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A B S T R A C T   

Systemic chemotherapy has lost its position to treat cancer over the past years mainly due to drug resistance, side 
effects, and limited survival ratio. Among a plethora of local drug delivery systems to solve this issue, the 
combinatorial strategy of chemo-hyperthermia has recently received attention. Herein we developed a magneto- 
thermal nanocarrier consisted of superparamagnetic iron oxide nanoparticles (SPIONs) coated by a blend 
formulation of a three-block copolymer Pluronic F127 and F68 on the oleic acid (OA) in which Curcumin as a 
natural and chemical anti-cancer agent was loaded. The subsequent nanocarrier SPION@OA-F127/F68-Cur was 
designed with a controlled gelation temperature of the shell, which could consequently control the release of 
curcumin. The release was systematically studied as a function of temperature and pH, via response surface 
methodology (RSM). The bone tumor killing efficacy of the released curcumin from the carrier in combination 
with the hyperthermia was studied on MG-63 osteosarcoma cells through Alamar blue assay, live-dead staining 
and apoptosis caspase 3/7 activation kit. It was found that the shrinkage of the F127/F68 layer stimulated by 
elevated temperature in an alternative magnetic field caused the curcumin release. Although the maximum 
release concentration and cell death took place at 45 ◦C, treatment at 41 ◦C was chosen as the optimum condition 
due to considerable cell apoptosis and lower side effects of mild hyperthermia. The cell metabolic activity results 
confirmed the synergistic effects of curcumin and hyperthermia in killing MG-63 osteosarcoma cells.   

1. Introduction 

Bone tumors, arising both at a young age and adulthood, can 
significantly reduce the life span and quality of patients [1]. Osteosar-
coma (OS) is the most common mesenchymal origin bone tumor [2], and 
since nearly 80% of diagnosed cases of OS are in the metastatic stage, 
pre and post-operative chemotherapy are crucial [3,4]. On the other 
hand, the most efficacious chemotherapeutic agents for OS treatment, 
such as cisplatin and doxorubicin, can improve patient survival ratio in 5 
years, yet they can only reach a plateau up to 70% due to the drug 
resistance [5]. This necessitated the use of combinatorial strategies 
composed of both chemical and physical treatments such as 

chemo-photodynamic and chemo-hyperthermia with an on-demand 
release system to minimize the side-effects [5,6]. Drug resistance and 
undesirable side-effects of conventional chemotherapeutic agents 
highlight the role of new natural derived products for cancer treatment 
[7]. Curcumin as a natural herb has been considered as an anti-cancer 
chemical specifically for osteosarcoma therapy by inhibiting NF-κβ 
protein and inducing cell apoptosis [8–11]. Curcumin was also used as a 
photoinitiator in photodynamic therapy (PDT) using UV–Vis spectrum, 
which made it an interesting option for combined cancer therapy [12, 
13]. Due to the hydrophobicity of curcumin, developing long blood 
circulating hydrophilic carriers to encapsulate and provide release of 
sufficient dosage should be seriously considered. Smart nanocarriers 
that are stimuli-responsive would enhance the site-specific release and 

Peer review under responsibility of KeAi Communications Co., Ltd. 
* Corresponding author. Institute for Nanoscience and Nanotechnology, Sharif University of Technology, Tehran, 14588, Iran. 

** Corresponding author. Department of Materials Science and Engineering, Sharif University of Technology, Tehran, 14588, Iran. 
E-mail addresses: a.khodaei-2@umcutrecht.nl (A. Khodaei), madaah@sharif.edu (H.R. Madaah Hosseini), s.aminyavari@umcutrecht.nl (S. Amin Yavari).  

Contents lists available at ScienceDirect 

Bioactive Materials 

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials 

https://doi.org/10.1016/j.bioactmat.2021.09.028 
Received 12 March 2021; Received in revised form 11 August 2021; Accepted 23 September 2021   

mailto:a.khodaei-2@umcutrecht.nl
mailto:madaah@sharif.edu
mailto:s.aminyavari@umcutrecht.nl
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2021.09.028
https://doi.org/10.1016/j.bioactmat.2021.09.028
https://doi.org/10.1016/j.bioactmat.2021.09.028
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2021.09.028&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bioactive Materials 11 (2022) 107–117

108

decrease the cytotoxicity as well [14]. Electromagnetically triggered 
nanocarriers are promising candidates for this purpose since the human 
body is mostly transparent to magnetic fields [15]. Moreover, they are 
considered as negative MRI contrast agents to verify the cancer treat-
ment efficacy [16]. 

SPION is the most common biocompatible magnetic core for 
switchable magnetic hyperthermia and magnetically controlled drug 
delivery systems, which allows tumor-targeting via an external magnetic 
field [17,18]. Despite the design of different coatings and surface 
modifications on SPIONs to yield a smart anti-cancer drug delivery, such 
controlled drug delivery system in the colloidal phase has been rarely 
explored [19–21]. On the other hand, several magnetic carriers have 
been introduced to locally deliver curcumin, but they are limited to 
complex multilayer structures and triggered only via mechanical forces 
[22,23]. Pluronic is a nonionic three-block copolymer composed of a 
central hydrophobic chain of polyoxypropylene flanked by hydrophilic 
polyoxyethylene (PEO-PPO-PEO) that can be used as the carrier of hy-
drophobic drugs that interact with the hydrophobic PPO block [24]. 
Pluronic has also been recognized as a long-circulating, anti-metastases 
and anti-chemoresistance agent thanks to its strong effect on changing 
tumor viscosity and inhibiting multiple drug-resistant proteins [25–28]. 
Although pH-responsive curcumin release systems based on pluronic 
have been studied before, its thermo-responsive behavior is remained 
relatively unexplored [29]. 

Although magnetic hyperthermia was introduced in 1957 by Gil-
christ et al. and used for clinical application in Europe for brain tumor 
targeting since 2004 [30] it has not been extensively used yet mainly 
due to inducing eddy current and heating of healthy tissues within the 
sufficient frequency and currents ranges [31]. Thus, combining “mild 
hyperthermia” [32] with controlled release of novel drugs to provide a 
synergistic effect in the eradication of the tumor cells should be seriously 
considered. In our previous work [33] we have reported the blend 
formulation of Pluronic F127, and F68 on the oleic acid coated SPION to 
model lower critical solution temperature (LCST), however the release 
study and optimization of the electromagnetic field according to its 
bio-functionality were remained unexplored [33]. Here, we used the 
aforementioned nanocarrier for curcumin delivery triggered by mild 
hyperthermia. The parallel effect of temperature and pH on the con-
centration of released curcumin was systematically studied using 
Response Surface Methodology (RSM) for the first time. Furthermore, 
the potential of this system as a synergistic chemo-hyperthermia oste-
osarcoma therapy was studied in vitro. 

2. Materials and methods 

2.1. Synthesis of SPION@OA-F127/F68-Cur (CurLNC) 

According to the previously extracted model by our group, the pa-
rameters in the synthesis protocol of magnetic nanocarriers were 
selected to adjust the LCST around 45 ◦C [33]. Coating of nanoparticles 

was applied using 14.5 ml oleic acid (Sigma) per gram of particles, 
polymer/particle ratio of 12.5, and F127/F68 (Sigma) ratio of 1.5. These 
particles were recognized as nanocarriers (NCs). Loading of curcumin 
(Sigma) was applied similar to the previously used method [21]. In this 
process, curcumin was dissolved in acetone (10 mg/ml), and the solu-
tion was added dropwise to the deionized water dispersed NCs 
(200μl/10 mg) while the particles had a concentration of 10 mg/3 ml 
water. To enhance the loading efficiency, the colloid was stirred at 0 ◦C 
for 2 h, and it was kept overnight at room temperature. Low temperature 
increases the hydrophilicity, expands the molecules of pluronic, and 
simplifies the diffusion and absorption of curcumin in the hydrophobic 
parts of the NCs. Bare SPION, NC, and CurLNC as three experimental 
groups were used for further studies. 

2.2. Materials characterization 

The Transmission Electron Microscopy (TEM- LEO Libra 120 kV, Carl 
Zeis AG) was used to determine the particle size and morphology. The 
Image J software was used to display particles size histogram through 
analyzing TEM images. The Fourier-transform infrared spectroscopy 
(FTIR- MB-100, ABB Bomem) was conducted to show the absorption of 
the polymers on the surface of the magnetite core and curcumin on the 
hydrophobic parts of pluronic. In this regard, the samples were mixed 
with potassium bromide and were packed to make transparent pellets. 
The vibrating sample magnetometer (VSM- Meghnatis Daghigh Kavir) 
was used to determine the magnetic properties of the three group 
samples. Dynamic light scattering (DLS- Malvern Nano S) was used to 
determine the hydrodynamic diameter of the particles. Polydispersity 
index (PDI) of single particle size was extracted from TEM micrographs 
and calculated according to equation (1). Where SD is standard devia-
tion, σ is the average diameter and particles with PDI<0.1 were 
considered as monodispersed [34]. A zeta-sizer 7.11 (Malvern in-
struments) was used to measure the nanoparticles surface charge at pH 
= 7. 

PDI =(
SD
σ )

2 (1) 

For studying the hyperthermia properties of the samples, a magnetic 
hyperthermia setup (Easy heat 3542LI, 4 kW, Ambrell, Gloucestershire, 
UK) with eight coil spirals (2.54 cm diameter) was used. The dried 
samples with the concentration of 1 mg/ml were dispersed in thermo- 
sensitive tissue-mimicking phantom to simulate the body condition 
[35,36]. Table 1 described the used parameters of Alternative magnetic 
field (AMF) in the hyperthermia setup. The frequency of the oscillations 
was adjusted in the range of 310–330 kHz. The magnetic field strength 
(H) was calculated in each condition, considering equation (2). Where n, 
i, and L represent the coil turns, current (A), and inner coil diameter (m). 
The heating efficiency of samples was quantified by calculating specific 
absorption rate (SAR) according to equation (3). C is the specific heat 
capacity of colloid which can be calculated as C = (Cmedium × mmedium) +
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(CSPIONs × mSPIONs). specific heat capacity for medium and SPIONs was 
considered equal to 4.18 J g− 1 ◦C − 1 and 0.65 J g− 1 ◦C − 1. mmedium and 
mSPIONs also represents partial mass of each component in the colloidal 
dispersion with concentration of 1 mg/ml. mFe also indicates the iron 
mass per unit of SPIONs mass. Moreover, dT

dt was extracted as the slope of 
temperature-time profiles in the linear area of 0–120s [37]. 

H =
ni
L

(2)  

SAR=(
C

mfe
)(

dT
dt
) (3)  

2.3. Curcumin release study using RSM 

The RSM/Central Composite Design (CCD) was used to design the 
experiments and model the concentration of the released drug from 
CurLNCs. The release concentration was studied as a function of pH and 
temperature (Table 2). In this design, the center point run was replicated 
six times to assess the error. The loading capacity, loading efficiency 
(equations (4) and (5)), and concentration of released curcumin were 
determined using UV–Vis spectroscopy. In particular, 2 ml of colloidal 
samples (1 mg/ml) were placed in 5 ml glass containers, and the bain- 
marie water bath was used to provide the required temperature. After 
1 h of incubation, the particles were collected using an Nd–Fe–B per-
manent magnet. The remained carriers were collected and washed with 
2 ml water. In the following, they were dispersed in 2 ml acetone to 
extract the remained drug. The colloid was agitated in an ultrasound 
bath for 2 min and the supernatant was collected and analyzed using 
UV–Vis spectroscopy. The released concentration was indirectly calcu-
lated based on reminded drug concentration. 

Loading Capacity=
Loaded drug weight

Particle weight
*100 (4)  

Loading efficiency=
Loaded drug weight
total drug weight

*100 (5)  

2.4. Relaxometry 

To analyse the r1 and r2 relaxivity of the nanoparticles, MRI phan-
toms were developed. Nanoparticles of each sample were dispersed at 
different concentrations (10, 20, 30, 40 μg/ml) at 1% agarose gel in 10 
ml tubes. The phantoms were scanned on a 3T Siemens clinical MRI 
system (MAGNETOM Prisma, Siemens Healthcare). T2 and T1-weighted 

turbo spin-echo images (TSE) were obtained using the following pa-
rameters: TR = 3000 ms; TE = 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 ms; 
Echo Train Length (ETL) = 10; Matrix = 256 × 256; Slice thickness = 3 
mm. 

2.5. In-vitro cell viability 

Alamar blue assay was used to determine the effect of temperature- 
mediated release of curcumin and high temperature on the metabolic 
activity of MG-63 osteosarcoma cell line. The cells were cultured in a 
medium consisting of high glucose Dulbecco’s Modified Eagle Medium 
(DMEM, Gibco, UK) and 1 mg/ml of the samples. The cells were cultured 
at 96 well plates for 24 h. Then different experimental groups of mag-
netic nanoparticles (i.e, NC and CurLNC) were added to each well plate 
followed by placing them in a temperature-controlled water bath at two 
different temperatures (i.e., 41 ◦C and 45 ◦C) for an hour (Fig. 5a). In the 
following, 440 mM dissolved resazurin (R7017, Sigma-Aldrich) in PBS, 
which was diluted ten times with DMEM medium, was added to the 
cells. After 2 h of incubation, the media was analyzed using Fluoroskan 
Ascent FL multiplate reader (Thermo Labsystems, Finland) at the 
wavelength of 570/620 nm. Three repetitions of each sample and one 
control group without particles were analyzed to extract the standard 
deviation and normalized data. 

Live-dead staining assay was also used to qualitatively verify the cell 
viability of the nanocarriers. For this purpose, a staining kit (Molecular 
Probes, Thermo Scientific, US) after heat treating of cells was applied 
according to the manufacturer procedure. The fluorescence signal of live 
(green: 500–525 nm) and dead (red: 528–640 nm) cells was collected 
using a confocal laser microscope (CSLM- Leica SP8X, Germany) with 
hybrid detectors. Multiple images in the z-axis were stacked and merged 
using Leica LASX acquisition software to maximize the single intensity. 

Caspase 3/7 assay (CellEvent™ Caspase-3/7 Green Detection Re-
agent) was used to stain the nucleus and quantify apoptotic cell death. In 
this regard, MG-63 cells were cultured and incubated in 96 well plate for 
24 h. In the following, cells were incubated with curcumin loaded 
nanocarriers in the reagent diluted to a final concentration of 8 μM with 
the DMEM medium. The incubation was done in three temperatures of 
37, 41 and 45 ◦C. Then the media was analyzed using Fluoroskan Ascent 
FL multiplate reader (Thermo Labsystems, Finland) at the wavelength of 
485/538 nm. The attached cells to the plate were also washed with PBS, 
and a confocal laser microscope (CSLM- Leica SP8X, Germany) was used 
to visualize the nucleus in the same excitation/emission wavelengths. 

3. Results and discussion 

Morphology, particle size, and dispersion of the nanoparticles were 
studied using TEM (Fig. 1a,b,c). showed the TEM images of SPION, 
SPION@OA-F127/F68 as nanocarrier (NC), and SPION@OA-F127/F68- 
Cur as curcumin loaded nanocarrier (CurLNC). The particle size was 9.4 
± 1.8, 21.8 ± 3.3, and 18.98 ± 4.6 nm for SPION, NC and CurLNC, 
respectively. Although coating bare SPION with branched molecules of 
oleic acid and pluronic increased the particles size due to the thickness 
of the polymeric shell, the particle size in NC and CurLNC was the same. 
The PDI was also calculated 0.04, 0.02 and 0.06 for SPION, NC and 
CurLNC, respectively which confirmed the monodispersity of the single 
particle size in all the samples. Reduced PDI after surface modification of 
the particles could be explained by steric stability of the particles, which 
rendered their appearance more distinguishable [38]. After loading 
curcumin, the colloidal stability of the particles was reduced due to the 
hydrophobic nature of curcumin, and consequently, PDI was increased 
[39]. The FTIR results represented the addition of the characteristic 
peaks of OA-F127/F68 in NC sample comparing to SPION and additional 
Curcumin peaks in CurLNC sample comparing to NC (Fig. 1d). The 
coating of OA-F127/F68 on the surface was discussed before [33]. The 
main specific peak of pluronic is C–O–C stretching vibrations peak at 
1100 cm− 1. In CurLNC sample, the main distinguishing peaks of 

Table 1 
The applied parameters of AMF to determine heating efficiency of nanoparticles.  

Condition Current 
(A) 

Frequency 
(kHz) 

Power (W) Magnetic field (kA. 
m− 1) 

1 50.4 326 0–4 15.74 
2 100.8 318 77–92 31.49 
3 151.2 313 327–351 47.24 
4 201.6 312 717–738 62.99 
5 249.9 311 1279–1360 78.74 
6 300.3 311 2028–2184 94.01  

Table 2 
Adjusted parameters of temperature and pH to determine curcumin release from 
NCs using RSM, alpha is the distance of each axial point from the center point 
(mean of each parameter).  

Symbol Parameter Units Low 
level 

High 
level 

-Alpha Alpha 

A Temperature 
(T) 

◦C 38 55 34.4792 58.5208 

B pH  6 7.4 5.71005 7.68995  
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curcumin at 956, 1272, and 1508 cm− 1 belong to benzoate trans-CH 
vibration, C–O, and C––O bonds [40]. The VSM diagrams in Fig. 1e 
showed the superparamagnetic behavior of the samples with the coer-
civity less than 1 Oe. Although the magnetic saturation of the bare 
SPION was about 56 emu/g, it decreased to around 30 emu/g for NC and 
CurLNC, which was mainly due to the spin-pinning of the domains on 
the surface of the particle by chemically absorbed functional groups 
[41]. Therefore, the non-significant effect of curcumin loading on the 
magnetic properties of the nanocarrier was due to the physical absorp-
tion of this small molecule in the polymeric shell. Fig. 1f and g 

represented a schematic of CurLNC before and after the release of cur-
cumin. The shrinkage of the polymeric layer stimulated by elevated 
temperature in the alternative magnetic field (AMF) was illustrated here 
which caused the curcumin release. 

It was previously reported that elevated temperatures in the range of 
30–60 ◦C after 1 h is achievable using magnetic nanoparticles at the 
dynamic electromagnetic field (300 kHz, 50–300 A) [42]. Fig. 2 a, b, c 
highlighted the hyperthermia effect of nanoparticles in different AMFs. 
having compared the rate of energy absorption in different samples, SAR 
was calculated, plotted (Fig. 2d) [43] and reflected an increase due to 

Fig. 1. The TEM micrograph and histogram of SPION (a), NC (b) and CurLNC (c) samples. The yellow circles demonstrated the nanoparticles aggregation in SPION 
and CurLNC whereas the NC nanoparticles were more monodispersed. The FTIR spectrum (d), and hysteresis loop extracted from VSM (e) for SPION, NC and CurLNC. 
The Schematic of CurLNC before (f) and after (g) applying AMF which modulates the drug release. 

A. Khodaei et al.                                                                                                                                                                                                                                



Bioactive Materials 11 (2022) 107–117

111

elevated current and magnetic field which is because of the higher 
thermal loss [37]. SAR of various magnetic colloids of Fe3O4 nano-
particles with different morphologies were previously reported in the 
same range [44]. 

The elevated temperature through magnetic nanoparticles in the 
AMFs can be created by three mechanisms of hysteresis loss, Brownian 
and Néel relaxation [42]. In the case of ultra-small superparamagnetic 
nanoparticles, the hysteresis loss contribution in the hyperthermia effect 
is not significant, and the effective relaxation time (τ) can be calculated 
using classic specific power absorption (SPA) model. According to this 
model, the effective relaxation time (τ) is made of Néel (τN) and Brow-
nian (τB) relaxation times (equation (6) and (7)). Néel relaxation refers 
to the relaxation of the rotated spin in the particle and Brownian 
relaxation represents the mechanical relaxation of the rotated particle in 
the magnetic field. 

τ− 1 = τ− 1
N + τ− 1

B (6)  

τN = τ0e
KVM
KB T , τB =

3ηVh

KBT
(7)  

Where VM and Vh the magnetic (particle) and hydrodynamic volumes, T 
temperature, η viscosity, K the magnetocrystalline anisotropy constant, 
KB Boltzmann constant and the parameter τ0 is attempt time with value 
of 10− 9–10− 11 s [45]. The maximum SPA happens at ωτ = 1; where ω is 
the frequency of the alternative magnetic field. In the condition of ωτ <

1, the relaxation time is less than time scale of magnetic field oscillation 
and if ωτ > 1, the oscillation of the magnetic field is too fast which 
prevents the relaxation of the particle [42]. Therefore, assuming K = 2 
kJ/m3 for spherical magnetite, T = 298 K and ɳ = 8.9 × 10− 4 Pa s for 

body simulating phantom, the optimum hydrodynamic diameter of the 
aggregated particles is approximately 100 nm. Therefore, different ul-
timate temperatures provided in AMF as NC > SPION > CurLNC can be 
explained by comparing their hydrodynamic diameter. DLS test dis-
played the distribution of the hydrodynamic diameter of the aggregated 
nanoparticles in 1 mg/ml concentration (Fig. 2f, g, h). Besides, the most 
important parameter to influence the SAR is magnetic anisotropy. Thus, 
the calculated values for all the samples are not significantly different 
[46]. 

The hydrodynamic diameter of NC was closer to this optimum 
diameter, and as a result, this sample provided higher temperatures. 
Applying polymeric shell reduced the hydrodynamic diameter (Fig. 2 f, 
g,h), which was because of steric stabilization of the particles, whereas 
curcumin loading in the nanoparticles reduced the hydrophilicity and 
thereby increased the diameter of NCs aggregates [47]. Moreover, the 
temperature spectrum for different samples was directly correlated with 
the distribution of the hydrodynamic size. Notably, the DLS results also 
showed that the size distribution of the aggregated clusters was bimodal 
(Fig. 2 f,g,h). Here, in addition to diffusion-limited cluster aggregation 
regime, small magnetic coercivity caused an interparticle force and 
consequently an extra regime of aggregation which can explain bimodal 
distribution [48]. The aggregates of SPIONs can be broken by surfac-
tants such as pluronic (steric stability), and because of that, the average 
hydrodynamic diameter was reduced in NC. Zeta potential of the sam-
ples was investigated to confirm coating of pluronic on the surface 
(Fig. 2e). The zeta potential of SPION followed the reported values in the 
literature [49]. Surface charge of nanoparticles was reduced after 
coating of pluronic due to non-ionic nature of pluronic [50]. To select 
the optimum temperature for osteosarcoma therapy, the release study 

Fig. 2. Temperature versus time (a,b,c) and calculated SAR- error bars represent standard deviation of two replicates (d) at different AMFs for SPION, NC and 
CurLNC. zeta potential of SPION, NC and CurLNC at pH = 7 (e). The DLS reported size distribution of SPION (f), NC (g), and CurLNC (h) in the concentration of 1 
mg/ml. 
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and combinational effect of drug and hyperthermia on cell viability were 
studied. 

Curcumin solution in acetone has a UV–Vis absorption at 419 nm, 
which is linearly correlated to its concentration [51]. Therefore, the 
calibration curve of curcumin in acetone was extracted in the range of 
0–16 μg/ml. According to equations (4) and (5), the loading capacity 
and loading efficiency of curcumin in NCs were calculated 10.60% and 
45.00%, respectively. The experiment to determine the release con-
centration was designed through Design Expert software. Using RSM, 
quadratic equation (8) was suggested to model curcumin release con-
centration from the carriers as a function of temperature and pH. This 
model was extracted from the release concentration as the response for 
14 designed runs of the experiment. 

Release concentration (μg /ml)= − 423.91 + 18.06*T + 10.40*pH − 0.20*T2

(8) 

The Analysis of variance (ANOVA) confirmed the model reliability in 
describing the response data. The applied regression with F-value of 
12.08 and P-value of 0.005 is statistically significant. This model showed 
that with the temperature elevation up to 45 ◦C, the curcumin release 
reached its maximum point and then decreased in higher temperatures 
(Fig. 3a). As it was discussed before, the hydrophobicity of the pluronic 
chains is dependent on the temperature. The most known effect of 
increasing temperature on this tri-block copolymer is the sol-gel tran-
sition at LCST, which is 45 ◦C in this case. Although the pluronic chains 
are mostly hydrophilic, as the temperature increases up to LCST, the 
PPO blocks dehydrate and become more hydrophobic [52]. This tran-
sition leads to shrinkage of the pluronic shell and the release of the 

absorbed drug. With the temperature elevation going on, even the PEO 
groups dehydrated, and the hydrophobicity increased [52]. Although 
earlier studies on sol-gel transition in pluronic showed that this transi-
tion is non-kinetic and happens all in the LCST, the concentration of the 
released drug here is not step-like but bell-like [33,53]. This finding is 
explained by the high affinity of hydrophobic aromatic rings in curcu-
min to the pluronic gel, which prevents the release of curcumin from the 
carrier [54]. In other words, the competition between pluronic 
shrinkage, which caused increased release and pluronic-curcumin 
interaction which caused reduced release, determined the maximum 
release concentration around LCST. 

When closely examining the curves, increasing pH to 7.4 also led to 
enhancing the curcumin concentration in PBS media (Fig. 3b). Similarly, 
Nagy et al. [51] research provided evidence that the pH effect rendered 
the release of curcumin from polycaprolactone carriers due to the higher 
solubility of curcumin in higher pH aqueous media. Barick et al. [29] 
used pluronic P123 to stabilize magnetite nanoparticles and also deliver 
curcumin in a pH-sensitive manner. They showed that a decrease in pH 
leads to increased release due to the stretching of PEO blocks in a 
proton-concentrated solution. As they studied this system in the time 
frames of 5–50 h, apparently, the conformation transition of the mole-
cule was implying a kinetic process that is less effective than the solu-
bility effect in short periods of time. Notably, the 2D contour plot 
(Fig. 3c) and 3D response surface plot (Fig. 3d) illustrated the sponta-
neous effect of these two parameters on the release concentration where 
the maximum release (60.75 μM) was gained at 45.15 ◦C and pH of 7.4. 

The T2-weighted MR images of nanoparticle-loaded 1% agarose gel 
with different concentrations showed the functionality of the 

Fig. 3. Effect of temperature (a) and pH (b) on curcumin release at the center point value of the other parameter- dashed lines represent standard deviation according 
to 6 repeats of center point, 2D contour plot (c), and 3D response surface plot (d) of curcumin release versus temperature and pH. 
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therapeutic colloids as T2 contrast agent (Fig. 4a). After the signal 
analysis, the longitudinal (R1) and transverse (R2) relaxation rates as a 
function of concentration were extracted according to the physical 
theory [55]. The slope of relaxation rate versus concentration (Fig. 4 b, 
c) is known as r1 and r2, which determine the efficiency of the nano-
particles as a contrast agent. The values of r2, r1, and r2/r1 ratio were 
reported in Table 3, where r2/r1 in the range of [1–3,3–10], and ˃10 
indicated positive, dual, and negative contrast agents, respectively [56]. 
The loaded and non-loaded carriers can be considered as negative 
contrast agents (Table 3), which can be used to monitor the nanocarriers 
position and the tumor size before and after the treatment. The trend of 
changing r2 and r2/r1 ratio for the examined groups is NC > SPION >
CurLNC. To explain this sequence, it is crucial to understand what de-
termines the relaxation rate of protons in water molecules. According to 
equation (9), aggregated particles reduce the diffusion coefficient (D) 
and increase the diffusion time (τD). Where r is the radius of the 
spherical particles [57]. 

τD =
r2

D
(9) 

Considering Δω as the root mean square of frequency shift at the 
particle surface, for short diffusion times (τD ≪ 1/Δωr), 1/T2 depends on 
τD. This regime is called motional-averaging (MAR). As the τD increase, 
1/T2 will also be affected and limited by echo time, called echo-limiting 
regime (ELR) [57]. The cumulative study by Voung et al. [58] showed 

that hydrodynamic diameter of less than 200 nm provides the maximum 
1/T2 in the MAR regime. Although the hydrodynamic diameter of NC is 
close to this diameter, SPION and CurLNC aggregate size is practically 
pushing them into the ELR regime and reduce the 1/T2 and consequently 
r2. 

To evaluate the independent effect of temperature and curcumin 
concentration on the cells, different groups such as control, NC, CurLNC 
and the medium containing curcumin concentrations (free drug) were 
chosen based on our released model (equation (8)). Then, these groups 
were prepared at 37, 41 and 45 ◦C (47, 57, 61 μM), and cells were 
incubated in that for 1 h. The wells containing pure drug were incubated 
at 37 ◦C to eliminate the effect of temperature. The live-dead staining 
showed no significant difference between the control and NC groups at 
37 ◦C and 41 ◦C; however, CurLNC group showed higher dead cells at 
these temperatures. At 45 ◦C, no live cells were observed in all the 
groups (Fig. 5b). The different curcumin concentrations didn’t show any 
notable impact on killing cells at 37 ◦C, regardless of the temperature 
(Fig. 5c). 

The Alamar blue activity confirmed the results of live-dead staining 
assay at different temperatures. The results showed significant differ-
ence between curcumin and CurLNC groups respect to the control group 
at 37 ◦C (Fig. 5d) rendering the effect of curcumin itself on cell metabolic 
activity. By increasing temperature to 41 ◦C, only CurLNC showed sig-
nificant difference among all indicating a synergistic effect of temper-
ature and curcumin concentration on cell metabolic activity (Fig. 5e). 

Fig. 4. T2 weighted MR images of various concentrated nanoparticles in the phantom (a), Longitudinal R1 (b), and transverse R2 (c) Relaxation rates of SPION, NC, 
and CurLNC as a function of solid-phase concentration. 
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However, at higher temperature (i.e., 45 ◦C), no significant difference 
among all the groups was observed. Therefore, applying higher tem-
perature (i.e., more than 41 ◦C) would exclude the effect of the drug on 
cell viability (Fig. 5f). Taken together, increasing temperature led to less 
metabolic activity (Fig. 5g). In particular, NC and CurLNC groups 
showed significant difference respect to the control at high temperature 
(i.e., 41 ◦C and 45 ◦C). However, no significant difference was observed 
between NC and CurLNC groups at 45 ◦C due to alleviation of drug effect 
at higher temperature (i.e., 45 ◦C). 

Caspase 3/7 kit was used to quantify the cells death. Apoptosis or 
programmed cell-dead is the preferred cell death pathway as it prevents 
inflammation and metastasis of the cancer cells [59,60]. Apoptosis has 
some biochemical signs which makes it distinguishable. 

Caspase-mediated proteolysis of nuclear protein and degradation of the 
chromosomal DNA is one of the biochemical changes which can be 
quantified with the apoptosis caspase kits [60]. The reagent in this kit is 
DEVD peptide conjugated to a green detection dye. Although the reagent 
is intrinsically non-fluorescent, the dye would be cleaved and free to 
react with DNA and be fluorescent with caspase activation. Fig. 6a shows 
MG-63 cells incubated with CurLNC at three different temperatures of 
37, 41 and 45 ◦C in caspase 3/7 kit reagent. At 37 ◦C, the nucleus was not 
stained. However, at 41 and 45 ◦C, the nucleus of cells was stained, 
which showed the activation of the effector caspase 3/7 [59]. 

The signal intensity of green dye was quantified using multiplate 
reader, which represents apoptosis death. Fig. 6b showed the fluorescent 
intensity of different groups at 41 and 45 ◦C compared to the control at 
37 ◦C. The signal intensity was increased by temperature. Although the 
apoptosis signal was considerably higher at 45 ◦C comparing to 41 ◦C, 
the majority of cells at 41 ◦C got stained nucleus which confirms that 
extrinsic apoptosis pathway is activated in the cells. The larger number 
of dead cells and higher caspase activity at 45 ◦C exhibited the higher 
killing ability at this temperature. 

To select the optimum temperature for cancer therapy using the 
curcumin loaded nanocarrier presented in this study, it is pivotal to 
prevent applied electromagnetic field heating the healthy tissues 

Fig. 5. Schematic of designed cell assay procedure to show the hyperthermia effect on cancer cells (a), CSLM images showing live/dead staining of MG-63 cancer cell 
lines at 37, 41 and 45 ◦C (b) estimated released concentrations of curcumin at 37, 41 and 45 ◦C, incubated at 37 ◦C (c) Alamar blue activity of MG-63 in the presence 
of NC and CurLNC at 37 ◦C (d), 41 ◦C (e), and 45 ◦C (f). Alamar blue activity of MG-63 for different experimental groups showing the effect of hyperthermia on cancer 
cells (f), error bars represent standard deviation of three replicates. *, p < 0.05; **, p < 0.01; ***, p < 0.001. 

Table 3 
Relaxometry results including longitudinal (r1), transverse (r2) relaxation and 
their ratio.  

Sample r1 (μg/ml)− 1. s− 1) r2 (μg/ml)− 1. s− 1) r2/r1 

SPION 2.84 ± 0.18 46.51 ± 2.93 16.37 ± 1.46 
NC 3.23 ± 0.82 150.10 ± 5.57 46.47 ± 11.92 
CurLNC 6.12 ± 1.69 65.93 ± 4.53 10.79 ± 3.07  
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through mild hyperthermia (temperatures lower than 43 ◦C) [61]. 
Interestingly, recent studies showed that mild hyperthermia is also able 
to trigger natural killer cells against tumors [61,62]. Therefore, a syn-
ergistic and non-intensive approach of mild hyperthermia (in 41 ◦C as 
the optimum temperature) and curcumin release will be recommended 
to treat osteosarcoma cancer cells. 

4. Conclusions 

Here, we proposed the simultaneous use of hyperthermia and 
controlled release of curcumin against bone tumors, which was verified 
through an in vitro study on MG-63 osteosarcoma cell line. The main aim 
of this research was to use mild hyperthermia (low frequency and low 
current) to prevent non-specific heating of the body tissues while 
amplifying the eradication of cancer cells by controlled delivery of 
curcumin. Magnetic nanocarriers with a thermo-responsive of the 
polymeric shell of pluronic F127/F68 were designed to control the 
release temperature, which was correlated with the LCST. An accessible 
temperature window with the loaded and non-loaded carriers was 
mainly dependent on alternative magnetic field parameters, saturation 
magnetization, and hydrodynamic diameter. To select the appropriate 
temperature for the hyperthermia cancer therapy, released drug con-
centration and cell viability tests were performed. 

Although the highest caspase activation was monitored at 45 ◦C, 
stained nucleus and reduced metabolic activity of cells at 41 ◦C 
confirmed massive apoptosis at 41 ◦C. Thus, treatment at 41 ◦C is pro-
posed to take advantage of non-aggressive mild hyperthermia condition. 
In vitro Alamar blue assay also confirmed the synergistic effect of cur-
cumin and hyperthermia at 41 ◦C on osteosarcoma cell killing. Using 1 
mg/ml of nanocarriers and applying an amperage of 100–150 A can 
provide this optimal condition for osteosarcoma therapy. Using these 
parameters, the temperature is stable during the treatment period and 
prevents any undesired hyperthermia. Furthermore, the nanocarriers 
used in this study showed the potential to be used as the negative MRI 
contrast agent to track residual cancer cells. 
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