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Biodegradable functionalized magnetite -
nanoparticles as binary-targeting carrier
for breast carcinoma
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Abstract

In this study, Superparamagnetic magnetite nanoparticles (SPMNPs) are used in a new way as direct nanocarrier for
Doxorubicin hydrochloride (DOX) via the functionalization of their surface with tri-sodium citrate through ligand
exchange to conjugate DOX with imine bond to form tri-sodium citrate functionalized magnetite loaded DOX
nanoparticles (DOX/Cit-MNPs). The DOX/Cit-MNPs were coated with chitosan to form chitosan coated citrate func-
tionalized magnetite loaded DOX nanoparticles (Cs/DOX/Cit-MNPs) to offer biodegradability and pH-sensitive drug
release features. The Fourier transform infrared spectroscopy (FTIR) analysis confirmed functionalization of SPMNPs,
DOX-conjugation, and chitosan coating. The trans electron microscopy (TEM) show spherical nanostructures with
average size 40 nm for coated nanocarriers. The saturation magnetization value of carrier was 59 emu/g.The in-vitro
release of DOX from the chitosan coated tri-sodium citrate functionalized magnetite loaded DOX nanoparticles (Cs/
DOX/Cit-MNPs) was studied to be 75% at pH 5.5 and 28.6% at pH 7.4 which proves the pH sensitivity of encapsulated
Cs/DOX/Cit-MNPs. The effect of Cs/DOX/Cit-MNPs toward Human Breast Cancer Cell lines (MCF7) was studied and
found to be 76% without magnet and 98% with external magnet after 72 h. With increasing DOX concentration and
treatment time, the cell inhibition (IR%) of DOX solution and Cs/DOX-Cit-MNPs suspension to all cells is increased. Cs/
DOX/Cit-MNPs showed sustained release and good inhibition to cancer cells and offer a protective mode for normal
cells (WISH) compared to the free DOX.
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Introduction

Recently, the expansion of nano-medical technology has
been observed mainly in the fields of nano pharmaceu-
tics, drug delivery and targeted therapy which represent
one of the most promising options for many diseases
especially for cancer.

Cancer is the second deadly disease in the world that
expects to surpass heart disease as the top cause of death
in the coming few years [1]. In 2015, number of cases
diagnosed with cancer was 1658.37 in the United States
[1] and 196,900 in Canada and a quarter of these cases
are expected to die [2]. Besides the unknown causes of
cancer, its treatment is exceptionally challenging. The
available treatments are single or combination of chem-
otherapies, radiation, and surgery; all of which are not
ensured to be actually effective. Chemotherapy and radi-
ation intend to destroy cancer cells; yet they have signifi-
cant side effects on healthy cells and if the infected cells
are targeted, the anticancer drug release rate is usually
uncontrolled [3].

Doxorubicin (DOX), as an anti-cancer drug model, is
one of the anthracycline family and antineoplastic agent
which is considered effective for many carcinoma like
leukemia, liver cancer and is very effective in advanced

stages of breast cancer [4]. DOX has many side effects,
especially heart damaging and also low stability in the
circulatory system [5].

A lot of the unfavorable side effects of anti-cancer
drugs specially DOX can be overcome by targeting the
drugs and directing them to tumor sites which increase
their cytotoxic effect against cancer cells [6].

Many targeting techniques have been evaluated; one
of these techniques is Nano-enabled drug delivery tech-
nique (NEDD) which is concerned with specific cell tar-
geting to promote drug release in the infected site [7].
The NEDD systems include but not limited to nanopar-
ticles, nanofibers, polymers, nanocapsules, quantum dots
and carbon nanotubes [8].

One of the NEDD systems that are offering a promis-
ing concept for treating tumors is Magnetic drug tar-
geting (MDT). Magnetic nanoparticles are not only a
well-known category of NEDD systems, but also they
are FDA approved and have been applied in many medi-
cal fields as drug delivery, gene therapy, magnetic reso-
nance imaging (MRI), tissue repair, and biosensors [9].
A distinct type of magnetite is the superparamagnetic
iron oxide nanoparticles (SPMNPs) which are most
commonly used for biomedical applications due to their
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specific features like: biocompatibility and ease of synthe-
sis [10]. The properties of SPMNPs depend on the surface
nature. So, surface chemistry plays important role in its
biological and chemical properties when using in bio-
medical applications.

As every therapeutic regimen has its advantages and
disadvantages, the magnetic drug targeting (MDT) sys-
tem has some disadvantages. Hence, depending on the
physical and chemical properties of SPMNPs, surface
functionalization and modification are considered one
of the best solutions not only to overcome the disadvan-
tages of SPMNPs but also, to improve their features and
make them suitable for a wide range of applications.

Iron oxide NPs (IONPs) especially magnetite (Fe;O,)
have been widely scrutinized in the medical fields. IONPs
can reach the malignant tissue/cells in a (i) passive man-
ner, e.g., by the enhanced permeability retention effect
(EPR), (ii) an active manner by applying ligands, specific-
cell-targeting, and (iii) an extraneous manner where an
external stimulus, e.g., US controls the cellular uptake
and the release of neoplastic cargo. One of the chal-
lenges of using IONPs is that they tend to agglomerate
because of their larger surface area-to-volume ratio and
dipolar coupling. The alterations with biologically com-
patible materials can prevent agglomeration and improve
their stability, biocompatibility, dispersibility, biodistri-
bution, and blood circulation time (BCT) [11]. Recently,
numerous stimuli responsive smart MNPs have been
engineered to deliver therapeutic cargo in response to
any stimulant including pH, temperature, redox, MF,
etc. [12-16]. Their advantages include potential higher
drug accumulation in targeted organs, prolonged BCT,
enhanced systemic stability, decreased toxic side effects
towards normal cells, and improved therapeutic efficacy
[17, 18]. However, their safety, large-scale manufactur-
ing challenges, cost-effectiveness, and poor perception of
disease heterogeneity in the patient population constrain
their clinical translation.

Despite a vast number of polymeric materials, chitosan
NPs have broadly been studied due to their exclusive
chemical properties and applications [19]. Chitosan is a
linear carbohydrate-backboned biopolymer that contains
N-acetyl-p-glucosamine and D-glucosamine repeating
units. Owing to its active amino groups, chitosan could
be named as a versatile biopolymer. In addition to chi-
tosan’s antimicrobial activity, mucoadhesivity, and antitu-
mor activity, it could be used as a great drug carrier [16]

There are two methods for surface functionaliza-
tion: ligand addition and ligand exchange [20, 21]. In
ligand exchange, original surface replaced with certain
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functional groups as thiol, carboxylic acid, amine, which
improves the surface properties [22]. For ligand addi-
tion, polymers adsorb on surface of the SPION particles
physically by hydrophobic interactions, electrostatic and/
or by hydrogen bonding. The nature of the polymer may
be synthetic e.g. polyethylene glycol, polyacrylic acid,
poly (vinyl pyrrolidone), poly (vinyl alcohol), poly (meth-
acrylic acid) or natural, as in the case of chitosan, starch,
cellulose, agarose, and dextran. Natural polymers, espe-
cially polysaccharide, are widely used in the field of drug
delivery and biomedical applications [23]. Chitosan, the
second most abundant biopolymer after cellulose, is an
inexpensive, inert, hydrophilic, biocompatible support,
and is thus attractive for drug delivery systems [24, 25].

The objectives of the present study can summarized as
follows:

i. Design of SPMNPs as a drug carrier for binary tar-
geting of DOX by functionalizing the surface of
SPMNPs with COOH groups from tri-sodium cit-
rate.

ii. Characterization of the SPMNPs using different
characterization techniques viz. FTIR, Zeta poten-
tial, SEM/TEM, EDX, XDR Saturation magnetiza-
tion (MS) values of MNPs

ili. Elucidation of the reaction mechanism of Fe;O,
nanoparticles with tri-sodium citrate, the reaction
mechanism of DOX with Cit-MNPs and the reac-
tion mechanism of chitosan with DOX-Cit-MNPs

iv. Assessment of DOX loading efficiency and the in-
vitro release studies of DOX from Cs/DOX/Cit-
MNPs

v. Evaluation of the Cellular Internalization of Cs/
DOX-Cit-MNPs

vi. Studying the cytotoxicity potentials of Cs/DOX/
Cit-MNPs against cancerous and normal cells.

Material and methods

Materials

Iron (III) chloride hexahydrate (FeCl;.6H,0), Iron (II)
chloride tetra hydrate (FeCl,.4H,0) were purchased from
Sigma. Tri-sodium citrate from (Fluka). Chitosan (Cs)
powder was a product of Sigma-Aldrich and the degree
of deacetylation (DD) was 87%. Sodium tripolyphos-
phate (STPP) with a purity of 85%. Glacial acetic acid
(>99.85%), sodium hydroxide >98% beads and doxoru-
bicin hydrochloride (DOX. HCI) were purchased from
Sigma Aldrich.
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Preparations

Synthesis of MNPs

In three-neck flask, MNPs were synthesized by co-pre-
cipitation of Fe?* and Fe*" solution with ratio (2:1) at
70 °C under N, [26].

At pH 10, Fe;O, nanoparticles are precipitated by add-
ing NaOH solution (30%) under vigorous stirring at 80 °C.
With external magnet, the black precipitate was separated,
washed several times with distilled water and ethanol.
Finally, Fe;O, is dried overnight under vacuum at 50 °C.

H 10
Fet? 4 2Fe™ + 8CI™ + 8NaOH > Fe304
+ 8NaCl + 4H,0.

Preparation of Cit-MNPs

In three necked flask, inert atmosphere under continu-
ous N, flow, mixture of FeCl, 0.7H,0, dehydrated Fe,Cl,
and tri- sodium citrate (Na;C;H:;O,) solutions [27] with
molar ratio Fe;*:Fe,":Na;C,H-O, (2:1:0.5) are mixed
drop wising in NaOH solution with 30% concentration
at 80 °C under vigorous stirring and pH10 for 3 h. With
external magnet, the black precipitate of MNPs modi-
fied with Na;C,H:O, tri-sodium citrate (Cit-MNPs) was
separated and washed several times with distilled water
followed by ethanol. Finally, the Cit-MNPs are dried
overnight under vacuum at 50 °C.

Preparation of DOX/Cit-MNPs
30% (W:W) of DOX was added to 0.5 g of Cit-MNPs sus-
pended in distilled water with concentration (10 mg/ml)
under nitrogen and vigorous stirring at 80 °C for 3

With external magnet the black precipitate was sepa-
rated, the particles were washed several time with dou-
ble-distilled water and then dried under vacuum at 50 °C
for 24 h to get the black powder.

Preparation of Cs/DOX/Cit-MNPs
Under N,, a suspension from DOX loaded Cit-MNPs
(50 mg) is stirred at room temperature in three necked
flask with Cs solution (3 mg/ml). Then, STPP solution
(1 mg/ml) is added drop wise to this mixture and left to
stand for 3 h.

The dark suspension is separated by magnet, washed
several times by double-distilled water and dried in vac-
uum oven at 50°C overnight.

Determination of loading efficiency

The loading efficiency (LE%) was calculated indirectly
by detecting the absorbance of unloaded drug in the
supernatant with a UV-spectrophotometer for DOX,
at 481 nm (Eq. 1) before and after coating MNPs & Cit-
MNPs with chitosan layer.
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Drug LE% Total drug — Free drug 100
ugLE% = .
8 ’ Total drug (1)

In vitro drug release studies

In vitro release profiles of DOX from Cs/DOX-Cit-MNPs
were determined as follows: 3 ml of Cs/DOX-Cit-MNPs
suspension was withdrawn and dialyzed in a dialysis
membrane tube (MW 12,000 to 14,000 Da) against 50 ml
of 0.1 M buffer in two different pHs (pH 5.0: acetate and
7.4: phosphate) under shaking at 100 rpm at 37 °C. Repeat
this process after 6, 12, 24, 48, 72,...168 h and replace the
withdrawn sample by 3 mL fresh medium. The amount of
released drug was determined by UV-vis spectrometry
at 481 nm in comparison to the standard curve.

Characterization

Fourier transform infrared (FTIR) spectra studies

FTIR spectra of the MNPs, Cit-MNPs, DOX/Cit-MNPs
and Cs/DOX/Cit-MNPs were recorded by FT-IR spectro-
photometer Bruker Vector 22 Germany in the range 400

to 4000 cm ™! at resolution of 4 cm™L.

Zeta potential

The Zeta potential was determined by the Malvern Zeta-
sizer nano s in deionized water at (pH 6.3, ionic strength
0) and 102> M NaCl aqueous solutions at pH 4-9
(adjusted by NaOH or HCI) with concentration (1 mg/
ml).

Transmission electron microscopy (TEM)

To determinate particle size and shape of Cit-MNPs,
DOX/Cit-MNPs and Cs/DOx-Cit-MNPs, TEM was used
and they were negatively stained with 1.0% (w/v) phos-
photungstic acid.

Scanning electron microscopy (SEM)

The morphological characteristics of synthesized nano-
particles were examined by SEM. The samples were
coated with gold and imaging is performed at accelerat-
ing voltage 30 kV.

Energy dispersive X-ray spectroscopy (EDX)

EDX analysis was carried out to confirm the functionali-
zation of MNPs surface by determination the percentage
of COOH and NH, groups on the functionalized mag-
netite nanoparticles.
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Thermal gravimetric analysis (TGA)

To study the thermal stability of Cs-MINPs under tem-
perature range (0-600 °C), thermogravimetric analysis
for Cs/DOX-Cit-MNPs was carried out with Shimadzu
TGA-50H. Analyses were carried out with 20 mg of sam-
ple under nitrogen atmosphere with heating at 5 °C/min.

X-ray diffraction (XRD)
The crystal structures of the nanoparticles were
detected by XRD.

Saturation magnetization (MS) values of MNPs

The magnetization force of MNPs was determined by
(VSM) device magnetometer at 25 °C and =+ 10,000G
applied magnetic field.

Cellular internalization of Cs/DOX-Cit-MNPs
MCE-7 cell line was used to study the cellular inter-
nalization pathway. Cells with concentration 1x10*
cells per ml in a 96 well plate (tissue culture grade). In
100 ml of culture medium consist of DMEM medium
containing 10% FBS and 1% antibiotic mixture, The
MCEF-7 cells were seeded at a density of 1x10* per
100 ml DMEM into 96-well plates. MCE-7 cell line is
used to follow DOX path in the tumor cell. Cs/DOX-
MNPs (500 pg/ml) is incubated for 24 h in two Petri
dishes. The cells treated with Cs/DOX-MNPs were
washed three times with PBS. An external magnet is
put under one dish and the other dish without mag-
net. The cellular internalization of nanoparticles was
observed by fluorescence microscopy after adding
4/,6-diamidino-2-phenylindole (DAPI) stain for cell
nuclei staining [28, 29].

Magnetically guided drug delivery involves an exter-
nal magnetic field to deliver nanoparticles to a desired
target area where the medication is needed [30, 31].

Cytotoxicity assay-MTT

The cytotoxicity studies through MTT test with and
without external magnetic field for the free DOX and
the Cs/DOX-Cit-MNPs towards human tumor breast
cell (MCF-7) and the normal human cell (WiSH) lines
were carried out according to method previously
described [32-35].

Culture media

Dulbecco Modified Eagles Medium (DMEM) con-
taining 2 m MtL-glutamine, 100 Units/ml penicillin
and100 g/ml streptomycin supplemented with 5% foe-
tal bovine serum (complete media).
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Preparation of cell suspension for the assay

The desired human cancer cell lines, MCF-7 (breast can-
cer cell line) and the normal human cell (WiSH) lines
were grown at 37 °C, 5% CO, and 90% relative humidity
till sub-confluent stage. The cells were then harvested by
treatment with trypsin EDTA solution. The number of
cells was counted in a haemocytometer and the cell den-
sity was adjusted t075,000 cells/ml in complete media.

MTT assay was carried out in triplicates in 96 well micro-
titer culture plates. 100 pl of the cell suspension (7500 cells)
was added into each well of the 96 well plates and incubated
at 37 °C, 5% CO, and 90% relative humidity for 24 h.

After 24 h, cells were treated with different concentra-
tions (6.5, 12.5, 25 and 50 pg) of DOX alone, (6.5, 12.5,
25, and 50 pg) DOX loaded nanoparticles and the con-
trol group is formed of free cells. The plates were incu-
bated for a further period of 24 h in the CO, incubator.
20 pl of 5 mg/ml MTT was added into each well and the
plates were incubated for 3.5 h. At the end of incubation
period, culture media was carefully removed and 150 pl
MTT solvent was added into each well. After covering
the plates within foil, the plates were agitated on orbital
shaker for 15 min. Absorbance was read at 590 nm.

The average values from triplicate readings were deter-
mined [35] and the average value for the blank was sub-
tracted and the inhibition rate %, was calculated from the
following equation:

Cell inhibition rate (IR %)
=100 — {(As — Ab)/ (Ac — Ab)} x 100, @)

where, As=Absorbance value of sample. Ab=Absorb-
ance value of blank. Ac = Absorbance value of control.

Results and discussions

Preparation and reaction mechanism of nanoparticles
Preparation and reaction mechanism of naked Fe;0,
nanoparticles (MINPs)

The MNPs were prepared by co-precipitation of Fe** and
Fe®' ions in an alkaline media. Ferrous to ferric chloride
was poured drop-wisely to sodium hydroxide, under
vigorous stirring and N, flow. The Magnetite is formed
immediately and removed from solution through an
external magnetic field.

During the precipitation of MNPs from Fe** and
Fe®t salts mixture, two separate reactions may be occur
after adding sodium hydroxide till the black MNPs are
observed [36].

The possible reaction for the formation of MNPs is as
follows:
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Fe’t + 30H™ — Fe(OH);

Fe(OH); — FeO(OH) + H,0

Fe3* + 20H™ — Fe(OH),

2 FeO(OH) + Fe(OH); — Fe304 | + 2H,O0.

Reaction mechanism of Cit-MNPs

Two reactions were involved in this process. First, the
tri-sodium citrate was hydrolyzed to highly reactive car-
boxylic groups in alkaline medium. Then, they conden-
sate with free —OH groups on the surface of magnetite to
form Fe—-COOH as shown in Fig. 1 [4].

Reaction mechanism of DOX/Cit-MNPs

DOX was conjugated directly with Cit-MNPs through
the reaction between carboxylic group of Cit-MNPs
and amine group of the DOX via Schiff base chemistry.
The reaction mechanism is schematically represented in
Fig. 2.

Reaction mechanism of Cs/DOX/Cit-MNPs

To overcome the side effects of DOX, it was coated with
chitosan as a natural biocompatible and smart biodegrad-
able polycation [37]. The coating process occur through
cross linking method by using STPP solution as an ionic
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cross linker between chitosan layers. The reaction mech-
anism is schematically represented in Fig. 3.

Characterization

FTIR spectra

The FTIR spectra of MNPs, (Additional file 1: Fig. Sla),
confirmed the formation of MNPs as the Fe—O charac-
teristic peaks appear at 573 cm™. In aqueous medium,
the surface of the MNPs has been surrounded by OH
groups that absorb at about 1623 cm™! (deforming) and
3409 cm™ (stretching).

The FTIR spectra of Cit/MNPs, (Additional file 1:
Fig. S1b) indicated the reaction between MNPs and tri-
sodium citrate as a strong band appears at 586 cm ™!
which is the Fe—O characteristic peaks of MNPs. The
vibrations of asymmetry and symmetry stretching from
the coordinated carboxyl anion of tri-sodium citrate
were located at 1625 and 1446 cm™), respectively. The
absorbance peak at 3434 cm™! represents stretching
band of O—H groups surrounding the surface of MNPs
and band at 1625 cm™! because of complexing H,O with
Cit-MNPs.

The FTIR spectrum, (Additional file 1: Fig. S1c) dem-
onstrated that DOX is conjugated with Cit-MNPs
through imine bond between carboxylic groups on the

Fig. 3 Reaction mechanism of chitosan with DOX/Cit-MNPs
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surface of Cit-MNPs and amine group of DOX. This
imine bond appears at 1033 cm™!; the band that appears
at 1790 cm™! refers to the carboxylic group on DOX. The
Vibrational bands appearing at 1627 and 1424 cm™! of
C=0 and C-O stretching vibrations refer to some car-
boxylic groups that are not conjugated with DOX. The
Fe—-O characteristic peak of MNPs appears at about
576 cm™!.

The FTIR spectra for Cs/DOX/Cit-MNPs, (Additional
file 1: Fig. S1d), prove that DOX/Cit-MNPs are success-
fully coated with chitosan layer as N—H stretching vibra-
tion overlaps with OH stretching at 3417 cm™' and the
1620 cm™ peak of N-H bending vibration; the vibra-
tional band at 1161 cm™! refers to (P—O) of STPP which
proves the crosslinking between chitosan and MNPs—
COOH loaded with DOX. A new sharp peak at 576 cm™
related to Fe—O group, specific for the stretching vibra-
tion of Fe—O groups from the magnetite nanoparticles,
confirmed the loading of the Fe;O, on chitosan [38—40].

The FT-IR spectra show typical vibration bands of the
MNPs, Cit-MNPs, DOX/Cit-MNPs and Cs/DOX/Cit-
MNPs according to other studies [14, 41, 42]. Due to
the fact that DOX is rich in amine groups, the loading
step was confirmed by the peaks attributed to the imine
bonds. This implies that the synthesized Cs/DOX/Cit-
MNPs have properly been loaded with DOX [14, 43].

Zeta potential

The surface charges of naked MNPs, Cit-MNPs, DOX/
Cit- MNPs and the Cs/DOX 1/Cit-MNPs are reported
using zeta potential. All samples were suspended in water
and 10~ M NaCl aqueous solutions at pH 4—9 (adjusted
by NaOH or HCI) with concentration (1 mg/ml).
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The zeta potential of the naked MNPs, Cit-MNPs, and
the Cs/DOX/Cit- MNPs in deionized water were 32.2 + 4,
—30.3+5 and 40.6 +3 mV, respectively.

For Cit-MNPs converting the net charge of MNPs to
negative charge (— 30.3+5 mV) in water with good col-
loidal stability because of the effect of citrate ions.

The Cs/DOX/Cit-MNPs are positively charged with
40.6 + 3 m.v which means that chitosan forms a positively
shell around the DOX/Cit- MNPs that will increase the
cellular internalization by the cancer cells than negatively
charged particles. The effect of different pHs on the zeta
potential of nanoparticles shown in Fig. 4 and it proves
that the surface charge of both nanoparticles are very
sensitive to pH of surrounding media.

TEM and SEM analysis

The TEM results reported in Fig. 5a, b indicated that
naked MNPs and Cit-MNPs are successfully synthesized
in nanoscale with diameter ranged from 3.5-7.8 nm
and 5-8 nm, respectively with uniform spherical shape
and good disparity. The Cs/DOX Cit-MNPs were also
formed with spherical shape with diameter ranged from
40-55 nm and with good disparity (Fig. 5c).

The surface morphology of naked MNPs, Cit- MNPs
and Cs/DOX Cit-MNPs was observed from SEM images
in (Additional file 1: Fig. S2a—c). The spherical shape and
the homogeneity structure of nanoparticles for naked
MNPs, Cit- MNPs and Cs/DOX Cit-MNPs, can be
noticed.

The morphological studies of the present work by
SEMand TEMhave been spherically. Morphological stud-
ies by SEMof BPPE-CCMNPs revealed that the MNPs
have been spherically formed. However, TEMimages
taken from BPPE-CCMNPs display mostly the core of

e Feo O,
Fo, O, COOM
- Cs/Fe 0, COOM- DOX
.\
-
~
- -
-
<,
Y .
7 8 9 10
pH

Fig. 4 Relation between zeta potential and different pHs of (a) Fe;O, magnetite, (b) Cit-MNPs and (c) chitosan coated DOX-Cit-MNPs
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N

Fig.5 TEM images of (a) naked MNPs (b) Cit-MNPs and (c) Cs/DOX/Cit-MNPs

the nanocomposite [14]. This could be due to the col-
lapse of the chitosan layer on the surface of the magnetic
core on sample dispersion prior to the imaging step [14,
44]. Nevertheless, images taken from the synthesized
BPPE-CCMNPs show that they are roughly spherical in
shape [14]. Images achieved from AFM were on par with
SEMand TEMresults, but showed a bit of aggregation
[14].

EDX analysis

To determine the elemental composition of the samples,
SEM/EDS was used. From the results obtained in Fig. 6a
for naked Fe;O, the spectrum contained two peaks,
which were assigned to Fe and O.

The Cit-Fe;O, in Fig. 6b contains 3 main peaks that
refer to Fe, O and C with traces of Na. The presence of
carbon peak with 19.55 weight % indicate the function-
alization with citrate ions with traces of Na may be due to

slight amount of sodium citrate that are not washed well.
The Cs/DOX Cit-MNPs in Fig. 6¢ have 5 main peaks that
refer to Fe, O, C, N and P. The presence of C and N prove
the functionalization of iron oxide surface with sodium
citrate. The presence of N peak proves the coating with
chitosan to reach 2.1%. The presence of P peak with 3.3%
may be from the STPP used to crosslink the chitosan
layer with each other and with iron oxide nanoparticles.

XRD analysis

XRD analysis confirms the crystalline properties of the
Cit-MNPs, Cs/DOX Cit-MNPs and confirmed the pres-
ence of pure phase of magnetite. Representative powder
XRD patterns of two samples are presented in Fig. 7a,
b. The presence of sharp and intense peaks proves the
formation of highly crystalline nanoparticles. Accord-
ing to the literature, iron oxide nanoparticles show
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Fig. 7 XRD spectra for (a) Cit-MNPs and (b) Cs/DOX-Cit-MNPs

sharp prominent peaks at 30.5 (220), 35.84 (311), 43.46
(400), 53.90 (422), 57.38 (511) and 62.90 (440) with 311
peak having the highest intensity [45-48] in agreement
with ICCD magnetite card number 00-019-0629. These
peaks with similar intensities and with the correspond-
ing angles were present in all of the tested samples

(Fig. 7a). This indicates that the used synthesis tech-
nique for Fe;O, was feasible [46, 47, 49, 50].

It was also noted from Fig. 7b that the addition of chi-
tosan did not affect the crystalline structure of Cit-MNPs.
The average particle size of MNPs can be calculated using
Scherer’s equation (Eq. 3).
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Scherer equation D = KA/(Bcosf), (3)

where, K is a constant, A is X-ray wavelength, f is the
peak width of half-maximum and 0 is the Bragg diffrac-
tion angle [51]. The diameter of MNPs was calculated by
Scherer’s equation to be 6 nm for Cit- MNPs and 35 nm
for Cs/DOX/Cit-MNPs.

The synthesis of Cit-MNPs, Cs/DOX Cit-MNPs was
confirmed by XRD. It could be determined from the
diffraction peaks of the Cit-MNPs, Cs/DOX/Cit-MNPs
that the synthesized MNPs have sustained their purity
after surface modification and drug loading step [14,
42].

Thermogravimetric analysis

The TGA curves of Cs/DOX/Cit-MNPs are shown
in (Additional file 1: Fig. S3). Three weight losses are
observed in the TGA diagram. The initial weight loss
about 9% may be due to the evaporation of absorbed H,O
between 50 and 156 °C. The weight loss of about 4% in
the temperature range 150—600 °C is due to the decom-
position of Cs layer.

Magnetic properties of naked and Cs/DOX/Cit- MNPs

The hysteresis loop in the magnetization curve presented
in (Additional file 1: Fig. S4) illustrates that, the rema-
nence (residue magnetization) and coercive force (the
applied field that reduces magnetization to zero) were
zero and there was no magnetic hysteresis loop observed,
proving the characteristic superparamagnetic behavior of
all prepared MNPs. The saturation magnetization (Ms)
values were found to be 60 emu/g for naked (Additional
file 1: Fig. S4a) and 55 emu/g for Cit-MNPs (Additional
file 1: Fig. S4). This difference in magnetization values
(Ms) between naked MNPs and Cit-MNPs may be due
to the presence of sodium citrate on the surface of mag-
netite nanoparticles as a denser coating [52]. This effect
of sodium citrate on the saturation magnetization (Ms)
value is negligible in comparison with the other coating
materials as silica (34.3 emu/g) [53]. On the other hand,
the saturation magnetization (Ms) values for Cs/DOX/
Cit-MNPs were found to be 48 emu/g (Additional file 1:
Fig. S4c).

Assessments of the magnetic properties of the nano-
particles show that the MNPs have satisfactory magnetic
potential. However, at the coating and drug loading step,
the magnetic potential has gradually been decreased. The
magnetic property reduction of the nanoparticles at these
steps could potentially be due to the addition of the new
layers which hinders the magnetic strength of the MNPs
[42]. Owing to the magnetic potential of the synthesized
Cs/DOX/Cit-MNPs, it could be used as targeted therapy
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by external magnetic field in breast cancer drug delivery
for further studies [14, 54].

DOX loading efficiency %

The loading efficiency % increases with increasing
DOX concentration to reach 99.6% for 30% DOX (w %),
Table 1. The high loading % may be due the large surface
area and large number of active carboxylic groups that
interact with these different concentrations from DOX to
reach 99.6% for 30% (w %) from Cit-MNPs.

Studies on drug loading of the Cit-MNPs show dem-
onstrated that the loading efficiency % increases with
increasing DOX concentration. The high loading % may
be due the large surface area and large number of active
carboxylic groups that interact with these different con-
centrations from DOX to reach 99.6%. Taherian et al.
[14] studied drug loading of the Chitosan-coated mag-
netic nanoparticles (CCMNPs) show rapid loading of
Black pomegranate peel extract (BPEE) at the first stages
[14]. However, when time passed, the absorption rate
was moderately decreased. Since there was not much
change in loading efficiency of the CCMNPs from 120
to 180 min, it could accordingly be concluded that the
CCMNPs have reached their maximum loading capacity.
This could be due to the incorporation of the polyphenols
into the chitosan layer [42].

In-vitro release studies of DOX from Cs/DOX/Cit-MNPs

The drug release behavior of DOX from Cs/DOX/Cit-
MNPs was studied in the physiological pH (7.4) and in
acidic media at pH 5.5. From the results shown in Fig. 8,
the Cs/DOX/Cit-MNPs offer a sustained DOX release
from core shell nanoparticles in acidic media at pH 5.5,
Fig. 8a. A burst release occurred in the first 6 h to reach
6%, then a sustained release began to be 12% after 24 h to
reach 75% after 168 h.

At pH 7.4, Fig. 8b, an initial burst release occurred in
first 6 h to reach 4.3%, then sustained release began to
reach 7% after 24 h and followed by controlled sustained
release to reach 28.6% after 168 h.

The obtained results indicated the pH-dependency
in drug release rate from the nanocarriers as it depends

Table 1 Loading efficiency % of DOX-Cit-MNPs with different
DOX concentrations

Sample Drug concentrations (%) Loading
efficiency
(%)
DOX-Cit-MNPs 10 98.2
20 99

30 99.6
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release profile of DOX from chitosan-MNPs
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Fig. 8 Release profile of DOX from chitosan-Cit-MNPs nanoparticles at (a) pH 5.5 and (b) pH 7.4

on the cleavage of acid-labile linker used for drug con-
jugation to the MNPs nanoparticles. Our results are
consistent with the other researcher’s report [55] which
demonstrates that the weak acidic condition could accel-
erate cleavage of the imine bonds linker.

Cellular internalization of Cs/DOX-Cit-MNPs

The internalization of Cs/DOX-Cit-MNPs on MCEF-7
cells was examined by fluorescence microscopy with
Fig. 9 and without external magnet, Fig. 10. DOX itself is

(a) DABI

:20prr|

control

() DOX (e)

- - Z0pm

48 h ®

a fluorescent compound detected with red filter of fluo-
rescence microscope that appears with red color. The
control images of DAPI staining and free DOX are pre-
sented in Fig. 9a, b. In Fig. 9c—f, the red color proves that
Cs/DOX-Cit-MNPs were internalized to the cells, and
the deepness of red color refer to the concentrations of
nanoparticles in the cells compared to the control images
of DAPI staining and free DOX.

The internalization mechanisms of free DOX and Cs/
DOX-Cit-MNPs are different. As free DOX internalized

(d 24h

72 h

nanoparticles

Fig. 9 Fluorescent microscopy images without external magnet. a Control of DAPI stain labelled nuclei of the cells. b Control of free Doxorubicin,
(c—f) fluorescence of internalized Cs/DOX-Cit-MNPs inside the MCF-7 cells after 3, 24, 48, 72 h, respectively
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the tumor cell by diffusing through its cell membrane
but Cs/DOX-Cit-MNPs are internalized by endocyto-
sis mechanism [56, 57]. This endocytic path involved
three stages with three different pHs. Firstly, the early-
endosomes with pH near 7.4, followed by endo-lys-
osomes with pH 5.5—6.0 and be around 4.5 in lysosomes.

By using an external magnet for targeting the nanopar-
ticles to the MCE-7 cells, we observed increasing in red
color on the cells which refer to nanoparticles accumula-
tion inside the tumor cell due to the magnetic targeting
as shown in Fig. 10.

So, Cs/DOX/Cit-MNPs will offer a responsivity to pH
and selectively drug release in the malignant cells of the
targeted organ with magnetically targeting responsivity.

DABI

control

Zopm

DOX
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Cytotoxicity studies of Cs/DOX/Cit-MNPs

The cytotoxic effects of Cs/DOX-Cit-MNPs to breast
cancer cells using the in vitro MTT assay without exter-
nal magnet are illustrated in Table 2. With increasing
DOX concentration and treatment time, the IR % of DOX
solution and Cs/DOX-Cit-MNPs suspension to all cells is
increased. Cs/DOX-Cit-MNPs showed sustained release
and good inhibition to cancer cells.

As shown in Table 2, after 24 h, the inhibitory activ-
ity of Cs/DOX-Cit-MNPs suspension toward MCF-7 &
WiSH cell lines was lower than that of free DOX solution
for all concentrations to be 75+ 0.06%, 59 +0.002 for free
DOX and 40+0.03%, 12+0.01% for Cs/DOX-Cit-MNPs
at the highest conc. (50 pg/ml) (P >0.001).

24 h

(b)

nanoparticles

Fig. 10 Fluorescent microscopy images with external magnet. a, b Fluorescence of internalized Cs/DOX-Cit-MNPs inside the MCF-7 cells after 3,

24 h, respectively

Table 2 show the comparison between inhibition rate (IR %) of Cs/DOX-Cit-MNPs with different concentrations (6.5, 12.5, 25, 50 ug/

ml) after 24, 48 and 72 h toward MCF-7 & WISH

Sample Cells IR, %
After 24 h After 48 h After 72 h
Drug concentration (mg)
6.5 12.5 25 50 6.5 125 25 50 6.5 12.5 25 50
Cs/DOX-Cit-MNPs Tumor cells (MCF-7) 15 24 33 40 25 38 45 60 31 45 60 76
Normal cell (WISH) 3 6 10 12 5 5 12 17 5 8 13 22
Free DOX Tumor cells (MCF-7) 20 31 50 75 24 46 72 88 25 46 75 91
Normal cell (WISH) 12 25 36 59 18 36 55 72 18 38 60 76

All results are expressed as the mean + standard deviation with (n)=6 and p<0.001
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After 48 h Table 2, the IR % of Cs/DOx-Cit-MNPs and
DOX solution toward MCE-7 cell line were 60+ 0.09%
for Cs/DOX-Cit-MNPs and 88 +0.09% for free DOX at
the highest conc. (50 ug/ml) (P <0.001). A very signifi-
cant difference was observed in IR% after 48 h between
the free DOX & Cs/DOX-Cit-MNPs toward nor-
mal cell line (WiSH) to be 72+0.05% and 17 +0.003,
respectively.

After 72 h Table 2, IR% was 93+0.07% for free
DOX and 76+0.10% for Cs/DOX-Cit-MNPs toward
MCE-7 cell line. The same significant difference in IR%
between free DOX & Cs/DOX-Cit-MNPs toward nor-
mal cell line (WiSH) was observed to be 76 + 0.04% and
22 +0.07%, respectively.

From these results, Cs/DOX-Cit-MNPs offer a pH-
sensitive sustained release for DOX from the MNPs
through the chitosan shell to the outer media which
explain the low IR % in the first 24 h then the IR %,
increased by time to reach the maximum after 72 h
with IR% =76 +0.10.

The other important feature gained from Cs/DOX/Cit-
MNPs nano carrier is their non-toxicity toward normal
cells (WISH).

The Cs/DOX-Cit-MNPs offer a protective mode for
normal cells compared with free DOX with IR% 22 +0.07
after 72 h. This is may be due to the biocompatibility fea-
ture of chitosan and magnetite nanoparticles in addition
to pH-sensitivity of chitosan which is another important
factor in the low IR% toward normal cell as the pH of
normal cell is approximately 7.4. At this pH chitosan shell
shrinks and doesn’t promote the DOX release from it.

When MTT assay was carried out by using an external
magnet for Cs/DOX-Cit-MNPs toward MCF-7 cell line
(pH=5.5), it was found that the IR% highly increased in
presence of external magnetic field to reach 71+0.07%
in the first 24 h and 98 +0.04% after 72 h in (Additional
file 1: Fig. S5). This increase in IR% in the presence of
external magnetic field is due to the super paramag-
netic properties of magnetite nanoparticles which act as
a remote control for the nanoparticles toward the tumor
cells and targeted drug release in the desired place. Also
chitosan shell plays an important role in this high IR%
due to its positive charge and its mucoadhesivness prop-
erties which improve the cellular uptake and penetration
of cell membrane.

Potential application of external magnet in real life

Magnetically guided drug delivery involves an external
magnetic field to deliver nanoparticles to a desired tar-
get area where the medication is needed. The advantage
being that the dosage of the medication can be reduced
and the systemic effect of the drugs can be reach the min-
imum level. The superparamagnetic behavior implies that
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its magnetization disappears once the external magnetic
field is removed [30, 31]. Based on these properties, the
superparamagnetic nanoparticles could be transported
through the vascular system, concentrated in a specific
area with the aid of a magnetic field, with substances to
assure their cellular internalization and activate the prop-
erties of magnetic drug targeting and release in specific
organ.

Biological tissue is nearly ‘transparent’ to magnetic
energy, and magnetic fields pass through tissue without
being significantly absorbed or distorted by body tissues.
Magnetic nanoparticles introduced into the body can
therefore allow for high local energy delivery to the par-
ticles, compared to the less magnetic surrounding tissue.
As a result, magnetic fields and magnetically responsive
particles can be harnessed for therapy and drug delivery,
particularly in cancer [61].

Two approaches are most common: (i) the use of
magnetic particles to improve the accumulation of
drugs in a desired region via magnetic targeting [59,
60]; and (ii) the use of magnetic fields to heat magnetic
particles to directly induce hyperthermia in or ablation
of diseased tissues [61] and/or to trigger the release of
drugs from thermally-sensitive carriers [62, 63].

Magnetic drug delivery strategies rely on transfer-
ring externally applied magnetic energy to magnetic
particles that have been introduced into the body [64].
One of the most commonly used magnetic particles for
drug delivery are superparamagnetic iron oxide nano-
particles (SPIONs). Unlike ferromagnetic materials, in
which materials are permanently magnetized, paramag-
netic materials are magnetized only when placed into
an applied field. When the magnetic field is removed,
the moments revert to a random orientation [65].

Magnetic targeting, also referred to as magnetopho-
resis, has been proposed as a potential mechanism to
improve the accumulation and penetration of magnetic
drug carriers in tumors [58]. For magnetic targeting,
drug and magnetic nanoparticles are encapsulated into
a nanocarrier, and a strong external static magnet is
used to accumulate the drug carrier at a target near the
static magnet. For example, Marie et al. used a static
external magnet to encourage magnetoliposome accu-
mulation in glioblastoma tumors in mice [66], while
Huang et al. have developed and tested doxorubicin
loaded magnetic micelles in a squamous cell carcinoma
model in rabbits [67]. Magnetic targeting has even been
validated in humans. In fact, as early as 1996, Liibbe
et al. showed that magnetic drug targeting could be
used to concentrate epirubicin-conjugated nanoparti-
cles in sarcomas in phase I and II clinical trials [68, 69].

Several types of iron oxide nanoparticles are US
Food and Drug Administration (FDA)-approved for
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use in magnetic resonance imaging (MRI) as contrast
agents that can improve image resolution and informa-
tion content. New imaging modalities, such as mag-
netic particle imaging (MPI), directly detect magnetic
nanoparticles within organisms, allowing for back-
ground-free imaging of magnetic particle transport and
collection [30].

“Lab-on-a-chip” technology benefits from the increased
control that magnetic nanoparticles provide over separa-
tion, leading to improved cellular separation. Magnetic
separation is also becoming important in next genera-
tion immunoassays, in which particles are used to both
increase sensitivity and enable multiple analyte detection.

More recently, the ability to manipulate material
motion with external fields has been applied in magneti-
cally actuated soft robotics that are designed for biomed-
ical interventions.

Magneto thermal treatments have been approved in
the European Union (EU), and they were also approved
by the US Food and Drug Administration (FDA) in 2006
for phase I clinical trials in the treatment of prostate
cancer.

Briefly, magneto thermal heating occurs when mag-
netic particles are subjected to alternating magnetic
fields (AMFs). Through magnetic induction, nanoparti-
cles in AFMs are selectively heated, providing for local-
ized increases in temperature.

The programmable robots can generate metachronal
waves, making them able to crawl and roll, depending on
the strength of the magnetic field.

Comparison of the cytotoxicity potential of the Cs/
DOX-Cit-MNPs and the results of recently published studies
The MTT assay studies of the present work show that
synthesized Cs/DOX-Cit-MNPs are toxic against MCF-7
cell line cancerous cells without affecting normal cells.
Taherian et al. [14] studied cytotoxicity of Black pome-
granate peel extract (BPPE) and Black pomegranate
loaded chitosan-coated magnetic nanoparticles (BPPE-
CCMNPs). They concluded that the MTT and LDH assay
studies show that the free BPPE and BPPE-CCMNPs are
toxic against MDA-MB-231 and 4T1 cancerous cells. The
BPPE-CCMNPs show more cytotoxicity compared with
free BPPE. Results show that BPPE-CCMNPs cause more
significant cell viability reduction from 15 to 1000 pg/
ml on both MDA-MB-231 and 4T1 cells at 24 h and 48 h
incubation in comparison to free BPPE [14]. Accord-
ing to the studies on the pomegranate peel extract, the
existing phenolic acids and flavonoids are presented
in soluble-free, soluble esterified and insoluble-bound
forms. Although it has been reported that the total free
soluble phenolic and flavonoid compounds are higher
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than their insoluble-bound form, some of the hydroxy-
benzoic acid derivatives have insoluble bonds [69, 70].
The insoluble bonds could make it difficult for the BPPE
to dissolve in cell media that leads to higher cell viabil-
ity compared to BPPE-CCMNPs. On the other hand,
CCMNPs cover the BPPE to avoid additional molecular
reactions and increase the efficiency of the drug. It has
been determined that the CCMNPs can have interaction
with the negative domain of the cell membrane by elec-
trostatic interactions owing to the positive zeta potential
of the CCMNPs [71]. Furthermore, they are taken up by
cells through endocytosis, in which the pathway begins at
a pH of 7.4 and ends at pH 4.5 in lysosomes that most of
the BPPE from CCMNPs would release [39].

In another study, the cytotoxicity studies on borte-
zomib as a highly water-insoluble drug in free form and
loaded to CCMNPs also revealed that IC50 of the drug-
loaded CCMNPs was much lower than the free drug
which demonstrates the role of CCMNPs in drug effi-
ciency improvement [72].

For instance, Song et al. have synthesized magnetic alg-
inate chitosan NPs and used curcumin as a polyphenol-
rich compound as a loading drug. Cellular uptake results
on MDA-MB-231 and HDF cells have revealed that at
the highest studied concentration, about 80% and 50%
of curcumin and curcumin-loaded NPs are taken up by
MDA-MB-231 and HDF cells, respectively [73]. The cyto-
toxicity studies showed that neither curcumin nor the
drug-loaded NPs were toxic against HDF normal cells,
but significant toxicity was observed in MDA-MB-231.

Comparing with nanocarrier-loaded standard chemo-
therapeutics, Rahimi et al. have synthesized dendric
chitosan grafted polyethylene glycol MNPs and used
doxorubicin and methotrexate as the loading agents. The
combination of the two chemotherapeutic drugs loaded
to NPs at 5 pg/ml caused MCE-7 cell viability reduction
to about 30% after 48 h of incubation [74].

In another study, Vijayan et al. evaluated paclitaxel-
loaded poly (lactic-co-glycolic acid) NPs on different
MDA-MB cell series. At the concentration of 10 pg/ml,
the cell viability of the MDA-MB-157, MDA-MB-231,
MDA-MB-435, MDA-MB-436, and MDA-MB-468
incubated with paclitaxel-loaded NPs were 44.4+1.2%,
34.6+0.8%, 42.4+1.4%, 35.3+0.8%, 55.2+0.8%, in that
respect [75].

Conclusion

In the present work, biocompatible and biodegradable
Cs/DOX/Cit-MNPs nano carrier for DOX was success-
fully prepared which protect normal cells from the side
effects of DOX and offer binary- targeting for tumor
cells through magnetic targeting and pH sensitive
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release with better cellular uptake. The synthesized
nano carriers are spherical particles with diameter that
ranges between 7 and 45 nm. The crystalline structure
for both was confirmed by XRD to be pure magnetite
(Fe;O,). The magnetic properties of MNPs were inves-
tigated by (VSM) to be 60 emu/g for naked, 55 emu/g
for Cit-Fe;0, and 48 emu/g for Cs/DOX/Cit-MNPs. The
in-vitro release of DOX from Cs/DOX/Cit-MNPs, was
found to be pH dependent. The internalization mecha-
nisms of free DOX and Cs/DOX-Cit-MNPs are differ-
ent. As free DOX diffuses through the cell membrane
but Cs/DOX-Cit-MNPs are internalized to the cells by
endocytosis. The CS/DOX-Cit-MNPs offer a sustained
release for DOX through the chitosan shell with low IR%
in the first 24 h. Then it increased to reach 76 +0.10%
after 72 h without magnetic directing. By using an exter-
nal magnet the IR% of CS/DOX-Cit-MNPs increased to
reach 71+0.07% in the first 24 h and 98+0.04% after
72 h. The MTT assay studies of the present work show
that synthesized Cs/DOX-Cit-MNPs are toxic against
MCE-7 cell line cancerous cells without affecting nor-
mal cells. The Cs/DOX/Cit-MNPs offer a very protec-
tive mode for normal cells compared to the free DOX.

Abbreviations

STPP Sodium tripolyphosphate

SPMNPs Superparamagnetic magnetite nanoparticles
DOX Doxorubicin hydrochloride

MCF7 Human breast cancer cell line

Cit-MNPs Functionalized magnetite nanoparticles with tri-

DOX/Cit-MNPs

Cs/DOX/Cit-MNPs

sodium citrate

Tri-sodium citrate functionalized magnetite loaded
DOX nanoparticles

Chitosan coated tri-sodium citrate functionalized
magnetite loaded DOX nanoparticles

WiSH Human Normal cell line

NEDD Nano-enabled drug delivery technique

MDT Magnetic drug targeting

FDA Food and Drug Administration

MRI Magnetic resonance imaging

MNPs Magnetite nanoparticles

COOH groups Carboxylic groups

IR% Inhibition rate %

LE% Loading efficiency %

Cs Chitosan

DAPI 4'6-Diamidino-2-phenylindole

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetr azolium
bromide

TEM Transmission Electron Microscopy

CCMNPs: Chitosan-coated magnetic nanoparticles

BPPE Black pomegranate peel extract

BPPE-CCMNPs

Black pomegranate loaded chitosan-coated magnetic

nanoparticles

RPMI Roswell Park Memorial Institute

DMEM Dulbecco's modified Eagle medium

MTT 2,2-Diphenyl-1-picrylhydrazyl

MNPs: 3-(4,5-Dimethylthiazol-2-Y))-2,5-diphenyltetrazolium
Bromide Magnetic nanoparticles

BP Black pomegranate

BPP Black peel pomegranate
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(IR %) of Chitosan coated DOX-Cit-MNPs with different concentrations (6.5,
12.5, 25, 50 pg/mL) and free DOX with magnetic directing toward MCF-7
after 24, 48 & 72h by external magnet. The results are expressed as the
mean + standard deviation with (n) =6 and p <0.001.

Acknowledgements
Not applicable.

Author contributions

MAA: Conceptualization, Methodology, Investigation, Writing—original draft,
review, Supervision. AMK: Methodology, Investigation, Writing—original draft.
MAAG: Conceptualization, Methodology, Investigation, Writing—original draft,
review, Supervision. All authors read and approved the final manuscript.

Funding

Open access funding provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank
(EKB). This research didn't receive external funding.

Availability of data and materials
All data generated or analysed during this study are included in this published
article [and its Additional files).

Declarations

Ethics approval and consent to participate
Not applicable to this study.

Consent for publication
Not applicable to this study.

Competing interests
The authors declare that they have no competing interests.

Author details

'Chemistry Department, Faculty of Science, Mansoura University, Mansoura,
Egypt. >Polymers and Pigments Department, National Research Centre,
33-El-Bohouth St. Dokki, Cairo, Egypt.

Received: 12 August 2022 Accepted: 2 February 2023
Published: 13 February 2023

References

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA Cancer J Clin.
2015;65(1):5-29.

2. Canadian-Cancer-Statistics-2015-EN.pdf [Internet]. [Cited 2015 Nov 15].
Available from: https://www.cancer.ca/~/media/cancer.ca/CW/cance
rinformation/s/Canadian-Cancer-Statistics-2015-EN.pdf.

3. Treatments and Side Effects|American Cancer Society [Internet]. [cited
2015 Dec Available from: http://www.cancer.org/treatment/treatments
andsideeffects.


https://doi.org/10.1186/s13065-023-00915-4
https://doi.org/10.1186/s13065-023-00915-4
https://www.cancer.ca/~/media/cancer.ca/CW/cancerinformation/s/Canadian-Cancer-Statistics-2015-EN.pdf
https://www.cancer.ca/~/media/cancer.ca/CW/cancerinformation/s/Canadian-Cancer-Statistics-2015-EN.pdf
http://www.cancer.org/treatment/treatmentsandsideeffects
http://www.cancer.org/treatment/treatmentsandsideeffects

Akl et al. BMC Chemistry (2023) 17:3

20.

21.

22.

23.

24.

25.

Ghanbari M, Asadi A, Rostamzadeh S. Study of the cytotoxicity effect

of doxorubicin-loaded/folic acid-targeted super paramagnetic iron
oxide nanoparticles on AGS cancer cell line. J Nanomed Nanotechnol.
2016;7(368):2.

Munnier E, Cohen-Jonathan S, Herve K, Linassier C, Souce M, Dubois P,
Chourpa I. Doxorubicin delivered to MCF-7 cancer cells by superpara-
magnetic iron oxide nanoparticles: effects on subcellular distribution and
cytotoxicity. J Nanoparticle Res. 2011;13(3):959-71.

Lee N, Yoo D, Ling D, Cho MH, Hyeon T, Cheon J. Iron oxide based nano-
particles for multimodal imaging and magnetoresponsive therapy. Chem
Rev. 2015;115(19):10637-89.

Ma J, Porter AL, Aminabhavi TM, Zhu D. Nano-enabled drug delivery
systems for brain cancer and Alzheimer's disease: research patterns and
opportunities. Nanomed Nanotechnol Biol Med. 2015;11(7):1763-71.
Zhou X, Porter AL, Robinson DKR, Shim MS, Guo Y. Nano-enabled drug
delivery: a research profile. Nanomedicine. 2014;5:e889-96.

Karimi Z, Karimi L, Shokrollahi H. Nano-magnetic particles used

in biomedicine: core and coating materials. Mater Sci Eng C.
2013;33(5):2465-75.

Wu L, Mendoza-Garcia A, Li Q, Sun S. Organic phase synthe-

ses of magnetic nanoparticles and their applications. Chem Rev.
2016;116(18):10473-512.

. Arami H, Khandhar A, Liggitt D, Krishnan KM. In vivo delivery, pharma-

cokinetics, biodistribution and toxicity of iron oxide nanoparticles. Chem
Soc Rev. 2015;44:8576-607.

Sadr SH, Davaran S, Alizadeh E, Salehi R, Ramazani A. PLA-based magnetic
nanoparticles armed with thermo/pH responsive polymers for combina-
tion cancer chemotherapy. J Drug Deliv Sci Technol. 2018;45:240-54.
Pourjavadi A, Amin SS, Hosseini SH. Delivery of hydrophobic anticancer
drugs by hydrophobically modified alginate based magnetic nanocarrier.
Ind Eng Chem Res. 2018;57:822-32.

Taherian A, Esfandiari N, Rouhani S. Breast cancer drug delivery by novel
drug-loaded chitosan-coated magnetic nanoparticles. Cancer Nanotech-
nol. 2021;12:15.

Dhavale RP, Dhavale RP, Sahoo SC, et al. Chitosan coated magnetic
nanoparticles as carriers of anticancer drug Telmisartan: pH-responsive
controlled drug release and cytotoxicity studies. J Phys Chem Solids.
2021;148:109749.

Wiranowska M, Singh R, Falahat R, et al. Preferential drug delivery to
tumor cells than normal cells using a tunable niosome—chitosan double
package nanodelivery system: a novel in vitro model. Cancer Nano.
2020;11:3. https://doi.org/10.1186/512645-020-00059-3.

Pourjavadi A, Kohestanian M, Streb C. pH and thermal dual-responsive
poly(NIPAM-co-GMA)-coated magnetic nanoparticles via surface-initiated
RAFT polymerization for controlled drug delivery. Mater Sci Eng C Mater
Biol Appl. 2020;108:110418.

Garcia-Pinel B, Ortega-Rodriguez A, Porras-Alcala C, Cabeza L, Contreras-
Caceres R, Ortiz R, Diaz A, Moscoso A, Sarabia F, Prados J, et al. Magneti-
cally active pNIPAM nanosystems as temperature-sensitive biocom-
patible structures for controlled drug delivery. Artif Cells Nanomed
Biotechnol. 2020;48:1022-35.

Chanphai P, Tajmir-Riahi HA. Chitosan nanoparticles conjugate with
trypsin and trypsin inhibitor. Carbohyd Polym. 2016;144(25):346-52.
Demirer GS, Okur AC, Kizilel S. Synthesis and design of biologically
inspired biocompatible iron oxide nanoparticles for biomedical applica-
tions. J Mater Chem B. 2015;3(40):7831-49.

Muthiah M, Park I-K, Cho C-S. Surface modification of iron oxide nano-
particles by biocompatible polymers for tissue imaging and targeting.
Biotechnol Adv. 2013;31(8):1224-36.

Song CW, Griffin R, Park HJ. Influence of tumor pH on therapeutic
response. In: Cancer drug resistance. Totowa: Humana Press; 2006. p.
21-42.

AbdEI-Ghaffar A, Ahmed M, Akl MAA, Kamel AM, Hashem MS. Amino acid
combined chitosan nanoparticles for controlled release of doxorubicin
hydrochloride. Egypt J Chem. 2017;60(4):507-18.

Abd El-Ghaffar MA, Hashem MS. Immobilization of a-amylase onto
chitosan and its amino acid condensation adducts. J Appl Polym Sci.
2009;112(2):805-14.

AbdEI-Ghaffar MA, Hashem MS. Chitosan and its amino acids condensa-
tion adducts as reactive natural polymer supports for cellulase immobili-
zation. Carbohydrate Polym. 2010;81(3):507-16.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 17 of 18

Massart R. Preparation of aqueous magnetic liquids in alkaline and acidic
media. IEEE Trans Magn. 1981;17(2):1247-8.

Cheraghipour E, Javadpour S, Mehdizadeh AR. Citrate capped superpara-
magnetic iron oxide nanoparticles used for hyperthermia therapy. 2012;
5:715-719.

Vivek R, Thangam R, Muthuchelian K, Gunasekaran P, Kaveri K, Kannan S.
Green biosynthesis of silver nanoparticles from Annona squamosa leaf
extract and its in vitro cytotoxic effect on MCF-7 cells. Process Biochem.
2012;47(12):2405-10.

Jiang H, Zhao L, Gai L, Wang Y, Hou Y, Liu H. Conjugation of methotrexate
onto doped Fe;0,/PPy nanospheres to produce magnetic targeting drug
with controlled drug release and targeting specificity for Hela cells. Synth
Met. 2015;30(207):18-25.

Stueber DD, Villanova J, Aponte |, Xiao Z, Colvin VL. Magnetic nanoparti-
cles in biology and medicine: past, present, and future trends. Pharma-
ceutics. 2021;13(7):943.

Liu JF, Jang B, Issadore D, Tsourkas A. Use of magnetic fields and nano-
particles to trigger drug release and improve tumor targeting. Wiley
Interdiscip Rev Nanomed Nanobiotechnol. 2019;11(6): e1571.

Mosmann T. Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays. J Immunol Methods.
1983;65:55-63.

Alley MC, Scudiere DA, Monks A, Hursey ML, Czerwinski MJ, Fine DL,
Abbott BJ, Mayo JG, Shoemaker RH, Boyd MR. Feasibility of drug screen-
ing with panels of human tumor cell lines using a microculture tetrazo-
lium assay. Cancer Res. 1998;48(589):60.

van de Loosdrecht AA, Beelen RH, Ossenkoppele GJ, Broekhoven MG,
Langenhuijsen MM. A tetrazolium-based colorimetric MTT assay to
quantitate human monocyte mediated cytotoxicity against leukemic
cells from cell lines and patients with acute myeloid leukemia. J Immunol
Methods. 1994;174(311):320.

Anup R, Sainath PT, Padma S, Sukumaran MK. In vitro cytotoxic activity of
methanolic extract of Parthenium hysterophorus flowers on MCF-7 and
Hela cell lines. Int J Curr Microbiol App Sci. 2015;4(8):710-5.

Nam J, Won N, Bang J, Jin H, Park J, Jung S, et al. Surface engineering of
inorganic nanoparticles for imaging and therapy. Inorg Nanoparticle Platf.
2013;65(5):622-48.

Petri-Fink A, Steitz B, Finka A, Salaklang J, Hofmann H. Effect of cell

media on polymer coated superparamagnetic iron oxide nanoparticles
(SPIONS): colloidal stability, cytotoxicity, and cellular uptake studies. Eur J
Pharmaceut Biopharmaceut. 2008,68(1):129-37.

Qin H, Wang CM, Dong QQ, Zhang L, Zhang X, Ma ZY, Han QR. Prepara-
tion and characterization of magnetic Fe;O,—chitosan nanoparticles
loaded with isoniazid. J Magn Magn Mater. 2015;1(381):120-6.

Kariminia S, Shamsipur A, Shamsipur M. Analytical characteristics and
application of novel chitosan coated magnetic nanoparticles as an
efficient drug delivery system for ciprofloxacin. Enhanced drug release
kinetics by low-frequency ultrasounds. J Pharmaceut Biomed Anal.
2016;10(129):450-7.

Ling D, Hyeon T. Chemical design of biocompatible iron oxide nanoparti-
cles for medical applications. Small. 2013;9(9-10):1450-66.

Li' S, Zhang T, Tang R, et al. Solvothermal synthesis and characterization of
monodisperse superparamagnetic iron oxidenanoparticles. J Magn Magn
Mater. 2015;379:226-31. https://doi.org/10.1016/jjmmm.2014.12.054.
Pham XN, Nguyen TP, Pham TN, et al. Synthesis and characterization of
chitosan-coated magnetite nanoparticles and their application in cur-
cumin drug delivery. Adv Nat Sci Nanosci Nanotechnol. 2016;7:045010.
https://doi.org/10.1088/2043-6262/7/4/045010.

Khorrami S, Zarepour A, Zarrabi A. Green synthesis of silver nanoparticles
at low temperature in a fast pace with unique DPPH radical scaveng-

ing and selective cytotoxicity against MCF-7 and BT-20 tumor cell lines.
Biotechnol Reports. 2019;24:e00393. https://doi.org/10.1016/j.btre.2019.
e00393.

Unsoy G, Khodadust R, Yalcin S, et al. Synthesis of Doxorubicin loaded
magnetic chitosan nanoparticles for pH responsive targeted drug deliv-
ery. Eur J Pharm Sci. 2014;62:243-50. https://doi.org/10.1016/j.ejps.2014.
05.021.

Bakker MH, Lee CC, Meijer EW, Dankers PY, Albertazzi L. Multicomponent
supramolecular polymers as a modular platform for intracellular delivery.
ACS Nano. 2016;10(2):1845-52.


https://doi.org/10.1186/s12645-020-00059-3
https://doi.org/10.1016/j.jmmm.2014.12.054
https://doi.org/10.1088/2043-6262/7/4/045010
https://doi.org/10.1016/j.btre.2019.e00393
https://doi.org/10.1016/j.btre.2019.e00393
https://doi.org/10.1016/j.ejps.2014.05.021
https://doi.org/10.1016/j.ejps.2014.05.021

Akl et al. BMC Chemistry (2023), 17:3

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

Lin CC, Ho JM. Structural analysis and catalytic activity of Fe;O, nanoparti-
cles prepared by a facile co-precipitation method in a rotating packed
bed. Ceramics Int. 2014;40(7):10275-82.

Zhou S, LiY, Cui F, Jia M, Yang X, Wang Y, Xie L, Zhang Q, Hou Z. Develop-
ment of multifunctional folate-poly (ethylene glycol)-chitosan-coated
Fe;0, nanoparticles for biomedical applications. Macromol Res.
2014;22(1):58-66.

Wang J, Zhang B, Wang L, Wang M, Gao F. One-pot synthesis of water-
soluble superparamagnetic iron oxide nanoparticles and their MRI
contrast effects in the mouse brains. Mater Sci Eng C. 2015;1(48):416-23.
Shukla S, Deheri PK, Ramanujan RV. Magnetic nanostructures: synthesis,
properties, and applications. In: Springer handbook of nanomaterials.
Berlin: Springer; 2013. p. 473-514.

Castelld J, Gallardo M, Busquets MA, Estelrich J. Chitosan (or alginate)-
coated iron oxide nanoparticles: a comparative study. Colloids Surf A.
2015;5(468):151-8.

Jiang F, Li X, Zhu Y, Tang Z. Synthesis and magnetic characterizations of
uniform iron oxide nanoparticles. Phys B. 2014;15(443):1-5.

Wang Z, Zhu H, Wang X, Yang F, Yang X. One-pot green synthesis of bio-
compatible arginine-stabilized magnetic nanoparticles. Nanotechnology.
2009,20(46):465606.

Laranjeira MS, Ribeiro TP, Magalhées Al, Silva PC, Santos JA, Monteiro FJ.
Magnetic mesoporous silica nanoparticles as a theranostic approach for
breast cancer: loading and release of the poorly soluble drug exemes-
tane. Int J Pharm. 2022;619: 121711.

Foy SP, Manthe RL, Foy ST, et al. Optical imaging and magnetic field tar-
geting of magnetic nanoparticles in tumors. ACS Nano. 2010;4:5217-24.
https://doi.org/10.1021/nn101427t.

Xu'S, Luo'Y, Haag R. Water-soluble pH-responsive dendritic core-shell
nanocarriers for polar dyes based on poly (ethylene imine). Macromol
Biosci. 2007,7(8):968-74.

Mellman |, Fuchs R, Helenius A. Acidification of the endocytic and exo-
cytic pathways. Annu Rev Biochem. 1986;55(1):663-700.

Stewart MP, Sharei A, Ding X, Sahay G, Langer R, Jensen KF. In vitro and
ex vivo strategies for intracellular delivery. Nature. 2016;538(7624):183-92.
Sun C, Lee JSH, Zhang M. Magnetic nanoparticles in MR imaging and
drug delivery. Adv Drug Deliv Rev. 2008;60(11):1252-65. https://doi.org/
10.1016/j.addr.2008.03.018.

Alexiou C, Arnold W, Klein RJ, Parak FG, Hulin P, Bergemann C, Liibbe AS.
Locoregional cancer treatment with magnetic drug targeting. Cancer
Res. 2000,60(23):6641-8.

Shapiro B, Kulkarni S, Nacev A, Muro S, Stepanov PY, Weinberg IN. Open
challenges in magnetic drug targeting. Wiley Interdiscip Rev Nanomed
Nanobiotechnol. 2015;7(3):446-57. https://doi.org/10.1002/wnan.1311.
Hedayatnasab Z, Abnisa F, Daud WMAW. Review on magnetic nano-
particles for magnetic nanofluid hyperthermia application. Mater Des.
2017;123:174-96.

Moros M, Idiago-Lopez J, Asin L, Moreno-Antolin E, Beola L, Graza V, de la
Fuente JM. Triggering antitumoural drug release and gene expression by
magnetic hyperthermia. Adv Drug Deliv Rev. 2019;138:326-43.

Yoo D, Jeong H, Noh S-H, Lee J-H, Cheon J. Magnetically triggered dual
functional nanoparticles for resistance-free apoptotic hyperthermia.
Angewandte Chem (Int Ed Eng). 2013;52(49):13047-51.

Sensenig R, Sapir Y, MacDonald C, Cohen S, Polyak B. Magnetic nano-
particle-based approaches to locally target therapy and enhance tissue
regeneration in vivo. Nanomedicine (Lond). 2012;7(9):1425-42.

Tipler P. Physics for scientists and engineers. 4th edn. W. H. Freeman; 1999.
Marie H, Lemaire L, Franconi F, Lajnef S, Frapart Y-M, Nicolas V, Lesieur S.
Superparamagnetic liposomes for MRI monitoring and external magnetic
field-induced selective targeting of malignant brain tumors. Adv Funct
Mater. 2015;25(8):1258-69.

Huang C, Tang Z, Zhou Y, Zhou X, Jin Y, Li D. Magnetic micelles as a
potential platform for dual targeted drug delivery in cancer therapy. Int J
Pharmaceut. 2012;429(1-2):113-22.

Lubbe AS, Bergemann C, Riess H, Schriever F, Reichardt P, Possinger K.
Clinical experiences with magnetic drug targeting: a phase | study with
4’-epidoxorubicin in 14 patients with advanced solid tumors. Cancer Res.
1996,56(20):4686-93.

Lubbe AS, Alexiou C, Bergemann C. Clinical applications of magnetic
drug targeting. J Surg Res. 2001;95(2):200-6.

Page 18 of 18

70. Ambigaipalan P, de Camargo AC, Shahidi F. Phenolic compounds of
pomegranate byproducts (outer skin, mesocarp, divider membrane) and

their antioxidant activities. J Agric Food Chem. 2016;64:6584-604. https://

doi.org/10.1021/acs.jafc.6002950.

71. Gulsunoglu Z, Karbancioglu-Guler F, Raes K, Kilic-Akyilmaz M. Soluble and
insoluble-bound phenolics and antioxidant activity of various industrial
plant wastes. Int J Food Prop. 2019;22:1501-10. https://doi.org/10.1080/
10942912.2019.

72. Unsoy G, Yalcin S, Khodadust R, et al. Chitosan magnetic nanoparticles for
pH responsive Bortezomib release in cancer therapy. Biomed Pharmaco-
ther. 2014;68:641-8. https://doi.org/10.1016/j.biopha.2014.04.003.

73. Song W, Su X, Gregory D, et al. Magnetic alginate/chitosan nanoparticles
for targeted delivery of curcumin into human breast cancer cells. Nano-
materials. 2018;8:907. https://doi.org/10.3390/nano8110907.

74. Rahimi M, Safa KD, Salehi R. Co-delivery of doxorubicin and methotrexate
by dendritic chitosan-g-mPEG as a magnetic nanocarrier for multi-drug
delivery in combination chemotherapy. Polym Chem. 2017;8:7333-50.
https://doi.org/10.1039/C7PY01701D.

75. VijayanV, Shalini K, Yugesvaran V, et al. Effect of paclitaxel-loaded PLGA
nanoparticles on MDA-MB type cell lines: apoptosis and cytotoxicity
studies. Curr Pharm Des. 2018;24:3366~75. https://doi.org/10.2174/13816
12824666180903110301.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1021/nn101427t
https://doi.org/10.1016/j.addr.2008.03.018
https://doi.org/10.1016/j.addr.2008.03.018
https://doi.org/10.1002/wnan.1311
https://doi.org/10.1021/acs.jafc.6b02950
https://doi.org/10.1021/acs.jafc.6b02950
https://doi.org/10.1080/10942912.2019
https://doi.org/10.1080/10942912.2019
https://doi.org/10.1016/j.biopha.2014.04.003
https://doi.org/10.3390/nano8110907
https://doi.org/10.1039/C7PY01701D
https://doi.org/10.2174/1381612824666180903110301
https://doi.org/10.2174/1381612824666180903110301

	Biodegradable functionalized magnetite nanoparticles as binary-targeting carrier for breast carcinoma
	Abstract 
	Introduction
	Material and methods
	Materials
	Preparations
	Synthesis of MNPs
	Preparation of Cit-MNPs
	Preparation of DOXCit-MNPs
	Preparation of CsDOXCit-MNPs

	Determination of loading efficiency
	In vitro drug release studies
	Characterization
	Fourier transform infrared (FTIR) spectra studies
	Zeta potential
	Transmission electron microscopy (TEM)
	Scanning electron microscopy (SEM)
	Energy dispersive X-ray spectroscopy (EDX)
	Thermal gravimetric analysis (TGA)
	X-ray diffraction (XRD)
	Saturation magnetization (MS) values of MNPs

	Cellular internalization of CsDOX-Cit-MNPs
	Cytotoxicity assay-MTT
	Culture media
	Preparation of cell suspension for the assay


	Results and discussions
	Preparation and reaction mechanism of nanoparticles
	Preparation and reaction mechanism of naked Fe3O4 nanoparticles (MNPs)

	Reaction mechanism of Cit-MNPs
	Reaction mechanism of DOXCit-MNPs
	Reaction mechanism of CsDOXCit-MNPs

	Characterization
	FTIR spectra
	Zeta potential
	TEM and SEM analysis
	EDX analysis
	XRD analysis
	Thermogravimetric analysis
	Magnetic properties of naked and CsDOXCit- MNPs

	DOX loading efficiency %
	In-vitro release studies of DOX from CsDOXCit-MNPs
	Cellular internalization of CsDOX-Cit-MNPs
	Cytotoxicity studies of CsDOXCit-MNPs
	Potential application of external magnet in real life
	Comparison of the cytotoxicity potential of the CsDOX-Cit-MNPs and the results of recently published studies


	Conclusion
	Anchor 47
	Acknowledgements
	References


