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In the present study, the magnetic NaX nanozeolites were synthesized via microwave heating method and
loaded into the PLA/chitosan solution. Doxorubicin (DOX) as an anticancer drug was simultaneously incorpo-
rated into the PLA/chitosan solution and the electrospinning process was used to fabricate the PLA/chitosan/
NaX/Fe3O4/DOX nanofibers for sustained release of DOX against carcinoma cells death. The synthesized
nanozeolites were characterized using X-ray diffraction (XRD), field emission scanning electron microscopy
(FESEM) and energy dispersive X-ray spectroscopy (EDX) analysis. The scanning electron microscopy (SEM)
was used to determine themorphology and fiber diameter distribution of synthesized nanofibers. The DOX load-
ing efficiency and in vitro DOX release profiles from nanofibers were investigated. The kinetic models including
zero-order, Higuchi and Korsmeyer-Peppaswere used to analyze the releasemechanismof DOX fromnanofibers.
The effect of ferrite nanoparticles on the DOX release from chitosan/PLA/NaX/DOX and chitosan/PLA/NaX/Fe3O4/
DOX nanofibers have been investigated in the presence of magnetic field andwithout magnetic field. The antitu-
mor activity of synthesized nanofibers was also investigated on the carcinoma cells death. The maximum killing
percentage of H1355 cells was found to be 82% using DOX loaded chitosan/PLA/NaX/ferrite in the presence of ex-
ternal magnetic field after 7 days of treatment.

© 2018 Elsevier B.V. All rights reserved.
Keywords:
NaX Nanozeolites
PLA/chitosan/NaX/Fe3O4/DOX
Nanofibers
Anticancer
Carcinoma
1. Introduction

The synthetic and natural zeolites due to the low toxicity, good
dispersity, and surface functional groups have high efficiency for bio-
medical applications such as immobilization of enzymes for biosensing,
wound treatment, tissue engineering and drug delivery systems [1–5].
The microporous structure of zeolites with cages and channels on a
nano- and subnanometer scales provide them for drug delivery [6–9].
The nanozeolites as aluminosilicate crystals due to unique properties
such as small size,more ion-exchanged sites, and high chemical stability
aswell as high adsorption capacity exhibited the higher drug loading ef-
ficiency and sustained release of drug [10–15]. The cytotoxicity of
nanozeolite is related to its shape, zeolite dosage, size, surface and
composition [16–18]. Zeolites have been examined as carriers for load-
ing of variety of drugs. Among synthetic zeolites, zeolite Y has been used
for loading Ibuprofen, 5-fluorouracil, aspirin, erythromycin, carbamaze-
pine, and levofloxacin [10,19]. The potential of NaA zeolite was studied
for doxorubicin (DOX) loading [7]. Clinoptilolite as a natural zeolite was
used for encapsulating erythromycin, aspirin, and sulfamethoxazole
[20]. Fisher et al. [21] incorporated the fluorescein diacetate into the
MCM-41 and NaX zeolites for the release of drug. However, the
nanozeolites are easily carried away by blood flow and disperse to
other organs. Furthermore, the agglomeration of nanozeolites is oc-
curred during time. To overcome these problems, the nanozeolites can
be incorporated into the polymeric matrix. The nanofibrous scaffolds
prepared by electrospinning process due to their high specific area
and high porositywithfine pores have a high potential for drug delivery
[22–27]. Furthermore, the incorporation of magnetic materials such as
ferrite nanoparticles, graphene oxide and multi-walled carbon
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nanotubes can increase the treatment effectiveness of drug delivery sys-
tems for cancer treatment via targeting of tumor sites and following ac-
cumulation of anticancer drugs in the target region [23,25]. Rieger et al.
[28] attached the Linde Type A (LTA) zeolites on the surface of the cellu-
lose nanofibermats. They found that the cellulose/LTA composites were
more practical to use in biomedical applications compared with zeolite
powders. Takai et al. [29] incorporated the different zeolites into the
PVA nanofibers for adsorption of Creatinine. In previous study, we in-
vestigated the potential of PVA/NaX composite nanofibers for adsorp-
tion of nickel and cadmium from aqueous solutions [30]. Lopes et al.
[31] synthesized the PVDF/NaY zeolite-filled nanofibrous scaffolds via
electrospinning process. The MC3T3-E1 cells viability results on the
composite nanofibers after 72 h of cell culture indicated the suitability
of the composite nanofibers for tissue engineering applications. Tran
et al. [32] fabricated the electrospun cellulose acetate (CA) fibers/zeolite
A nanofibers for lead ions sorption. They found that the incorporating
nanozeolites into the nanofibers was an effective method for heavy
metal ion removal from water. Anis et al. [33] reviewed the potential
of zeolite fibers for catalytic applications. Mehrasa et al. [1] prepared
the electrospun zeolite loaded-PVA/collagen nanofibers as a biomimetic
platform for chondrocyte cells in tissue engineering. The obtained re-
sults revealed that cell proliferations on the PVA/collagen/zeolite nano-
fibers were higher than that of the pure PVA/collagen nanofibers.
Sotoudeh et al. [34] loaded the nanozeolite particles into the PEG/poly-
acrylic acid/polyacrylamide hydrogel for controlled release of Amoxicil-
lin (antibiotic drug) from composite hydrogel. However, there is a little
study on the application of composite nanofibers containing zeolite for
controlled release of anticancer drugs.

In the present study, the NaX nanozeolite and DOX were simulta-
neously incorporated into the PLA/chitosan nanofibers for sustained re-
lease of doxorubicin against carcinoma cells death. The synthesized
nanozeolites and nanofibers were characterized using X-ray diffraction
(XRD), field emission scanning electron microscopy (FESEM) equipped
with EDX, and scanning electron microscopy (SEM). The DOX loading
efficiency and the in vitro drug release of DOX from nanofibers were in-
vestigated. The effect of ferrite nanoparticles on the DOX release was
evaluated. The antitumor activity of synthesized nanofibers was also in-
vestigated on the carcinoma cells death.

2. Experimental

2.1. Materials

The sodium aluminate (NaAlO2) and silica (Dav = 7 nm) provided
form Sigma-Aldrich and sodium hydroxide (NaOH) purchased from
Merck (Darmstadt, Germany) company were applied for the synthesis
of NaX zeolite nanoparticles. The chitosan (75–85% deacetylated, aver-
age Mw: 200 kDa) and poly(lactic acid) (average Mw: 150 kDa, PLA)
Fig. 1. XRD patterns of NaX zeolite, NaX/D
supplied by the Sigma-Aldrich, and Trifluoroacetic acid (TFA) obtained
from Merck (Darmstadt, Germany) were used for preparation of PLA/
chitosan nanofibers. DOXwas purchased from Sobhan Pharmaceuticals,
Iran.

2.2. Synthesis of NaX zeolite, NaX/ferrite and NaX/ferrite/DOX

TheNaX zeolites is synthesized bymicrowaveheatingmethod as de-
scribed previously [30]. Briefly, sodium aluminate and silicaweremixed
in water with the molar ratios of 5.5 Na2O:1.0 Al2O3:4.0 SiO2:190H2O.
Then, the microwave heating was proceeded at 90 °C for 3 h. Finally,
the prepared powder was washed with ethanol and deionized water
and dried at temperature of 60 °C for 24 h.

To synthesize theNaX/ferrite nanoparticles, 0.5 g of synthesizedNaX
nanoparticles were dispersed in 20mL of water in an ultrasonic bath for
30 min. Then, 3.5 g of FeCl3·6H2O and 0.65 g of FeCl2·4H2Owere added
into themixture under stirring for 2 h. Finally, the NaX/Fe3O4 composite
solutionwas dried under vacuumat 60 °C for 24 h to obtain theNaX/fer-
rite nanoparticles. To prepare the magnetic NaX/DOX, 20 mg of synthe-
sizedmagnetic nanozeolitewas added to 20mL of theDOX solutions (5,
50 and 100mgL−1) under stirring for 6 h at 25 °C. The final solutionwas
filtrated and washed with the deionized water and dried at room tem-
perature for 24 h.

2.3. Electrospinning process

The 15 wt% PLA solution was prepared by dissolving 1.5 g PLA in
10 mL TFA under stirring at 50 °C for 6 h. The 5 wt% chitosan solution
dissolved in TFA was mixed with PLA solution and stirring was contin-
ued for further 6 h to obtain a homogenous solution of PLA/chitosan.
To prepare the PLA/chitosan/NaX/ferrite/DOX solutions, the prepared
NaX/ferrite/DOX solutions were slowly dispersed to the PLA/chitosan
solutions at room temperature and stirring was continued for extra
6 h. The prepared solutions were poured into a 5 mL glass syringe
with needle tip of 19-gauge. Then, a high voltage was applied between
the needle and collector to produce the PLA/chitosan/NaX/ferrite/DOX
nanofibers. A voltage of 20 kV, tip-collector distance of 14 cm, and
flow rate of 0.5 mL h−1 were used though the electrospinning process
for fabrication of nanofibers. The set-up of electrospinning process
was provided from the Nanomeghyas Fanavaran Company (Iran).

2.4. Characterization tests

The structure and crystalinity of synthesizedmagnetic NaXwere de-
termined using powder's X-ray diffraction (XRD) patterns at 25 °C on a
Philips instrument (X'pert diffractometer using Cu-Karadiation) with a
scanning speed of 5 min−1. The morphologies of synthesized
nanozeolites and DOX-loaded nanozeolies were determined using
OX and NaX/ferrite/DOX composite.



Fig. 2. SEM images of (a) pure NaX zeolite, (b) NaX/DOX, (c) NaX/ferrite/DOX and (d) EDX analysis of NaX/Fe3O4.
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field emission scanning electron microscopy (MIRA3TESCAN-XMU,
FESEM) equipped with energy dispersive X-ray spectroscopy (EDX)
after gold coating. The surface morphology and size distribution of the
synthesized zeolite and nanofibers were determined using a scanning
electronmicroscopy (SEM, JEOL JSM-6380) after gold coating. The aver-
age diameter and diameter distribution of nanofibers were obtained
with an image analyzer (Image-Proplus, Media Cybrernetics). The mor-
phology of DOX loaded-PLA/chitosan/NaX/ferrite nanofibers was also
investigated using fluorescent microscopy (Evos fl, AMG groups, USA).
The drug content in the DOX loaded nanofibers was obtained using an
UV–Vis spectrophotometer at a wavelength of 483 nm.
2.5. Drug loading efficiency

To determine the drug loading efficiency, the prepared DOX loaded
nanofibers were degraded by dissolving in TFA for 12 h and the final
concentration of the drug was measured using UV–Vis



Fig. 3. SEM images of (a) pure chitosan/PLA nanofibers, (b) chitosan/PLA/NaX, (c) chitosan/PLA/NaX/ferrite and (d) chitosan/PLA/NaX/ferrite/DOX nanofibers.
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Table 1
Pharmacokinetic parameters for DOX release from prepared nanofibers.

Formulation nanofibers Zero-order Higuchi Korsmeyer-Peppas

K0 (hr−1) R2 KH (hr−0.5) R2 n KKP R2

Chitosan/PLA/DOX 0.0545 0.781 1.312 0.871 0.259 13.42 0.990
Chitosan/PLA/NaX/ferrite/DOX 0.0531 0.731 1.301 0.851 0.244 13.02 0.992
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spectrophotometer. The drug loading efficiency (DLE, %) was calculated
as follows:

DLE %ð Þ ¼ Finaldrug content
Drug loading content at the beginning

� 100% ð1Þ

2.6. In vitro drug release study and kinetic parameters

The DOX release profiles from the prepared PLA/chitosan/NaX/fer-
rite/DOX nanofibers were obtained at physiological pH of 7.4 and 37
°C. First, 50 mg of the nanofibers were poured into the 25 mL of
Na2HPO4–KH2PO4 buffer solution with pH of 7.4 at shaking water bath
(Hidolff) under stirring of 100 rpm for 30 days. 2 mL of released solu-
tions were taken from the dissolution medium at predetermined inter-
vals, while an equal amount of fresh buffer solutions was added back to
the incubationmedia. Thefinal content of the releasedDOX in the buffer
solution was determined using UV–Vis spectrophotometer. All the drug
release experiments were repeated at least three times and the average
values were reported.
Fig. 4. (a) DOX release from chitosan/PLA/DOX and (b) chitosan/PLA/NaX/DOX
nanofibers.
Three pharmacokinetic models including zero-order (Eq. (2)),
Higuchi (Eq. (3)) [35] and Korsmeyer-Peppas (Eq. (4)) [36] were used
to analyze the release mechanism of DOX from nanofibers. The kinetic
parameters were obtained by linear regression usingMATLAB software.

Q ¼ Q0–K0 t ð2Þ

Log Q ¼ ½ log tþ log KH ð3Þ

Log Mt=M∞ð Þ ¼ nlog tþ log KKP ð4Þ

where Q0 and Q are the loaded DOX content and DOX released from
nanofibers after time t, respectively. K0, KH, and KKP are the constant pa-
rameters of Zero-order, Higuchi and Korsmeyer-Peppas equations, re-
spectively. Mt/M∞ is the fractional release of DOX at time t and ‘n’ is
the diffusional coefficient related to the release mechanism [36].
When n b 0.5, a Fickian diffusion controlled-release is implied; while
0.5 b n b 1.0 indicates a release non-Fickian and 1 stands for zero
order (case II transport). When n value is greater than 1.0, it indicates
super case II transport.

2.7. MTT assay

The cell viability MTT (3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl
tetrazolium bromide, Sigma Aldrich) assay was carried out with
H1355 human lung epidermoid carcinoma cell line (cell bank of Pasteur
Institute (Tehran, Iran)) to determine the effect of DOX loaded PLA/chi-
tosan/NaX/Fe3O4 nanofibers on carcinoma cells death. For the MTT
assay, 3× 104 cells/wellwere seeded in a 48-well plate andwere treated
with 50, 100, 250, 500 and 1000 μg/mL concentrations of pristine DOX
and equivalent doses of DOX-loaded nanofibers. The plate was incu-
bated in 5% CO2 incubator at 37 °C for 24, 48 and 72 h. Then, 20 μL of
MTT solutions were added to each of the wells, and the samples were
then incubated for further 4 h.finally, 50 μL ofmediumwere transferred
to a 96-well plate and the relative growth inhibition compared with
control cells (untreated cells) was determined at wavelength of
570 nm using a ELISA microplate reader (MultiskanMK3, Thermo Elec-
tron Corporation, USA). The obtained data were expressed as mean ab-
sorbance value (OD) of triplicate samples ± standard deviation of the
mean.

3. Results and discussion

3.1. Characterization of zeolite and zeolite/DOX nanoparticles

The XRD patterns of NaX zeolite, NaX/DOX and NaX/ferrite/DOX are
illustrated in Fig. 1. For NaX zeolite, the diffraction peaks at 6.12°, 10.91°,
15.35°, 23.21°, 26.94°, 31.94° and 33.24° revealed the synthesized crys-
tals are pure NaX zeolite (JCPDS card no.38–0237). After loading DOX
into the NaX zeolite, the framework and the cubic structure of zeolites
did not change. However, the intensity and sharpness of the diffraction
peaks were slightly decreased which indicated the reduction of crystal-
linity of DOX-loaded NaX zeolite compared with pure NaX zeolite. The
observed diffraction peaks at 35.12°, 41.95°, 54.84°, 62.482° and
63.76° proved the presence of ferrite nanoparticles in the NaX/Fe3O4/
DOX structure.

The SEM images of pure NaX zeolite, NaX/DOX and NaX/ferrite/DOX
are illustrated in Fig. 2. By loading DOX into the NaX, the particles sizes



Fig. 5. DOX release from chitosan/PLA/NaX/DOX (a) without external magnetic field and (b) in the presence of magnetic field and DOX release from chitosan/PLA/NaX/ferrite/DOX
(c) without external magnetic field and (d) in the presence of magnetic field.
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were slightly increased. However, the morphology of particles did not
significantly change. This behavior indicated that DOX molecules were
successfully incorporated into the zeolite nanoparticles. The compari-
son of SEM images of NaX and NaX/Fe3O4 indicated that the ferrite
nanoparticles has not altered the morphology of NaX particles and the
crystalline cubic structure of the both NaX and magnetic NaX zeolites
were observed. The EDX analysis proved the presence of ferrite nano-
particles into the NaX/Fe3O4 composite.
3.2. Characterization of nanofibers

The SEM images of pure chitosan/PLA nanofibers, chitosan/PLA/NaX,
chitosan/PLA/NaX/ferrite and chitosan/PLA/NaX/ferrite/DOX and fiber
diameter distribution are illustrated in Fig. 3. As shown, by loading
NaX particles into the nanofibers, the average diameter of fibers was in-
creased. This behavior indicated that the NaX particles were physically
incorporated into the chitosan/PLA nanofibers. The average diameters
of chitosan/PLA and, chitosan/PLA/NaX were found to be 250 and
320 nm, respectively. Furthermore, the fiber diameter distribution of
chitosan/PLA/NaX was broader than that of chitosan/PLA nanofiber.
Also, the reduction of the conductivity of solution and enhancement in
the viscosity may be resulted in increasing the fiber diameters of chito-
san/PLA/NaX nanofibers. Decrease in the fiber diameter of chitosan/
PLA/NaX/ferrite (210 nm) in comparison to chitosan/PLA/NaX nanofi-
bers could be attributed to enhancement in the electrical conductivity
of electrospinning precursor solutions. The fiber diameter of chitosan/
PLA/NaX/ferrite nanofibers was gradually increased by loading DOX
into the nanofibers (240 nm). Furthermore, the surface of nanofibers
containing DOX was smooth and no drug crystals were observed, indi-
cating that the drug was finely incorporated into the electrospun fibers.

3.3. Drug loading efficiency

The drug loading efficiencies of DOX-loaded NaX zeolite and chito-
san/PLA/NaX/ferrite/DOX nanofibers are presented in Table 1. As can
be seen, a high encapsulation efficiency of DOX was observed for both
NaX/DOX (97% ± 0.6, 95% ± 0.3 and 96% ± 0.8 for NaX/DOX zeolite
containing 5, 50 and 100 mg/L DOX, respectively) and chitosan/PLA/
NaX/ferrite/DOX nanofibrous samples (93% ± 0.5, 92% ± 0.2 and 92%
± 0.4 for nanofibers containing 5, 50 and 100 mg/L DOX, respectively).
A slightly reduction in DOX encapsulation efficiency of nanofibrous for-
mulations compared with DOX-NaX samples could be attributed to the
DOX release from nanofibers surface during electrospinning process.

3.4. DOX release and kinetic studies

The DOX release profiles of chitosan/PLA/DOX and chitosan/PLA/
NaX/DOX nanofibers with different drug concentrations (5, 50 and
100 mg) are illustrated in Fig. 4. As shown, the burst release of DOX
from chitosan/PLA nanofibers were observed during the first 24 h.
However, there are no initial burst releases for DOX release from chi-
tosan/PLA/NaX/DOX nanofibers. The burst release of DOX from chi-
tosan/PLA nanofibers could be attributed to the accumulation of
DOX on the surface of nanofibers. The gradual higher burst release
of DOX from nanofibers by increasing DOX concentration revealed
the accumulation of higher drug molecules near or on the nanofibers
surface [37]. The sustained release of DOX from chitosan/PLA/NaX/



Fig. 6. The cell viability of pristine DOX and DOX loaded nanofibers.
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DOX nanofibers without burst release could be attributed to the
release of DOX in two stages. The first stage was the DOX release
from NaX zeolite and the second stage was the DOX release from
pores of nanofibrous scaffold. Also, the release rate was significantly
decreased by the drug diffusion from the nanofibers in two stages.
The drug release rate was slightly enhanced by increasing DOX
concentration in nanofibers.

To investigate the effect of ferrite nanoparticles on the DOX release
from nanofibers, the DOX release from chitosan/PLA/NaX/DOX and chi-
tosan/PLA/NaX/ferrite/DOX have been investigated in the presence of
magnetic field and without magnetic field which results are illustrated
in Fig. 5. As shown, the release rate of DOX from chitosan/PLA/NaX/fer-
rite/DOX was slightly slower than that of chitosan/PLA/NaX/DOX. This
Fig. 7. Photographs of H1355 cancer cells (a) in the presence of PBS as the contro
behavior could be attributed to the incorporation of fine pores of nano-
fibers with ferrite nanoparticles. Furthermore, the release rate of DOX
from nanofibers containing ferrite nanoparticles was accelerated in
the presence of magnetic field. However, there was no significant
change in the DOX release profiles of chitosan/PLA/NaX/DOX by mag-
netic field and without magnetic field.

The kinetic parameters for DOX release data are presented in Table 1.
The Korsmeyer-Peppas release kinetic model was used to describe the
DOX release mechanism. When n ˂ 0.5, a Fickian diffusion controlled-
release is implied; while 0.5 b n b 1.0 indicates a release non-Fickian
and 1 stands for zero order (case II transport). When n value is greater
than 1.0, it indicates super case II transport. As shown, for both
nanofibrous formulations containing various DOX contents, the DOX
l, (b) DOX-loaded chitosan/PLA/NaX/ferrite nanofibers and (c) pristine DOX.
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release mechanism followed by the Fickian diffusion which indicated
that the diffusion of DOX molecules from pores of nanofibers to the
PBS solution was the predominant mechanism. Furthermore, the
Korsmeyer-Peppas equation was best described the DOX release data
compared with zero order and Higuchi kinetic models.

3.5. Cell viability

The results of cell viability against H1355human carcinoma cells are
illustrated in Fig. 6.

As shown, the proliferation inhibition effect on target cancer cells
was increased by enhancement in concentration of treatments (DOX
and DOX loaded nanofibers) in the medium. The maximum killing per-
centage of H1355 cells was found to be 82% using DOX loaded chitosan/
PLA/NaX/ferrite in the presence of externalmagneticfield after 7 days of
treatment. The continuous sustained release of DOX from chitosan/PLA/
NaX/ferrite nanofibers and an enhancement in the concentration of the
drug at the target site via an external magnetic field could be responsi-
ble for the maximum H1355 cells death after 7 days compared to pris-
tine DOX and DOX loaded nanofibers without magnetic field. The
lower cytotoxicity of DOX loaded nanofibers without magnetic field
against H1355 cells in comparison to pristine DOX after 1 days treat-
ment could be attributed to lower DOX concentration in the medium
of the composite nanofibers through the sustained release of DOX
from nanofibers. Therefore, the simultaneous use of zeolite and nanofi-
bers for sustained release of anticancer drugs as well as presence of
magnetic nanoparticles under an external magnetic field in the drug
carrier formulation can improve the effectiveness of chemotherapy
and reduce the toxic side effects of anticancer drugs.

The photographs of morphological changes for H1355 cancer cells,
DOX-loaded chitosan/PLA/NaX/ferrite nanofibers and pristine DOX are
illustrated in Fig. 7. The more inhibition of cancer cells was observed
by DOX loaded naanofibers. Furthermore, the.

DOX-loaded nanofibers indicated a higher cytotoxicity compared to
pristineDOX. Also, some shrinkageswere observed by treatment of can-
cer cells with pristine DOX. However, the morphology of cancer cells
treated with DOX -loaded nanofibers did not significantly change.

4. Conclusion

In this study, the NaX/Fe3O4 and DOX were successfully incorpo-
rated into the PLA/chitosan nanofibers. The XRD patterns revealed the
crystalline structure of NaX and NaX/Fe3O4 nanoparticles. The homoge-
nous chitosan/PLA/NaX/ferrite/DOX nanofibers with average diameters
of 270 nmwere fabricated under applied voltage of 20 kV, tip-collector
distance of 14 cm, andflow rate of 0.5mLh−1. The drug loading efficien-
cies higher than 90% were observed for DOX-loaded chitosan/PLA/NaX/
ferrite nanofibers. The kinetic studies indicated that the DOX release
mechanism from nanofibers followed by the Fickian diffusion. The con-
tinuous sustained release of DOX andmagnetic field effect on the cell vi-
ability against H1355 human carcinoma cells resulted in the maximum
killing percentage of 82% H1355 cells using DOX loaded chitosan/PLA/
NaX/ferrite after 7 days. The obtained results revealed the higher poten-
tial of DOX-loaded chitosan/PLA/NaX/ferrite nanofibers in the local che-
motherapy of carcinoma tumors.

in the presence of magnetic field and without magnetic field against
H1355 human carcinoma cells after (a) 24 h, (b) 48 h and (c) 72 h.
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