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ABSTRACT
A novel multifunctional nanoplatform constructed from methoxy-PEGylated poly(amidoamine)
(PAMAM) generation 3 dendrimers with superparamagnetic iron oxide nanoparticles (SPIONs)
entrapped in their core, containing curcumin as the payload drug and folic acid (folate) as the target-
ing ligand (abbreviated as FA-mPEG-PAMAM G3-CUR@SPIONs), is presented in this study. SPIONs
entrapped in the core of the nanocomplex may act as a hyperthermia agent and generate localized
heat upon excitation with an alternating magnetic field (AMF), thus enabling a thermo-chemotherapy
strategy for cancer treatment. Accordingly, the cytotoxic effect and the mode of cell death triggered
by the nanocomplex in combination with AMF were evaluated on two different cancer cell lines with
various folate receptor (FR) expression levels, including KB nasopharyngeal cancer cells overexpressing
FRs as the model and MCF-7 breast cancer cells with low level of FRs as the blank sample. The
obtained results showed that KB cell death was greater than the cell death observed in MCF-7 cells.
Moreover, a majority of cell death in both cell lines were related to apoptosis when the folate-modified
nanocomplex was used instated of the non-folate-modified nanocomplex. Therefore, functionalizing
the nanocomplex with folate modulated the response to thermo-chemotherapy by shifting the cell
death pathways toward apoptosis.
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Introduction

Chemotherapy, as one of the primary cancer treatment
modality in its current form, encounters serious drawbacks
that cannot provide a satisfactory therapeutic outcome.
Multidrug resistance (MDR), as a result of repeated drug
administration over a chemotherapy treatment course, is
known as the major factor responsible for chemotherapy fail-
ure [1,2]. Following the administration of anticancer drugs,
they are distributed throughout the body without preferen-
tial accumulation within the tumour that may cause normal

tissue toxicity and then impart additional complexity to the
patient, thereby reducing the quality of life [3,4]. The incorp-
oration of anticancer drugs into nanocarriers has recently
emerged as a promising strategy to break the limitations of
traditional chemotherapy. Site-specific tumour targeting and
thus a reduction of off-target side effects, the ability to con-
trol the rate and the site of payload release, and improved
solubility and stability of drugs are some of the favourable
consequences of drug delivery using nanocarriers [5,6].

Curcumin, a natural polyphenol found in herbal remedies
and the dietary spice turmeric, has been recently introduced
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as a new anticancer agent capable of inhibiting proliferation
and inducing apoptosis [7,8]. The recent trend of using cur-
cumin in cancer chemotherapy not only arises from its anti-
cancer activity but also from the fact that it may be highly
tolerated by patients without the development of side
effects, even at high doses in comparison to other chemo-
therapeutic agents. Curcumin has been utilized in many clin-
ical trials for the treatment of various cancers including
colorectal, prostate, head and neck, pancreatic, and breast
cancer thus far [9,10]. However, due to its very poor bioavail-
ability, low water solubility, rapid metabolism, and systemic
elimination, curcumin has not yet been considered in routine
clinical practice [7]. The encapsulation of curcumin into nano-
carriers appears to be a good strategy in addressing these
problems, thus expanding the clinical utility of curcumin.

Dendrimers are a class of highly branched polymers with
well-defined interior void spaces that are suitable for accom-
modating guest molecules and have been proposed as an
ideal drug delivery system [11]. Recent studies have demon-
strated the enhanced solubility and the bioavailability of cur-
cumin when incorporated with dendrimers [12]. Overcoming
the drawbacks of curcumin by using dendrimers can provide
an ideal opportunity for curcumin to further progress in clin-
ical applications. On the other hand, the unique chemical fea-
tures of dendrimers can be exploited for the attachment of
additional substrates (e.g. nanoparticles) in order to expand
their biomedical applications. In this regard, the functionaliza-
tion of dendrimers with magnetic nanoparticles (MNPs) will
create a versatile multifunctional nanoplatforms capable of
the diagnosis and treatment of cancer [13,14]. Upon excita-
tion of alternating magnetic fields (AMFs), MNPs generate
localized heat through hysteresis loss and relaxation loss,
which are used to mediate cancer hyperthermia [15].
Consequently, curcumin-encapsulated dendrimers, when
functionalized with MNPs, may enable a combinatorial cancer
treatment strategy through the concurrent delivery of hyper-
thermia and chemotherapy, termed as thermo-chemotherapy;
this results in synergistic therapeutic effects. Furthermore,
MNPs have been widely utilized as contrast agents to
enhance the sensitivity and the specificity of magnetic reson-
ance imaging (MRI). Therefore, an image-guided strategy to
monitor the drug delivery process and evaluate therapeutic
responses can be obtained when MNPs are incorporated with
drug delivery systems.

Aside from the functionalization of dendrimers with thera-
peutic and diagnostic agents, their unique surface chemistry
allows the attachment of active targeting ligands for the spe-
cific recognition of cancer cells. Among various targeting
ligands, folic acid (folate) has been shown to be well-suited
for targeted therapy and the imaging of cancer [16–19].
Therefore, surface modification of dendrimers with folate
allows the dendrimers to be specifically targeted toward fol-
ate receptors (FRs), which are overexpressed on the surface
of several types of cancer cells.

In this study, we synthesized methoxy-PEGylated poly(ami-
doamine) (PAMAM) generation 3 dendrimers co-loaded with
curcumin and superparamagnetic iron oxide nanoparticles
(SPIONs), and decorated their surface with folic acid to form
a novel multifunctional nanoplatforms (abbreviated as FA-

mPEG-PAMAM G3-CUR@SPIONs) for the targeted thermo-
chemotherapy of cancer cells. To this end, the cytotoxic
effect of the as-prepared nanocomplex in combination with
AMF excitation was evaluated on two different cancer cell
lines with various FR expression levels, including KB nasopha-
ryngeal cancer cells overexpressing FRs as the model and
MCF-7 breast cancer cells with low level of FRs as the blank
sample. Moreover, the extent of apoptosis triggered by
this thermo-chemotherapy modality was investigated by
using Annexin V-Fluorescein Isothiocyanate (FITC) propidium
iodide staining.

Material and methods

Materials

Ferric chloride hexahydrate (FeCl3�6H2O, 99%, Merck), ferrous
sulphate heptahydrate (FeSO4�7H2O, 99%, Merck), and
dimethyl sulphoxide (DMSO) were purchased from Merck
(Darmstadt, Germany). Amino-propyl triethoxysilane trime-
thoxysilane (APTMS, 99%, Sigma-Aldrich), methyl acrylate
(MA, 99%, Aldrich), ethylene diamine (EDA, 99%, Sigma-
Aldrich), Roswell Park Memorial Institute (RPMI) 1640 cell cul-
ture medium, penicillin–streptomycin, trypsin–ethylene
diamine tetraacetic acid (EDTA), 3–(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), and propidium iodide
were purchased from the Sigma-Aldrich Company (St Louis,
MO, USA ). Foetal bovine serum (FBS) was purchased from
GibcoVR (USA).

Synthesis of SPIONs

SPIONs were synthesized by co-precipitation method. For this
purpose, the SPIONs were precipitated from iron (II) sulphate
and iron (III) chloride solutions with the regulation of pH by
the use of an aqueous ammonia solution. Ammonia solution
(70ml, 1M) was added dropwise to the stirred solution of
FeSO4 (0.397 g in HCl (1ml, 2M)) and FeCl3 (1.08 g in HCl
(4ml, 2M)) at room temperature. The final product was puri-
fied by using the magnetic separation method three times
and it was dispersed in 50ml methanol (Scheme 1).

Aminosilane coating of SPIONs

Iron oxide suspension containing methanol was sonicated for
30min. Then, 10ml of the solution was poured into a con-
tainer and toluene (20ml) was added to it and the mixture
was sonicated for 15min. An amount equaling 50 mL of
amino-propyl triethoxysilane trimethoxysilane (APTMS) was
added to the mixture and sonication was continued for
15min more. The container was closed and it was kept in an
oven at 60 �C for 6 h. The final product was washed with
methanol three times using magnetic separation and it was
dispersed in 25ml methanol.
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Synthesis of PAMAM dendrimer on SPIONs

PAMAM G0.5@SPIONs
Dendritic polymer synthesis was carried out according to
the reported procedure [20]. First, 200 ml of methyl acrylate
was added to 25ml of methanol and the solution was vigor-
ously stirred. Then APTMS coated SPIONs were added drop-
wise to this solution under nitrogen gas. Thereafter, the
solution was placed on a shaker for 24 h at room tempera-
ture. The final product was washed with methanol three
times using magnetic separation and then it was dispersed in
25ml methanol.

PAMAM G1@SPIONs
Next, 500 ml of ethylenediamine was added to 25ml of
methanol and the solution was vigorously stirred. This step
was carried out in an ice-water bath for temperature control.
Then, G0.5 product synthesized in the previous step was
added dropwise to the prepared solution under nitrogen gas.
Thereafter, the solution was placed on a shaker for 4 days at
room temperature. The resulting product was washed with
methanol three times using magnetic separation, and then, it
was dispersed in 25ml methanol.

PAMAM G1.5@SPIONs
The solution of methyl acrylate (350ml) was added to 25ml
of methanol and the resulting mixture was vigorously stirred.
Then, G1 product obtained from the previous step was
added dropwise to the prepared solution under nitrogen gas.
Thereafter, the solution was placed on a shaker for 24 h at
room temperature. The final product was washed with
methanol three times using magnetic separation, and then, it
was dispersed in 25ml methanol.

PAMAM G2@SPIONs
The solution of ethylene diamine (1000 ml) was added to 25
ml of methanol and the mixture was vigorously stirred. This
step was carried out in an ice-water bath for temperature
control. Then, G1.5 product synthesized in the previous step
was added dropwise to the prepared solution under nitrogen
gas. Thereafter, the solution was placed on a shaker for 4
days at room temperature. The resulting product was washed
with methanol three times using magnetic separation and
then it was dispersed in 25 ml methanol.

PAMAM G2.5@SPIONs
The solution of methyl acrylate (700ml) was added to 25ml
of methanol and the mixture was vigorously stirred. Then, G2
product resulted from the previous step was added dropwise
to the prepared solution under nitrogen gas. Thereafter, the
solution was placed on a shaker for 24 h at room tempera-
ture. The final product was washed with methanol three
times using magnetic separation and then it was dispersed in
25ml methanol.

PAMAM G3@SPIONs
The solution of ethylenediamine (1500ml) was added to 25ml
of methanol and the mixture was vigorously stirred. This step
was carried out in an ice-water bath for temperature control.
Then, G2.5 product synthesized in the previous step was
added dropwise to the prepared solution under nitrogen gas.
Thereafter, the solution was placed on a shaker for 4 days at
room temperature. The resulting product was washed with
methanol three times using magnetic separation, and then, it
was dispersed in 25ml methanol.

Scheme 1. Schematic representation of the synthesis route of the SPIONs. (a) ammonia addition, (b) iron oxide nanoparticles formation, (c) separation and washing
with permanent magnet.
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Synthesize of mPEG-PAMAM G3@SPIONs

Methoxy polyethylene glycol (mPEG) carboxylic acid (10000,
0.5 g) was dissolved in 10ml of distilled water and then
mixed with the synthesized PAMAM G3 and the solution
pH was adjusted about 6. The solution was sonicated for
15min and then EDC (1mg) and NHS (1mg) were added to
it. The sonication was continued for 15min more and there-
after the solution was placed on a shaker for 1 h at room
temperature. The final product was separated by a perman-
ent magnet and washed once with methanol and water mix-
ture (50:50). Finally, the resulting product was dispersed in
10ml methanol.

Synthesize of mPEG-PAMAM G3-CUR@SPIONs

Curcumin (20mg) was dissolved in the dispersion product
prepared in the previous step and then methanol was evapo-
rated from the solution by a rotary evaporator (40 �C) to
obtain the dried powder sample. The resulting powder was
dispersed in 10ml of distilled water. Since the curcumin dis-
solves in methanol but does not dissolve in water, so it pene-
trates into the dendrimers’ cavities.

Synthesize of FA-mPEG-PAMAM G3-CUR@SPIONs

For conjugation of folic acid to the primary amine end
groups of dendrimers; first, 1ml solutions of EDC (100mg)
and NHS (55mg) were dissolved in the obtained dispersion
in the previous step and the solution pH was adjusted
between 6 and 7. The resultant mixture was stirred for
10min in room temperature. Finally, 200mg folic acid which
was dissolved in DMSO (0.5ml) was added to the mixture
while vigorously stirred, and the reaction was continued for
2 h. The final product was washed by permanent magnet sev-
eral times and it was dispersed in distilled water (Scheme 2).

Characterization

The UV-Visible (UV-Vis) absorption spectra of the nanocom-
plex dispersed in water were recorded using the Rayleigh
UV-1601 instrument (Beijing, China). Fourier transform infra-
red (FTIR) spectra were recorded using the Shimadzu FT-IR
4300 instrument (Kyoto, Japan), which was equipped with
pressed potassium bromide pellets at room temperature.
FTIR studies were considered in order to confirm the surface
functionalization of the nanoconjugate. The morphology and

Scheme 2. Schematic representation of the synthesis route of the FA-mPEG-PAMAM G3-CUR@SPIONs. (Carboxylic acid group of folic acid reacts with the primary
amine end groups of dendrimer).
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the size distribution of the synthesized nanocomplex were
analysed by high-resolution transmission electron microscopy
(TEM, LEO906,Zeiss, Germany). The hydrodynamic diameter of
the nanocomplex was measured by dynamic light scattering
(DLS) by using the Malvern Zetasizer Nano ZS-90 instrument
(Worcestershire, UK). The magnetic properties of the nano-
complex were determined using a vibrating sample magnet-
ometer (VSM; MDK6, Kavir, Iran). The powder X-ray diffraction
pattern (XRD, X’Pert Pro MPD-PANalytical (Cambridge, UK),
Cu Kk, 40 kV, 30mA) was derived from the sample prepared
by dropping 200 ml of the products dispersed in water on a
silicon substrate and allowing the solvent to evaporate spon-
taneously at ambient temperature.

In vitro drug release

The in vitro release of curcumin from the nanocomplex was
studied at pH 7.4 and pH 5.5 using the dialysis method. The
dialysis bag (molecular weight cut-off = 12,400Da) was
soaked in preheated double-distilled water before use. Then,
5ml solutions of the final product in water and pure curcu-
min in ethanol were prepared and transferred into the dialy-
sis bag. The bags were separately placed into 45ml of buffer,
which acted as a release medium. The release study was per-
formed in an incubator shaker at 37 �C. At selected time
intervals, 3ml of the solution outside the dialysis bag was
sampled and replaced with the same volume of fresh buffer
solution. The curcumin content of the samples was measured
by high-performance liquid chromatography (HPLC) at
425 nm. Finally, the cumulative release profile of curcumin
from the nanocomplex was plotted versus time.

Cell culture

Two different cell lines were used in this study, KB human
nasopharyngeal carcinoma cell line and MCF-7 human breast
carcinoma cell line. The cells were cultured in RPMI-1640
medium with L-glutamine and NaHCO3 plus 10% FBS, 100U/
ml penicillin and 100 lg/ml streptomycin. The cells were
maintained in an incubator with 5% CO2 and 95% air at
37 �C. To harvest the cells, they were trypsinized with 1mM
EDTA/0.25% Trypsin (w/v) diluted in PBS.

Cytotoxicity effects of FA-mPEG-PAMAM
G3-CUR@SPIONs

After three passages, the cells were prepared to investigate
the cytotoxicity of the nanocomplex. To this end, the cells
were counted using a regular hemocytometer and 1� 104

cells were seeded in each well of 96-well plates. The plates
were maintained in an incubator overnight to allow for cell
attachment. Then, the cells were incubated with various con-
centrations of the nanocomplex ranging from 0–150 mg/ml
for 12 h. Thereafter, MTT assay was performed according to
the manufacturer’s manual to assess the cell viability. The
detailed information about MTT assay method can be found
in our recent paper [21].

Cytotoxicity effects of FA-mPEG-PAMAM G3-
CUR@SPIONs in combination with AMF

After incubation of KB and MCF-7 cells with the nanocomplex
(30mg/ml) with and without folate modification for 12 h, the
cells were washed three times with PBS to remove excess
free nanocomplexes from the culture medium, and then, a
fresh medium was added to the cells. The cell culture plate
was placed at the centre of the coil of a magnetic field gen-
erator operating at 100 kHz. The cells were exposed to AMF
at a magnetic field strength of 10 kOe for 20minutes and
then incubated at 37 �C in a humidified 5% CO2 atmosphere.
MTT assay was performed to evaluate cell viability.

Flow cytometry

Flow cytometry study was performed to assess the level of
apoptosis induction in both cancer cell lines due to various
treatments. For this purpose, the untreated cells and cells
treated with nanocomplex with and without folic acid modifi-
cation followed by AMF excitation were considered. The cells
were prepared by following the manufacturer’s protocol for
Annexin V–FITC apoptosis detection kit (eBioscience, USA),
and then underwent flow cytometry (BD FACSCanto II, San
Jose, CA, USA ). The detailed information about how to pre-
pare the cells for this experiment was reported in our recent
paper [21].

Statistical analysis

The experiments were performed at least three times.
Statistical analysis was done using the SPSS software (version
16). All measurement data were expressed as mean
values ± SD (standard deviation). The one-way ANOVA test
was used to determine if the differences between the means
of various groups are statistically significant. Moreover, the
Tukey’s test was performed as the post hoc analysis for pair-
wise comparison of the means of various groups. A p values
<.05 was considered statistically significant.

Figure 1. XRD pattern of the synthesized magnetite nanoparticles.
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Results

Nanocomplex characterization

The results of XRD crystalline structure analysis confirmed the
formation of the highly purified magnetite phase of iron
oxide with diffraction peaks at (220), (311), (400), (422), (511),
(440), (530), and (444), which are the characteristic peaks of
the Fe3O4 inverse spinel structure (JCPDS file No. 19–0629),
without any interference with other phases of FexOy

(Figure 1). Among Fe2þand Fe3þ, ferric is the most stable form
of iron; thus ferrous ions (Fe2þ) could easily change into ferric
ones. Broadening of the dominant intense peak in the XRD
pattern (311) confirms the small size of the resultant particles.
The crystalline size of the magnetite nanoparticles was calcu-
lated as 42nm using the Debye–Scherrer Equation [22].

The morphology and the size distribution of the nanocom-
plex were studied by TEM (Figures 2(a,b)). The TEM micro-
graph shows that the nanocomplex is spherical in shape with
a size distribution ranging from 30 to 70 nm (most frequently
between 30 nm to 40 nm). Figure 2(c) shows the result of
DLS analysis, in which the hydrodynamic diameter of the

Figure 2. (a, b) TEM micrograph and corresponding size distribution histogram of the synthesized nanocomplex. (c) Hydrodynamic size distribution of the nano-
complex obtained by DLS analysis.

Figure 3. Magnetization curve of magnetite nanoparticles and the synthesized
nanocomplex.
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nanocomplex ranged from 20 to 90 nm, with the highest fre-
quency at 46 nm.

The magnetic properties of MNPs and the nanocomplex
were determined using VSM. As seen in Figure 3, for the syn-
thesized nanocomplex, no hysteresis was detected. This indi-
cates that the SPIONs act as the magnetic core of the
synthesized nanocomplex.

The UV-Vis spectrum of the synthesized nanocomplex has
a peak at about 420 nm, which coincides with the absorb-
ance peak of curcumin, indicating the presence of curcumin
in the dendrimer. In addition, the broad peak at 320 nm is
related to the interaction of the dendrimer with curcumin
and curcumin with SPIONs (Figure 4).

FTIR spectroscopy technically confirms the formation of
FA-mPEG-PAMAM G3-CUR@SPIONs. The FTIR spectra of folic
acid (Figure 5(a)) indicates the band at 1315 cm�1 and
1338 cm�1, which corresponds to the asymmetric stretching
vibration of -NH2 and C-O in folate, respectively. On the other
hand, the bands at 1606 cm�1 and 1693 cm�1 relate to C¼O
stretching in carboxyl acid and the -CONH group, respect-
ively. The absorption bands at 1512 cm�1 and 1629 cm�1

confirm the existence of the nanodendrimer dendrimer with
the magnetite core and curcumin (Figure 5(b)). The peak at
1512 cm�1 belongs to the C-NH bond stretching vibration
and the peak at 1629 cm�1 corresponds to the C¼O bond
of the amide group of the dendrimer. Figure 5(c) indicates
the band formation between the carboxyl group of folic
acid and the terminal amine of the dendrimer. The stretch-
ing vibration of the carbonyl group at 1606 cm�1 and the C-
O band at 1388 cm�1 disappears, while the amid band is
formed (the peak at 1631 cm�1 indicates the presence of
the C¼O bond in the newly formed amide group and may

overlap with the band related to the amide group of
the dendrimer).

In vitro drug release

Figure 6 shows the in vitro release profile of the encapsulated
curcumin from the nanocomplex at various pH values. While
free-form curcumin was completely released into PBS out of
the dialysis bag within 12 h, the percentage of curcumin
released from the nanocomplex was 30% after 24 h.
Therefore, the synthesized nanocomplex displayed a sus-
tained release behavior and caused a significant prolongation
of curcumin release. It was also determined that the release
profile is pH dependent. The release rate of curcumin from
the nanocomplex at pH 5.5 was higher than that observed
for pH 7.4. This means that curcumin may be released from

Figure 5. FTIR spectra of folic acid (a); FTIR spectra of curcumin-dendrimer nanocomplex (b); FTIR spectra of folic acid-curcumin-dendrimer nanocomplex (c).
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the nanocomplex in the tumour region (where pH is lower
than 7) with a higher rate.

MTT assay results

The cytotoxicity of the nanocomplex was investigated against
the KB and the MCF-7 cell lines at different concentrations
for a 12-h incubation period using MTT assay. As shown in
Figure 7, no significant reduction in cell viability was found
for both cell lines when treated with the nanocomplex at
concentrations below 60 mg/ml in comparison to the control.
To evaluate the combined effect of magnetic hyperthermia
and chemotherapy in the presence of the nanocomplex, KB
and MCF-7 cells were pre-treated with the nanocomplex
(30mg/ml; 12 h) and were subjected to AMF excitation
(100 kHz, 10 kOe; 20min). The separate administration of the
nanocomplex and AMF alone had no significant cytotoxic
effect, whereas the use of the nanocomplex coupled
with AMF induced significant cell lethality in both cell lines
(Figure 8). Moreover, the folate-modified nanocomplex
can further induce cell death in both cell lines following
thermo-chemotherapy in comparison to the non-folate-modi-
fied nanocomplex at the same concentration. However, there
was a significant difference between the cell lethality of the

KB and the MCF-7 cells, where 65% of the KB cells and 38%
of the MCF-7 cells were killed following thermo-chemother-
apy using FA-PEG-PAMAM G3-CUR@SPIONs.

Flow cytometry results

The kinetics of cell death triggered by thermo-chemotherapy
and the ability of the nanocomplex to induce apoptosis was
monitored by Annexin V-FITC-propidium iodide staining. As
shown in Figure 9, the KB and the MCF-7 cells show a differen-
tial cell death mode when exposed to non-folate-modified
nanocomplex plus AMF. The MCF-7 cells exhibited negligible
apoptosis induction (�4%) and the majority of the cell death
was caused due to necrosis (�24%). Conversely, the KB cells
treated with non-folate-modified nanocomplex followed by
AMF were majorly killed via apoptosis (�28% apoptosis versus
�10% necrosis). For both cancer cell lines, the percentage of
the cells undergoing apoptosis significantly increased when the
folate-modified nanocomplex was used as a thermo-chemother-
apy agent instead of the non-folate-modified nanocomplex. In
this condition, the major cell death pathway for both cancer
cell lines was found to be apoptosis rather than necrosis.

Discussion

Owing to rapid metabolism and clearance, curcumin has very
poor bioavailability, which hinders its clinical translation. In a
report by Ireson et al., the oral administration of curcumin to
rats at a dose of 500mg/kg resulted in a peak concentration of
only 1.8 ng/ml in plasma and intravenously administrated cur-
cumin (40mg/kg) was rapidly eliminated from blood with no
detectable concentration in plasma within 1h of administration
[23]. In a clinical report by Sharma et al., the oral administration
of curcumin at a dose of 3.6 g daily resulted in a nanomolar
concentration in plasma one-hour post-injection [24]. However,
a 10�5 to 10�4M curcumin concentration is required to have a
significant therapeutic effect [23]. Accordingly, one primary
objective in order to expand the biomedical application of cur-
cumin is to enhance its bioavailability, which was pursued in
the present study. Figure 6 shows that 30% of curcumin is
released into PBS after 24h, when it is encapsulated in the
PAMAM dendrimers. Consequently, a remarkable prolongation
of curcumin release from the dendrimers would provide the
potential to enhance the blood circulation half-life of curcumin,
and, therefore, it is in vivo bioavailability.

It is generally demonstrated that the tumour’s cell sensi-
tivity against anticancer drugs can be enhanced at an ele-
vated temperature [25]. There are many physiology-related
mechanisms that make the combination of heat and drug
synergistic. Mild hyperthermia can increase the vascular per-
meability of the tumour, which, in turn, increases the
tumour uptake of drugs [26]. Hyperthermia can inhibit the
activity of MDR transporter proteins, which actively pump
the chemotherapeutic agents out of the cells, thus affording
the potential of overcoming MDR [27]. Hyperthermia can
also stabilize DNA damage caused by anticancer drugs by
inhibiting DNA-repair pathways [28]. Additionally, hyperther-
mia can be utilized as an external stimulus to trigger drug
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Figure 7. The viability of KB and MCF-7 cells incubated with different concen-
trations of the nanocomplex for 12 h.
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including AMF (100 kHz; 10 kOe; 20min), AMFþ nanocomplex (30 mg/ml; 12 h)
with and without folic acid (FA) modification.
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payload release from the nanocarriers in a controlled man-
ner [29]. Based on these beneficiary outcomes, many efforts
have been devoted to integrate hyperthermia and chemo-
therapy potencies into a single platform. Accordingly, we
utilized the hyperthermic effect of MNPs by incorporating
them into the dendrimer core in order to realize concurrent
thermo-chemotherapy. Compared to other conventional
hyperthermia methods, magnetic hyperthermia presents a
completely non-invasive and safe strategy for selective heat
deposition into the tumor based on magnetic energy losses
of MNPs in the presence of AMF. As shown in Figure 8, the
chemotherapy effect of the nanocomplex was remarkably
enhanced by the addition of magnetic hyperthermia, prov-
ing the synergistic effect of heat and the drug when applied
simultaneously.

The decoration of dendrimers with folate-targeting ligands
can further enhance their therapeutic and diagnostic per-
formance [17,30,31]. Given the high affinity of folates to FRs,
which are overexpressed on the membrane of cancer cells,
the surface functionalization of dendrimers with folates can
specifically direct them toward cancer cells and accelerate
the cellular internalization of dendrimers, eventually increas-
ing the intracellular content of the dendrimer payload. As
observable in Figure 8, FA-mPEG-PAMAM G3-CUR@SPIONs in
combination with AMF can induce greater cell death in both
cancer cell lines than in non-folate-modified nanocomplex at
the same concentration. This may be attributable to the
increased cellular uptake of the nanocomplex due to folate-

modification, which, in turn, increases the intracellular con-
centration of curcumin and SPIONs. The increased curcumin
concentration is associated with an enhanced chemotherapy
effect, while the increased SPIONs concentration may lead to
higher heat-generation efficiency upon AMF excitation, ultim-
ately resulting in a stronger thermo-chemotherapy outcome.
Moreover, the higher lethality rate of the KB cell line versus
the MCF-7 cell line can be explained by the higher expres-
sion level of FRs on the membrane of the KB cell line, which
is expected to have higher uptake from the nanocomplex.

Recent studies have described apoptosis as the proposed
pathway by which curcumin exhibits an anticancer effect
[32]. Apoptosis is the preferred cell death pathway during
cancer therapy as it prevents the detrimental and the inflam-
matory effects of necrosis on the neighbouring healthy cells.
Therefore, one of the primary objectives of cancer treatment
approaches is to skew the response toward apoptotic cell
death rather than necrotic death. Curcumin can initiate the
intrinsic mitochondrial pathway of apoptosis through the
activation of the p53 tumour-suppressor gene. Upon
activation of the p53 gene, the pro-apoptotic members of
the Bcl-2 family (Bak and Bax) are activated, which promotes
apoptosis through mitochondrial outer membrane permeabil-
ization, thereby releasing the apoptotic mediators into the
cytoplasm. This ultimately results in cell death and phagocyt-
osis [33]. Further mechanistic insights into the anti-prolifera-
tive effect of curcumin on cancer cells have been elucidated
by Guo et al. [32]. The loss of the mitochondrial membrane

Figure 9. Flow cytometric analysis to determine the death modes of KB and MCF-7 cells pretreated with the nanocomplex (30 mg/ml; 12 h) with and without folic
acid (FA) modification followed by AMF (100 kHz; 10 kOe; 20min) compared to untreated cells.
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potential, the activation of caspase-3 and caspase-9, the
upregulation of cytochrome c, p53, and Bax in association
with the downregulation of Bcl-2 and survivin in the LoVo
colorectal carcinoma cells treated with curcumin, all con-
firmed the mitochondrial pathway of apoptosis as the major
route for curcumin-triggered cell death. In the present study,
we evaluated the extent of apoptosis induced by the com-
bination of the nanocomplex and AMF through Annexin V-
FITC-propidium iodide staining. As shown in Figure 9, KB and
MCF-7 cells treated with non-folate-modified nanocomplex
plus AMF differentially show apoptosis and necrosis as the
major routes for cell death, respectively. However, functional-
izing the nanocomplex with folate shifted the cell death pat-
tern triggered by thermo-chemotherapy from necrosis
towards apoptosis. The apoptosis to necrosis ratios for MCF-7
and KB cancer cells treated with non-folate-modified nano-
complex plus AMF were 1: 6 and 2.8: 1, respectively. When a
folate-modified nanocomplex was used instead of a non-fol-
ate modified nanocomplex, these values altered in the favor
of apoptosis to 1.9: 1 and 11: 1, respectively. Therefore, cell
death occurred mainly via apoptosis in both cancer cell lines.

Conclusion

A novel multifunctional folate-modified and curcumin-loaded
dendritic magnetite nanocarrier was constructed as a promis-
ing platform for combined magnetic hyperthermia and tar-
geted drug delivery. The enhanced prolongation of curcumin
release from this nanocomplex provides the potential to
address the poor bioavailability issue of curcumin that hin-
ders its clinical translation. The nanocomplex could select-
ively bind to FRs overexpressing cancer cells and greatly
enhance the targeted thermo-chemotherapy against these
cancer cells upon AMF excitation. Furthermore, the decor-
ation of the nanocomplex with folate-targeting ligands
modulated the response to thermo-chemotherapy by shifting
the cell death pathways toward the apoptotic route. Owing
to the existence of SPIONs in the core of the nanocomplex, a
future study investigating MRI contrast enhancement per-
formance of the nanocomplex would be interesting.
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