective PEG1500 shell. The
statistical analyses showed no significant difference between
the ratio of DOX leakage during stabilization and that
released after heating in waterbath at 37  C for 30 min
(23 ± 3%), which indicated a rapid leakage of approximately
20% of the encapsulated DOX upon addition of the nanoparticles to the medium.
In order to provide more realistic conditions for evaluation
of the drug release behavior of the DOX-PEG1500-PMNPs,
the nanoparticles were also exposed to MRgFUS sonication
for 100 s as well as a 63.0 kAm1 AMF for 15 min, which
both generated temperatures around 48–50  C in the media.
Investigation of the drug release ratios after heating by these
hyperthermia modalities indicated the high potential of
DOX-PEG1500-PMNPs for controlled release of a considerable
amount of the encapsulated drug, where MRgFUS sonication
and AMF irradiation led to 48 ± 3% and 74 ± 5% DOX release
in the SBF solution, respectively. A higher drug release ratio
obtained by magnetic nanoparticle hyperthermia compared
to MRgFUS sonication could be attributed to its higher time
interval as well as the positive effect of magnetic field on
the heating efficacy of PMNPs and consequently, on the
melting kinetics of the PEG1500 nanoshell.
A typical TEM image of the PEG1500-PMNP nanoparticles
after heating by a 63.0 kAm1 AMF is shown in Figure 11. A
high degree of agglomeration was observed in the nanoparticles, mostly due to melting or gelation of the polymeric
nanoshell. Moreover, exposure to the AMF resulted in partial
detachment of individual MNPs from the agglomerates, probably due to their intensive vibrational motions under the
AMF exposure. Therefore, dissociation of the polymeric shell
and detachment of the single MNPs from the larger aggregates after heating could provide preferred routes for
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Figure 12. The cytotoxic effects exerted by 160 mgml1 PEG1500-PMNPs,
30 mgml1 free DOX, and 200 mgml1 DOX-PEG1500-PMNPs against the A549
cells after 24, 48, and 72 h.

Figure 13. The temperature profiles of the media containing 160 mgml1
PEG1500-PMNPs obtained after exposure to the AMF with varied strengths and
durations. The minimum field strength required to achieve temperatures above
the PEG1500 melting point was 94.5 kAm1.

controlled drug release from the nanostructure into the target tissue.

Cytotoxicity assays
The nanoparticles concentrations used in the MTT assays
were calculated based on the preliminary studies which
showed that 200 mgml1 DOX-PEG1500-PMNPs was the minimal concentration needed to achieve temperatures above
the PEG1500 melting point using AMF strengths below
100 kAm1. According to the drug loading and release
results, this amount of DOX-PEG1500-PMNPs is composed of
approximately 160 mgml1 PEG1500-PMNPs and 40 mgml1
DOX, which could release around 30 mgml1 of its DOX content in hyperthermia condition. It is noteworthy that for
obtaining the hyperthermia temperatures above the
PEG1500 melting point using this concentration of nanostructures, the medium must be initially heated to 30  C.
The cytotoxicity degrees of the PEG1500-PMNPs
(160 mgml1), DOX-PEG1500-PMNPs (200 mgml1), and free
DOX (30 mgml1) were analyzed against A549 cells using the
MTT assay. The obtained results shown in Figure 12, indicated the negligible cytotoxicity of the PEG1500-PMNPs in
incubation intervals of 24, 48, and 72 h. In contrast, incubation of A549 cells with free DOX led to 28%, 53%, and 89%
reduction of the cell viability after 24, 48, and 72 h, respectively. Although the concentration of free DOX applied in this
study was significantly higher than its half maximal inhibitory
concentration (IC50), a relatively low cytotoxicity was
observed at the initial 24 h, probably due to the genetic
polymorphism, which its manifestation in the used A549 cell
lines may translate to reduced transportation rates of free
DOX [38,39]. However, the obtained results aptly indicated
the significant cytotoxicity of free DOX at increased intervals,
where the cell viability ratio reached approximately 10% after
72 h. In contrast, when the DOX-PEG1500-PMNPs were
added, the cell viability was reduced to 20%, 25%, and 28%
for incubation intervals of 24, 48, and 72 h, which again indicated the rapid partial leakage of the encapsulated DOX
within the medium.

Figure 14. The cell viability ratios of the control A549 cells and those treated
with 160 mgml1 PEG1500-PMNPs, 30 mgml1 free DOX, and 200 mgml1
DOX-PEG1500-PMNPs after exposure to the magnetic hyperthermia condition.

In vitro hyperthermia under AMF exposure
The temperature profiles obtained by exposure of
160 mgml1 PEG1500-PMNPs to different AMF strengths are
presented in Figure 13. The minimal AMF strength required
to achieve temperatures above the PEG1500 melting point
was 94.5 kAm1, which is significantly higher than the clinical safety limit of 13 kAm1. However, the AMF strength
required to melt the polymeric shell could be reduced in further studies by replacing the magnetite core with Zn.Fe.O or
Co.Mn.Fe.O hard-soft mixed ferrites, which can present the
SAR values of above 500 Wg1 at clinically relevant AMF
strengths [40].
The cell viability ratios after hyperthermia treatment of
the A549 cells with PEG1500-PMNPs, Free DOX, and DOXPEG1500-PMNPs in contrast to the control group are shown
in Figure 14. The viability ratios of A549 cells exposed to
PEG1500-PMNPs and free DOX for 6 h were 50 ± 5% and
87 ± 4%, respectively, indicating the higher cytotoxic effect of
hyperthermia treatment using 160 mgml1 of PEG1500PMNPs compared to 30 mgml1 of DOX in short
treatment times. However, when the media were replaced
after 48 h, the viability ratio of the A549 cells treated by
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Figure 15. The CellReporter images of the stained A549 cells after hyperthermia treatments. (a) Control, (b) PEG1500-PMNPs, (c) free DOX, and (d)
DOX-PEG1500-PMNPs.

PEG1500-PMNPs was increased to 71 ± 7%, while treatment
with fee DOX led to 43 ± 3% cell viability. Therefore, in spite
of a relatively higher capability of the magnetic hyperthermia
treatment for killing the cancer cells in short treatment intervals, incomplete killing and rapid regrowth of the cells after
elimination of the hyperthermia condition, result in inferior
long-term efficacies compared to the chemotherapy treatment.
On the other hand, hyperthermia treatment of the A549
cells using 200 mgml1 of DOX-PEG1500-PMNPs resulted in
cell viabilities of 46 ± 7% and 23 ± 8% after 6 and 48 h. As a
result of dual treatment using these thermosensitive nanocarriers, the cell viability was significantly decreased in both
short and long treatment intervals attributed to magnetic
hyperthermia
and
chemotherapy,
respectively.
The
CellReporter images presented in Figure 15 also confirmed
that the cytotoxic effect exerted by DOX-PEG1500-PMNPs
after 48 h was significantly higher than those of free DOX
and PEG1500-PMNPs, indicating the synergistic effect of
chemotherapy and hyperthermia induced by DOX and
PEG1500-PMNPs, respectively.

their superparamagnetic behavior. The synthesized nanoparticles were also covered by a thin PEG1500 layer with onset
melting temperature 40 ± 2  C to endow thermal-triggered
drug release capability under hyperthermia condition. When
these nanocarriers were exposed to an external magnetic
field with sufficient strength, the thermal energy generated
in the superparamagnetic cores resulted in rapid melting of
the protective PEG1500 shell at hyperthermia temperatures,
thus providing preferred routes for drug diffusion into the
surrounding environment. Therefore, by targeted delivery of
these carriers and simultaneous utilization of an external
magnetic field with proper strength, relatively higher ratios
of localized delivery and lower systemic toxicity levels with
improved efficacy at hyperthermia condition could be
obtained. The in vitro cytotoxicity tests on the A549 cells further indicated that the DOX-PEG1500-PMNPs could induce
enhanced cell killing via a double effect of hyperthermia and
chemotherapy. However, the animal studies under the magnetic nanoparticle hyperthermia must be carried out to
determine the in vivo efficiency of these carriers.
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