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Abstract: Effective and targeted delivery of the antitumour drugs towards the specific cancer spot is the major motive of drug
delivery. In this direction, suitably functionalised magnetic iron oxide nanoparticles (NPs) have been utilised as a theranostic
agent for imaging, hyperthermia and drug delivery applications. Herein, the authors reported the preparation of multifunctional
polyethyleneglycol-diamine functionalised mesoporous superparamagnetic iron oxide NPs (SPION) prepared by a facile
solvothermal method for biomedical applications. To endow targeting ability towards tumour site, folic acid (FA) is attached to
the amine groups which are present on the NPs surface by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride/Nhydroxysuccinimide chemistry. FA attached SPION shows good colloidal stability and possesses high drug-loading efficiency of
∼ 96% owing to its mesoporous nature and the electrostatic attachment of daunosamine (NH3+) group of doxorubicin (DOX)
towards the negative surface charge of carboxyl and hydroxyl group. The NPs possess superior magnetic properties in result
endowed with high hyperthermic ability under alternating magnetic field reaching the hyperthermic temperature of 43°C within
223 s at NP's concentration of 1 mg/ml. The functionalised NPs possess non-appreciable toxicity in breast cancer cells (MCF-7)
which is triggered under DOX-loaded SPION.

1 Introduction
Chemotherapy is a traditional treatment process, which causes an
adverse toxic effect on the whole body and also has a low
therapeutic effect. Nanoparticles (NPs) which are functionalised
with surface moiety and loaded with the antitumour drug have been
used to increase the therapeutic efficacy along with lesser side
effect [1–4]. Superparamagnetic iron oxide NPs (SPION) are
extensively used as antitumour drug cargo and magnetic resonance
imaging (MRI) contrast agent for the development of therapeutic
platforms, imaging and diagnosis simultaneously [4–8]. Different
kind of nanostructures like carbon nanotube [9], gold nanoshells
[10], magnetic NPs [11], graphene [12] etc. have been explored
vastly as chemotherapeutic drug cargo for tumour therapy [13].
Among them, magnetic NPs have been used extensively because of
its magnetic manipulation, MRI signal, better biocompatibility,
ability to generate heat because of the alternating current magnetic
field (ACMF) and degradation in acidic conditions [4, 13–16].
Proper functionalisation of NPs is the main factor to ensure
colloidal stability and their utilisation in biomedical applications
[16–19]. Various biocompatible polymers such as poly(Nisopropyl-acrylamide) [20, 21], alginate [22], dextran [23] etc. are
used to modify the surface of magnetic NPs to increase the efficacy
of the carrier. Moreover, to carry a substantial quantity of drug
towards specific tumour location and to decrease the toxicity of
anticancer drug, hollow and mesoporous NPs are utilised since
they exhibit high porosity, more specific surface area and
enormous active sites [16, 24, 25]. Magnetic NPs conjugated with
some targeting moieties manifest great ability for specific drug
delivery. Targeting ligands endow the NPs for specific binding of
anti-cancerous drug carrier to the surface of the cell through
receptor-mediated endocytosis thereby enhancing cellular uptake
[26, 27].
Folic acid (FA) having lesser molecular weight is a stable, nontoxic and inexpensive non-immunogenic receptor-specific ligand
for the antitumour therapeutics as many human cancer cells
overexpress on folate receptors unlike normal cells [26, 28, 29].
Huang et al. [4] reported FA-anchored SPIONs loaded with
doxorubicin (DOX) and tested on MCF-7 breast cancer cells. The
maximum inhibition efficiency of DOX@FA-SPION was observed
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in presence of the magnetic field. Gupta et al. [26] reported
polyacrylic acid functionalised Fe3O4 NPs attached with FA by
peptide bond between carboxyl group present on the NPs surface
and amine group of FA. Results obtained from the confocal
microscopy and flow cytometry showed that there was ∼61.3% of
HeLa cells apoptosis when treated with drug-loaded Fe3O4 NPs
because of the disintegration of DNA. They further showed that the
introduction of magnetic hyperthermia results in an increase cells
apoptosis to ∼95% [26]. In a report, iron oxide condensed colloidal
magnetic nanocluster functionalised with FA was studied for
specific DOX delivery on the cancerous cells which shows the
overexpression of folate receptor [30]. Condensed magnetic NPs
were coated with alginate and polyethylene glycol (PEG) was
conjugated onto the carboxyl end group of alginates. Terminal OH
group of PEG was utilised for folate conjugation. The DOX-loaded
FA attached NPs show enhanced uptake and maximum cytotoxicity
on MDA-MB-231 cells having folate overexpression as compared
to MCF-7 which does not express folate receptor [30]. Yang et al.
[31] reported FA-grafted chitosan-coated magnetic NPs loaded
with DOX that possessed significant toxicity than without FA
coating or when only DOX was used [31].
The FA receptor-based mechanism forms a certain target which
is useful for particular tumour targeted drug delivery since many
cancers show its upregulation which includes the ovary, breast,
lung, kidney and brain. As the grade/stage of cancer increases, the
density of FA receptor also appears to increase [32, 33]. A
secondary feature of FA receptor which is useful for intravenous
drug delivery is only after malignant transformation the FA
receptor gets approachable to the vascular epithelium. The reason
behind this is the surface of the apical membrane of normal
polarised epithelial cells shows a particular expression of FA
receptor, thus it is safe from FA receptor directed drugs which are
delivered in the plasma. However, after the transformation of
epithelial cells, the polarity of the cell is lost and FA receptor gets
accessible to the targeted drugs [33, 34].
In the present work, targeting strategy of NPs attached with FA
has been reported which provides both specificity and better
internalisation of NPs into the cancerous cells. Herein, we report a
highly aqueous dispersible, biocompatible mesoporous SPION
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synthesised by a simple solvothermal method where PEG-diamine
was used as a stabilising agent. Further DOX is loaded on FA
functionalised SPION (FA-SPION) and in vitro cytotoxicity has
been assessed on MCF-7 cells. The magneto thermal induction of
the SPION has been evaluated for possible combined therapy.

2 Experimental section
2.1 Reagents and materials
All the chemicals are used as received. Iron chloride hexahydrate
(FeCl3.6H2O), iron chloride tetrahydrate (FeCl2.4H2O), PEG
diamine (NH2–PEG–NH2), hydrazine hydrate (NH2–NH2), 1ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC), folic acid (FA) and dimethyl sulfoxide (DMSO) are
procured from Sigma Aldrich, India. Dulbecco modified eagle
medium (DMEM), N-hydroxysuccinimide (NHS), penicillin
streptomycin
solution,
3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) are obtained from HiMedia,
India. Ethylene glycol (EG) is obtained from Sisco research
laboratories (SRL), India. Sodium hydroxide (NaOH) is obtained
from SDfine chemicals, India and DOX is obtained from Alfa
Aesar, India. MCF-7 (human breast cancer) cell line is acquired
from NCCS Pune, India. Distilled water is utilised throughout the
experiment.
2.2 Preparation of mesoporous SPION
The SPION is prepared by using a solvothermal method. At first,
730 mg of FeCl3.6H2O and 270 mg of FeCl2.4H2O is added to 50
ml of EG to form homogeneous solution. Then 10 ml of PEGdiamine (50 mg/10 ml of EG) is added as a capping agent. After
that, the above mixture is vigorously stirred for 60 min at 1000 rpm
in an inert condition. Then, 5 ml of hydrazine hydrate is added to
form a black homogeneous solution. Further, it is transferred to a
Teflon container and sealed in an airtight autoclave and heated for
200 °C for 12 h. Then it is cooled down to room temperature and
the precipitates are collected by magnetic separation method.
Finally, the material is dried overnight at room temperature.
2.3 Preparation of FA-SPION
Attachment of FA to SPION is carried out through the reported
procedure with slight modification [35]. To anchor FA onto the
surface of SPION, 70.6 mg of FA is dissolved in 10 ml of distilled
water–DMSO solution (1:1 v/v) and its pH is adjusted to 8 by
diluted NaOH. Further, 65.92 mg of EDC and 36.83 mg of NHS is
added to the above solution and the pH was maintained in the
range of 7.0–8.0. It was stirred continuously for 8–12 h in dark
conditions. After that, SPION (50 mg/5 ml) is dispersed in water
and added slowly to the FA solution and slowly shaken for 24 h in
the dark environment. Finally, FA-SPION is separated
magnetically and washed with distilled water multiple times to
separate the free FA and further, the sample is dried overnight at
room temperature.
2.4 Preparation of DOX@FA-SPION
To load DOX, 10 mg of FA-SPION is dispersed in 2 ml of distilled
water and sonicated. After that 50 µl of DOX (concentration, 1
mg/ml) is added and total volume is made up to 3 ml. It is gently
shaken overnight in dark condition for 24 h. DOX-loaded FASPION is magnetically separated and the fluorescent spectra of
supernatant was recorded in order to calculate the entrapment
efficiency (EE). The quantity of DOX in the supernatant is
calculated by using fluorescence (FL) emission at 562 nm.
Furthermore, the percentage of EE was calculated by using the
following formula
EE % =
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Weight of loaded DOX
× 100
Weight of total DOX

(1)

2.5 Characterisation techniques
X-ray diffraction (XRD) (D8 Advanced, Bruker) with CuKα
radiation is used to study the structure, phase and purity of the
formed Fe3O4 NPs. Debye Scherer equation is used for the
calculation of crystallite size. Fourier transform infrared (FTIR)
(IR Affinity-1, Shimadzu) spectra are scanned in the range of 400–
4000 cm−1. Thermogravimetric analysis (TGA) (SDT Q600, TA
instrument) is used for the thermal analysis of the prepared
samples. Field emission scanning electron microscopy (FESEM)
(SIGMA HV-Carl Zeiss) is used to study the shape and size of the
formed NPs. Energy dispersive X-ray analysis (EDX) (Bruker
Quantax 200-Z10) is used to confirm the composition of the
material. Vibration sample magnetometer (VSM) (Lake Shore
Cryotronics) is used to study magnetisation of the samples.
Brunauer Emmett Teller (BET) and Barrett Joyner Halenda (BJH)
techniques (Quantachrome Nova Station 1000 instrument) are used
to study the pore size, pore volume distribution and specific surface
area. Zeta potential of the NPs is determined by litesizer-500 Anton
paar, Hyperthermia study is done by Ambrell EASYHEAT 8310 by
keeping current and frequency constant. Hitachi F-7000 FL
spectrophotometer is used to record FL spectra for evaluating the
DOX loading.
2.6 In vitro cytotoxicity studies and cell culture
In vitro cytotoxicity studies are done on MCF-7 breast cancer cells.
Cells are harvested in a 96 well plate having a concentration of 1 ×
104 cells/well in DMEM with 1X antibiotic antimycotic solution
and 10% FBS and kept at 37 °C in CO2 incubator with 5% CO2.
The cells are further washed with 200 μl 1X PBS and treated with
different concentrations of the material in serum-free media with
an incubation period of 24 h. The medium was later aspirated from
the cells after 24 h. MTT (concentration 0.5 mg/ml in 1X PBS) is
added and incubated again for 4 h at 37 °C. Medium containing
MTT is discarded and again the cells are washed with 200 μl PBS.
To dissolve the formazan crystals 100 μl DMSO is added and
mixed thoroughly. The colour intensity developed is assessed at the
absorbance of 570 nm by a microplate reader. All experiments are
done in triplicate. The viable cells percentage is calculated using
the following equation
Cell viability % =

Absorbance of treated cells
× 100
Absorbance of control cells

(2)

2.7 Heating ability of SPION by specific absorption rate
(SAR)
The heating potential of SPION is studied by the SAR method
depends on time by exposing the different concentrations of
material to ACMF (frequency = 312 kHz and current = 235.2
amps). In total, 0.5 and 1 mg/ml concentrations of material are
prepared and sonicated thoroughly. Further, the samples are
exposed under ACMF until the material reaches the hyperthermic
temperature (∼ 43°C). The SAR value is calculated by the
following equation
SAR = Cwater ×

ΔT 1
×
Δt m

(3)

where Cwater, ΔT /Δt and m are the specific heat capacity, the
initial slope of the time-dependent temperature curve and mass of
the prepared NPs, respectively.

3 Results and discussion
3.1 Physical characterisation
Fig. 1a shows the XRD pattern of SPION, matches with JCPDS
card no: 19–0629, which indicates the inverse spinel structure
formation. The absence of any extra peaks in the XRD pattern
conveys the sample purity. Crystallite size of SPION is calculated
by Debye Scherrer formula from the most prominent peak (311)
and is found to be around 19.88 nm. Presence of high intensity
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Fig. 1 Characterisation of prepared NPs

(a) XRD plot,
(b) TGA plot of SPION,
(c) FTIR spectra of (i) SPION and (ii) FA-SPION,
(d) Enlargement of FA-SPION

peaks suggest the crystalline nature of the prepared NPs. The
polymer coating, functionalisation and material's stability are
studied by TGA analysis. Fig. 1b shows the sequential weight loss
of the material with the temperature. Weight loss at a lower
temperature (<100°C) is about 0.3% may be due to the removal of
physically adsorbed water from the surface. There is a maximum
weight loss of nearly 6.12% observed till 400 °C which can be
attributed to thermal decomposition of organic compounds [36].
Furthermore, a slight weight loss is detected after 600°C which
may be due to the phase transition or buoyancy factor. This phase
transition is mainly observed from 600 to 800°C ascribed to the
transformation of Fe3O4 to FeO (α-Fe2O3 and γ-Fe2O3) [37].
Fig. 1c(i, ii) shows the FTIR spectra of SPION and FA-SPION.
Presence of vibrational bands at 1085 and 1035 cm−1 show C–N
stretch as well as C–O stretch vibration which can be due to
coating of PEG-diamine and EG respectively. A sharp peak at 1598
cm−1 shows the presence of aromatic ring [26]. A small bend at
1635 cm−1 (Fig. 1d) indicates amide bond formation between the
amine group of PEG-diamine and the carboxyl group of FA [38].
The bands at 2831 and 2924 cm−1 in Fig. 1c(i) suggest the presence
of symmetric and asymmetric CH2 vibration of the PEG group.
Presence of broadband around 3010–3500 cm−1 indicates
stretching vibration of OH group and NH2 group [38, 39]. Further,
the vibrational band at 532 cm−1 correspond to Fe-O vibration
indicating the formation of magnetite phase [39].
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The FA conjugation was done by EDC/NHS method. EDC
reacts with the carboxyl group of FA and forms active oacylisourea intermediate. It displaces the primary amine present on
the NPs surface and forms the amide bond. NHS is further used
along with EDC to improve the efficiency of coupling, since, oacylisourea intermediate is unstable in aqueous solutions. The
addition of NHS leads to the formation of NHS ester with the
carboxyl group of FA which is more stable than o-acylisourea
intermediate thus allowing the formation of stable amide bond
[40].
Figs. 2a and b demonstrate the FESEM images of SPION at
different magnification which reveals that the particles are of
spherical shape and having size around 102 nm. Size of the NPs is
<200 nm which is preferable for drug delivery application and also
ensure the use of SPION as nanocarrier [41, 42]. Furthermore, the
spherical shape of the NPs increases cellular uptake due to its
smaller contact area with respect to the cell membrane receptors
[43]. This results in the availability of more number of receptor
sites for binding [43, 44]. Presence of only Fe and O in the
elemental composition of SPION indicates the purity of the
material (Fig. 2c). The wt% of 71.08 and 28.92% are found
corresponds to iron and oxygen in the EDX data of synthesised
particles. Moreover, the atomic % of Fe (41.32%) and O (58.68%)
further confirms the formation of Fe3O4 NPs with proper
stoichiometry [45].

883

Fig. 2 FESEM images of SPION at magnification

(a) 50.00 KX,
(b) 75.00 KX,
(c) EDX spectra

The N2 adsorption–desorption isotherm is plotted and shown in
Fig. 3a. The isotherm of SPION resembles to type IV according to
IUPAC classification with H3 hysteresis where the relative
pressure (P/P0) is in the range of 0.5–1.0. This indicates the
monolayer- multilayer adsorption of the material since it follows
the same path at low pressure [46]. The BET surface area and
average pore size are found to be 17.4 m2/g and 3.6 nm,
respectively. Pore diameter lies in the range of 2–50 nm confirms
the formation of mesoporous NPs. The mesoporous nature with
particle size <200 nm makes it a perfect candidate for antitumour
drug delivery application.
The surface charges of prepared particles are analysed by zeta
potential techniques. Since the Fe3O4 NPs is prepared in glycol
medium have inherent negative surface due to the presence of OH−
groups. However, zeta potential of SPION is positive and the value
is equal to 5.8 mV which confirms the successive coating of amine
groups over the SPION. Zeta potential of FA-SPION was found to
be negative which indicates the presence of carboxyl group over
the FA-SPION [35, 41, 47]. The attachment of FA was further
confirmed by UV absorbance spectra (Fig. 3b). The occurrence of
FA characteristic absorption peaks at 280 and 370 nm in FASPION with some shift indicates the successful attachment of FA
to SPION [26]. Further, the effect of FA conjugation on SPION
was examined by calculating the saturation magnetisation of the
SPION and FA-SPION (Fig. 3c). Both the NPs show
superparamagnetic characteristics possessing high saturation
magnetisation of ∼78 and 76 emu/g, respectively. There is a slight
decrement in magnetisation value observed in the case of FASPION which signifies the anchoring of FA [26]. Magnetic
moment value of SPION and FA-SPION is estimated to be 3.24
and 3.14 µB/NPs, respectively. The magnetic susceptibility for
SPION and FA-SPION at room temperature is 0.094 and 0.091
emu/g Oe, respectively.
3.2 Evaluation of the heating ability of SPION in ACMF
Fig. 4 shows the time-dependent heating ability of SPION with the
application of ACMF of frequency 312 kHz and current 235.2 A.
Different concentration of SPION (0.5 and 1 mg/ml) have been
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taken for analysing the heating ability of material which is
generated by applying the magnetic field. SPION shows the
substantial rate of increase in temperature to reach >40°C which is
a necessary condition for therapeutic hyperthermia. SPION having
1 mg/ml concentration is exhibiting effective hyperthermia
response than the lower concentration. Since it is attaining the
desired temperature within 223 s, whereas the lower concentration
of SPION took ∼635 s to reach hyperthermic temperature. The
SAR values of SPION at concentrations 0.5 and 1 mg/ml were
found to be 137.3 and 208.46 W/g−1, respectively. The higher
values of SAR are probably because of surface functionalisation
which results in better dispersibility of magnetic particles in the
aqueous medium with high colloidal stability [48]. Hyperthermia
testing is more advantageous when it is used along with
chemotherapy since it breaks the bond (thermoresponsive) between
drug and particles with the exposure of ACMF. This results in more
drug release. ACMF can cause disruption in the cytoplasmic
regions due to noteworthy quantity of drug accumulation in the
nucleus. It can also damage various cellular components such as
the cytoskeleton, cell membrane and the enzymes used for the
synthesis of DNA [26, 48, 49].
3.3 In vitro drug loading and cell culture studies
DOX, a cationic drug is utilised as a model drug for loading into
the NPs and anticancer studies. The drug gets loaded because of
the electrostatic interaction between the positive daunosamine
group of DOX and negative OH− group from EG in neutral pH
[48]. There is a possibility of the hydrogen bond between polar
groups of DOX and free NH2 and OH groups present on the
surface of FA-SPION [50, 51]. After magnetic separation, the
supernatant was used to measure the EE % of DOX onto the
SPION. SPION shows high drug loading efficiency of 96.18% ±
0.246. Appreciable quantity of DOX got loaded mainly due to its
mesoporous nature and high specific surface area. The cytotoxicity
of SPION was studied on MCF-7 cancer cells (Fig. 5a). No
appreciable cytotoxicity has been noticed up to a concentration of
500 µg/ml, however there is a modest decrement in the viability at
a concentration of 1000 µg/ml. 15.23% inhibition is there probably
IET Nanobiotechnol., 2020, Vol. 14 Iss. 9, pp. 881-888
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Fig. 3 Physical characterisation of synthesised NPs

(a) N2 adsorption–desorption isotherm with pore size distribution (inset) of SPION,
(b) UV–vis spectra of FA and FA-SPION,
(c) M–H loops for SPION and FA-SPION at room temperature

Fig. 4 Temperature versus time graph of SPION with different concentration at frequency of 312 kHz and current of 235.2 A

because of the formation of reactive oxygen species (ROS).
Peroxide decomposition catalysed by Fe is called a Fenton reaction
and is responsible for the formation of ROS like hydroxyl radical
(·OH). Such ROS can oxidise several organic moieties such as
DNA, proteins and membrane lipids [52–54]. Optical images of
MCF-7 cells treated with SPION (Fig. 5b) does not show any
changes in morphology. In cytotoxicity analysis, (Fig. 6a) of
MCF-7 cells, shows a decrease in viability when treated with
IET Nanobiotechnol., 2020, Vol. 14 Iss. 9, pp. 881-888
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DOX@FA-SPION with different concentration due to release of
DOX in the cells. There is a 55.62% inhibition rate when treated
with the maximum concentration of 1000 μg/ml. There is a
catastrophic cell death upon treatment with DOX@FA-SPION due
to sustained release of DOX. The respective DOX concentrations
for the DOX@FA-SPION at 1000, 750, 500, 250 and 100 μg/ml
are 4.79, 3.59, 2.39, 1.19 and 0.47 μg/ml. DOX decrease the
expression of antiapoptotic BCl2 protein and affects the oxidative
885

Fig. 5 Viability after 24 h

(a) In vitro cytotoxicity,
(b) Optical images of SPION with different concentration against MCF-7 breast cancer cells

stress by enhancing the production of hydrogen peroxide and
decreasing NF-kB gene and expression of protein [55]. Higher
apoptosis is mainly because of enhanced cellular uptake of drugloaded NPs due to the active targeting because of FA. DOX@FASPION can enter the cells through receptor-mediated endocytosis
while bare NPs or free DOX can enter only passively [4]. Optical
images (Fig. 6b) shows slight changes in morphology as the cells
are becoming little shrink and clear patches are visible which
corresponds to the cellular apoptosis.

4 Conclusion
Mesoporous particles with high-magnetic saturation are
solvothermally prepared and tested for DOX delivery and
hyperthermia applications. Prepared particles are having a
spherical shape with the size of ∼102 nm. The particles exhibit
high DOX-loading efficiency due to its size, mesoporous nature
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and surface area. It also displays high heating ability towards
reaching hyperthermic temperature within 223 s at a concentration
of 1 mg/ml. FTIR, UV, zeta potential and VSM data confirm the
conjugation of FA to SPION. Attachment of FA increases the drug
accumulation in the tumorous cells in comparison to the normal
cells because of active targeting ability of FA. The material further
shows high cellular apoptosis towards MCF-7 breast cancer cells.
This formulation can be more useful when used for both drug
delivery and hyperthermia since the chemothermal therapy
increases the efficiency by the synergistic effect.
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Fig. 6 Viability after 24 h

(a) Cytotoxicity assay,
(b) Optical images of DOX@FA-SPION with different concentration against MCF-7 breast cancer cells
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