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Introduction

Multifunctional nanoprobes can provide medical imaging and 
accurate targeting of tumors, leading to early cancer diagnosis 
and treatment [1]. Two different imaging techniques in one 

nanosystem lead to the advantages of both techniques [2]. For instance, 
in bimodal Magnetic Resonance Imaging (MRI)/fluorescence imag-
ing, the nanosystem benefits from high spatial resolution and soft tissue 
contrast of MRI with good depth penetration [3], and real-time cancer 
pathophysiological imaging and high sensitivity cancer detection of  
fluorescence imaging [4]. 

Iron oxide nanoparticles are MRI contrast agents, which are  
frequently used in nanoprobes. The coating type and characteristics 
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ABSTRACT
Background: Multifunctional nanosystems, containing medical imaging components 
and cancer therapeutic drugs, can provide early cancer diagnosis and treatment. 
Objective: The aim of this study was to investigate Magnetic Resonance Imaging 
(MRI), anticancer drug delivery, and fluorescence properties of curcumin-loaded PE-
Gylated magnetite@graphene quantum dots nanocomposite.
Material and Methods: In this experimental study, PEGylated magnetite@gra-
phene quantum dots (Fe3O4@GQDs-PEG) nanocomposite was synthesized and loaded 
with curcumin (CUR-Fe3O4@GQDs-PEG). Then, the size, shape, magnetic property, 
MRI r2 relaxivity, drug loading and in vitro release, and fluorescence property of the 
nanocomposite were investigated. Evaluation of the cell toxicity against MCF-7 cells was 
performed for both unloaded and curcumin-loaded nanocomposites. 
Results: The superparamagnetic nanocomposite showed high r2 relaxivity, drug re-
lease, and fluorescence property. The curcumin-loaded nanocomposite was significantly 
toxic to the breast cancer cell line at high concentrations.  
Conclusion: CUR-Fe3O4@GQDs-PEG nanocomposite can be considered an an-
ticancer drug carrier and an appropriate potential candidate for dual modal MRI and  
fluorescence imaging.
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of the nanoparticles are important factors in 
their biological properties and resulted sig-
nal intensities in MRI [5]. Surface coating of 
the nanoparticles affects their toxicity, colloi-
dal stability, and magnetic [6], and relaxation 
properties [7]. Polymer coatings are mostly 
used around iron oxide nanoparticles due to 
increasing colloidal stability in hydrophilic 
conditions and preventing the nanoparticles 
from degradation [6]. In addition to applica-
tion of iron oxide nanoparticles in contrast-
enhanced MRI, they have also been used as 
drug carriers in cancer therapy. Therefore, the 
nanosystems containing the nanoparticles can 
provide MRI-guided therapy and monitor tis-
sue response to treatment [8]. Polymer-based 
nanoparticles have an effective role in drug 
delivery [9]. They provide controlled and tun-
able release of therapeutic drugs [10]. Poly-
ethylene Glycol (PEG) is a neutral biocom-
patible hydrophilic polymer widely used as a 
coating of nanoparticles in drug delivery [11]. 
Iron oxide nanoparticles have also been coated 
with PEG for MRI application [12, 13]. PEG 
coating of nanoparticles is an important factor 
for improving their chemical and biophysical 
properties [11]. PEGylation of the nanocarri-
ers decreases their uptake by the Reticuloen-
dothelial System (RES), protein immunoge-
nicity, and metabolic enzymes degradation. 
PEGylation also prolongs the blood residence 
of nanocarriers [14].

Curcumin is a biologically active natural 
polyphenol chemotherapeutic drug, which has 
shown inhibition of survival and proliferation 
of cancer cells and induces their apoptosis 
without side effect [15]. Besides, curcumin is 
a low-toxic, easily accessible, and low-cost 
drug for cancer treatment [16]. However, cur-
cumin’s efficiency for cancer therapy is limit-
ed due to its hydrophobicity, high metabolism 
rate, and short biological half-life [17]. One 
approach to solve the limitations is using mag-
netic nanoparticles as curcumin carriers [18]. 

Graphene Quantum Dots (GQDs) are gra-
phene-based materials with unique properties, 

such as low toxicity, biocompatibility, good 
solubility, and excellent photoluminescence 
properties [19]. They have been used in the 
biomedical field due to their large surface-to-
volume ratio, easy functionalization, and low 
cytotoxicity [20]. The combination of GQDs 
with other materials produces nanocompos-
ites with excellent properties and high perfor-
mance [21].

Accordingly, different nanostructures con-
taining magnetic and graphene-based compo-
nents and PEG were investigated for imaging 
and/or chemotherapeutic drug delivery. For 
instance, chitosan-coated iron oxide/graphene 
quantum dots nanohybrid was studied for 
MRI/fluorescence imaging and 5-fluoroura-
cil delivery [22]. The nanocomposites con-
taining iron oxide nanoparticles, graphene 
oxide, and PEG were investigated for MRI 
[23, 24] and doxorubicin delivery [23-25] in 
other studies. In addition, PEGylated iron and 
graphene oxide nanocomposite was investi-
gated for curcumin delivery without focusing 
on MRI property [26]. Among these studies, 
only in one study the fluorescence property 
of the nanomaterial was examined [22] and 
it was not reported in other studies [23-26]. 
Based on our knowledge, a nanocomposite, 
containing Fe3O4 nanoparticles core, which 
was coated with PEGylated GQDs, has not 
been investigated for dual mode MRI and 
fluorescence imaging and curcumin deliv-
ery. This study aimed to investigate curcumin 
delivery, magnetic resonance imaging, and 
fluorescence property of curcumin-loaded  
PEGylated magnetite@graphene quantum 
dots nanocomposite.

Material and Methods
The study employed an in vitro experi-

mental design, which involved the following  
methodological phases.

Materials
Anhydrous sodium acetate, FeCl3.6H2O, 

ethylenediamine/glycol, PEG 4000, and  
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curcumin were purchased from Sigma Chemi-
cal Co.

Synthesis
Fe3O4 nanoparticles were prepared accord-

ing to the reported method [22]. In particu-
lar, anhydrous sodium acetate (1.75 g) and 
FeCl3.6H2O (1.2 g) were added to ethylenedi-
amine/glycol and vigorously stirred at 25 °C 
to obtain a transparent solution. The solution 
was transferred into a Teflon-lined autoclave 
(300 mL) and heated (200 °C, 8 h). By using 
a magnet, the Fe3O4–NH2 nanoparticles were 
collected, washed, and dried at 60 °C. For the 
preparation of Fe3O4–GQDs nanoparticles, a 
suspension of 0.5 g Fe3O4–NH2 nanoparticles 
in distilled water was transferred to an ultra-
sonic bath sonicator (Sonicator 2200 MH S3; 
Ultrasonic Cleaner, Milano, Italy) for 10 min. 
Then, 20 mL suspension of the GQDs was 
added and transferred to the reflux setup and 
mechanically stirred for 48 h at 60 °C. The re-
sulting GQDs modified Fe3O4 was separated 
by a magnet, washed, and dried under vacuum 
and named as Fe3O4@GQDs.

PEGylation of the nanocomposite was car-
ried out by preparing a suspension of Fe3O4@
GQDs nanoparticles in distilled water in an 
ultrasonic bath sonicator for 1 h, and a solu-
tion of PEG 4000 was gradually added to the 
suspension under continued ultrasound and 
heated up to 70 °C for 2 h. Then, the suspen-
sion was refluxed overnight. The as-prepared 
nanocomposite was washed and dried at room 
temperature and named Fe3O4@GQDs-PEG.

Characterization 
The Fourier Transform Infrared (FT-IR) 

spectrum was recorded by a Bruker Tensor 
27, using KBr pellets in the range of 400–
4000 cm-1. A Scanning Electron Microscope 
(SEM) (Tescan MIRA3 FEGSEM) was used 
to obtain the Fe3O4@GQDs nanocomposite  
image. Vibrating Sample Magnetometry 
(VSM) was performed using the VSM mod-
el 7400 to evaluate the magnetic property of  

curcumin-loaded Fe3O4@GQDs-PEG nano-
composite at room temperature. The applied 
magnetic fields were between -12000 and 
+12000 G. A monochromator-based fluo-
rescence spectrometer (Perkin Elmer LS 55, 
USA) was used for the investigation of the 
fluorescence property of curcumin-loaded 
Fe3O4@GQDs-PEG nanocomposite. The 
measurements were performed at room tem-
perature using an excitation wavelength of 
360 nm and emission wavelength of 400–660 
nm with pH 7.

Curcumin loading and in vitro  
releasing

Loading and release studies of curcumin 
on Fe3O4@GQDs-PEG nanocomposite were 
performed based on method reported in the 
previous study [27]. Typically, 1 g/10 mL 
suspension of the nanocomposite was mixed 
with curcumin solution (2 mg/mL), and stirred 
for 48 h at room temperature. Then, the mix-
ture was centrifuged, washed, dried, and 
named CUR-Fe3O4@GQDs-PEG. The extent 
of curcumin encapsulation in the carrier was 
calculated considering the absorption of the 
supernatant by a visible spectrophotometer 
(Shimadzo 1700). For the investigation of in 
vitro release performance of the nanocompos-
ite, 50 mg of CUR-Fe3O4@GQDs-PEG in 30 
mL of Phosphate-Buffered Saline (PBS) was 
stirred at 37 °C in a dialysis bag (12 kDa). To 
obtain the time-dependent release profile of 
the curcumin, 1 mL of dialysate was taken out 
at the time intervals and replaced with 1 mL of 
the solution of fresh buffer.

MRI
The nanocomposite samples, containing 

0, 0.01, 0.02, 0.03, and 0.04 mM Fe concen-
trations dispersed in 2% agar aqueous solu-
tion, were prepared and placed in the center 
of a head coil. The T2-weighted images were  
acquired by a 1.5 T MRI system (Magnetom 
Amira, Siemens, Germany) using a multi-spin 
echo pulse sequence. A Repetition Time (TR) 

507



J Biomed Phys Eng 2025; 15(6)

Baharak Divband, et al

of 3600 ms, Echo Time (TE) ranging between 
14 and 224 ms, Number of Signal Averag-
ing (NSA) of one, Field of View (FOV) of 
192×192 mm2, matrix size of 128×128, and 
slice thickness of 5 mm were used for MR im-
aging. The prepared images were transferred 
to a personal computer to measure signal in-
tensities of the samples acquired with differ-
ent TE values using Sante DICOM Viewer 
3D Pro 4.9.4 software. To avoid the coil non-
uniformity effect on the signal intensity of the 
samples, MR imaging was similarly repeated 
for other samples containing a constant con-
centration of the nanocomposite, and the cor-
rection factors were then calculated. The sig-
nal intensity of each sample with various Fe 
concentrations was multiplied by the related 
correction factor to obtain the corrected sig-
nal intensity [28]. To calculate the 1/T2 relax-
ation rates, the T2 curves were plotted using  
Matlab R2016 software using the corrected 
signal intensities and different TE values. 
The 1/T2 versus Fe concentration graph was  
plotted to determine the r2 relaxivity.

Cell toxicity
The cell toxicity was investigated using 

3-(4, 5-dimetylthiazol- 2-yl)-2, 5-diphenyl-
triazolium bromide (MTT) assay based on 
our previous study [29]. Briefly, MCF-7 cells 
(Human breast cancer cell line) were cultured 
in 96-well plates (4×103 cells/well) with 200 
µL media/well for 24 h at 37 °C. Different 
concentrations of Fe3O4@GQDs-PEG and 
CUR-Fe3O4@GQDs-PEG nanocomposites, 
including 50, 100, 200, and 400 µg/mL, were 
prepared and added to the culture medium for 
24 h incubation. The measurement of MCF-7 
cells’ proliferation was done by adding 50 µL 
of MTT solution and 150 µL culture medium 
to each well. Incubation of MCF-7 cells was 
performed at a condition of 37 °C and 5% CO2 
for 24 h. After elimination of MTT solution, 
200 µL Dimethyl Sulfoxide (DMSO) and 25 
µL Sorenson buffer were added to each well, 
and the optical absorbance was read by an 

ELISA plate reader (BioTek, Bad Friedrich-
shall, Germany) at a wavelength of 570 nm.

Statistics
GraphPad Prism software version 10.6 was 

used for the data statistical analysis to deter-
mine the mean ± Standard Deviation (SD) 
of the results. Statistical significance was 
analyzed by two-way analysis of variance 
(ANOVA). The differences with P-values of 
**P≤0.01, ***P≤0.001, and ****P≤0.0001 
were considered to be significant.

Results

Characterization results
The FT-IR spectrum of Fe3O4@GQDs-PEG 

nanocomposite is shown in Figure 1. FT-IR 
spectrum of the nanocomposite indicated the 
peaks at 480 and 559 cm-1 related to the Fe–O 
bond vibration of Fe3O4. The strong and broad 
peak of the O-H stretching (at 3440 cm-1), and 
characteristic peak of (–CO–) of GQDs (at 
1644 cm-1) and (C–H) of PEG (at 2924 cm-1) 
were appeared.

As shown in Figure 2, the morphology of the 
Fe3O4@GQDs-PEG nanocomposite is rough-
ly spherical shape and aggregated due to its 
magnetic property.

The magnetization versus applied magnet-
ic field curve for CUR-Fe3O4@GQDs-PEG 
nanocomposite is shown in Figure 3. The 
curve was S-shaped, and remnant magnetiza-
tion, hysteresis loop, and coercivity were not 
seen in the curve. The saturation magnetiza-
tion was 46.97.

After excitation of the CUR-Fe3O4@GQDs-
PEG nanocomposite at 360 nm under the UV 
light, the emission of the nanocomposite at 
442 nm revealed the fluorescence property of 
the nanocomposite, corresponding to the blue 
region of the visible light spectrum.

Curcumin loading and in vitro  
release 

The loading of curcumin on the Fe3O4@
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GQDs-PEG nanocomposite was investigated 
up to 10 h. The drug loading was 87% after 
8 h and then reached a plateau. Loading was 
performed at a steep and rapid rate for the first 
2 h (about 63%) and then at a gentle rate for 
up to 8 h. 

Figure 4 illustrates the curcumin release  

profile from the nanocomposite during 48 h. 
The release percentage was about 79% after 
24 h. The release was carried out with a gentle 
and uniform slope that continued up to 20 h. 
From 20-24 h, the slope became gentler, and 
then, it became very slow so that between 24-
48 h, about 4% of the curcumin was released. 
Then, the release profile reached a plateau.

MRI
The T2-weighted MR image of the nano-

composite samples containing different 
Fe concentrations is seen in the inset of  
Figure 5. The signal intensity of the samples 
was decreased as a function of Fe concentra-
tion so that the sample containing the highest 
Fe concentration was seen as the darkest one. 
A high r2 relaxivity (786.2 mM-1S-1) was ob-
tained based on the slope of the 1/T2 relaxation 
rate versus Fe concentration graph (Figure 5).

Cytotoxicity
The MTT results for Fe3O4@GQDs-PEG 

and CUR-Fe3O4@GQDs-PEG nanocompos-
ites at 24 h are demonstrated in Figure 6. Both 
nanocomposites showed a decrease in cell vi-
ability in a concentration-dependent manner. 
Fe3O4@GQDs-PEG nanocomposite showed 
more than 80% cell viability up to concen-
trations of 200 µg/mL and nearly 80% for a 

Figure 1: Fourier transform infrared spectrum of Fe3O4@GQDs-PEG nanocomposite

Figure 2: Scanning electron microscope im-
age of the Fe3O4@GQDs-PEG nanocomposite
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Figure 3: Magnetization curve for CUR-Fe3O4@GQDs-PEG nanocomposite

Figure 4: Release profile of curcumin from CUR-Fe3O4@GQDs-PEG nanocomposite

Figure 5: r2 relaxivity graph of CUR-Fe3O4@GQDs-PEG nanocomposite. Inset shows the T2-
weighted magnetic resonance image of the nanocomposite samples containing different Fe 
concentrations.
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concentration of 400 µg/mL. The cell viability 
for CUR-Fe3O4@GQDs-PEG nanocomposite 
was higher than 80% only at a low concentra-
tion of 50 µg/mL. Then, it was dramatically 
decreased with the increase of CUR-Fe3O4@
GQDs-PEG nanocomposite concentration, so 
that the cell viability dropped to 12% at the 
highest concentration of 400 µg/mL.

Discussion

Characterization tests
As reported by Pooresmaeil et al. [27], 

the characteristic peaks assigned to Fe3O4 
nanoparticles and GQDs were observed in 
Figure 1, which revealed the successful syn-
thesis of the Fe3O4@GQDs-PEG nanocom-
posite, showing the existence of distinctive 
functional groups of PEG, GQDs, and Fe3O4. 

The SEM analysis was performed to study 
the morphology, size, and shape of the as-
prepared nanocomposite. As shown in  
Figure 2, the Fe3O4@GQDs-PEG nanocom-
posite has a spherical shape, which is larger 
than neat GQDs and Fe3O4 nanoparticles [27]. 

Based on Figure 3, which shows the rela-
tionship between magnetization and applied 
magnetic field, the curve shape and absence of 
any remnant magnetization, hysteresis loop, 
and coercivity confirm the superparamagnetic 

property of the nanocomposite. The saturation 
magnetization of CUR-Fe3O4@GQDs-PEG 
was 46.97 emu/g. Compared to the results of 
other studies, this value is higher than the satu-
ration magnetization of the curcumin-loaded 
PEGylated iron and graphene oxide (GO-
Fe3O4-PEG-Cur) nanocomposite and close 
to that of GO-Fe3O4-PEG [26]. Despite the 
presence of curcumin in our nanocomposite, 
which reduces magnetization saturation of the 
nanocomposite, its value is also higher than 
that of PEG functionalized graphene oxide-
iron oxide (GO–IONP–PEG) nanocomposite 
[23]. 

Due to the special structure of GQDs, the 
emission peak at 442 nm was observed, 
which is in agreement with other study re-
sult [27]. The fluorescence intensity for the  
CUR-Fe3O4@GQDs-PEG nanocomposite is 
lower than the bare GQDs and blue shifted, 
which could be due to aggregation of the 
magnetite particles. The findings of the fluo-
rescence study demonstrated that the CUR-
Fe3O4@GQDs-PEG nanocomposite could be 
considered as potential nanocomposite for  
future fluorescence imaging studies.

Curcumin loading and release
According to the curcumin release pro-

file from the nanocomposite (Figure 4), the  

Figure 6: Cytotoxicity of Fe3O4@GQDs-PEG and CUR-Fe3O4@GQDs-PEG nanocomposites against 
MCF-7 cells. All data are represented as the mean ± standard deviation (n=4). Levels of **P≤0.01, 
***P≤0.001, and ****P≤0.0001 were considered to be significant.
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maximum drug release was observed after 
24 h, which can be appropriate for both MR 
imaging and the drug release purposes. De-
spite the presence of the GQDs around the 
iron oxide nanoparticles, it seems they have 
no or little effect on the curcumin release due 
to their very small size and being completely 
surrounded by the PEG. Therefore, mainly the 
PEG coating is responsible for the curcumin 
release from the nanocomposite. 

Comparing the results of this study with the 
curcumin release from the PEGylated Magne-
tite/Hydroxyapatite (PMHA) nanocomposite 
in our previous study [30] showed the role of 
both PEG and hydroxyapatite coatings in its 
drug release. Since hydroxyapatite has a po-
rous structure, it can accommodate the drug 
and gradually release it at the target site, pre-
venting sudden drug release. In this situation, 
with controlled drug release, the appropriate 
concentration of curcumin is maintained at the 
target site, which provides cancer treatment 
effectiveness. However, with this approach, 
there is not enough time for high-dose drug re-
lease. On the other hand, in the present study, 
PEG alone is more effective in releasing the 
appropriate dose of curcumin in a short period 
of time.

MRI
As seen in Figure 5, with increasing the Fe 

content of the nanocomposite samples, their 
darkness was increased. The presence of mag-
netite nanoparticles creates the local magnetic 
field inhomogeneities, which affect the spin-
spin interactions of the surrounding water 
protons, leading to the shortening of the T2 
relaxation time and decreasing the signal in-
tensity of the samples based on their iron con-
tent. This signal decrease is observed as a dark 
region in the image. Therefore, the sample 
with the highest Fe concentration is the dark-
est one. Since the inverse T2 relaxation times 
(1/T2 relaxation rates) are used to plot the re-
laxivity graph, the samples with shorter T2s 
(darker samples) provide higher 1/T2 points in 

the graph, which can lead to obtaining a high 
r2 relaxivity. MRI contrast agents with high r2 
relaxivity are better candidates for contrast-
enhanced imaging because they can be used 
at lower doses, which decreases their side 
effects. Comparing the result of the present 
study with another study showed that despite 
loading of curcumin on Fe3O4@GQDs-PEG 
nanocomposite, its r2 relaxivity is higher than 
GO–IONP–PEG nanocomposite [23].

Cell toxicity 
The MCF-7 cells’ viability was decreased 

with the increase of the Fe3O4@GQDs-PEG 
nanocomposite concentration (Figure 6). 
However, it was higher than 80% for the con-
centrations up to 200 µg/mL and close to 80% 
for the concentration of 400 µg/mL. There-
fore, the nanocomposite can be considered to 
be cytocompatible. On the other hand, a sig-
nificant concentration-dependent cytotoxic-
ity was seen for the cells treated with CUR-
Fe3O4@GQDs-PEG nanocomposite. The 
curcumin-loaded nanocomposite was highly 
cytotoxic for all concentrations except for a 
concentration as low as 50 µg/mL, confirm-
ing its considerable toxicity for the breast 
cancer cells at higher concentrations. The re-
sults also showed the potential of the Fe3O4@
GQDs-PEG nanocomposite to be used as a  
nanocarrier for curcumin.

Conclusion
In this study, a superparamagnetic Fe3O4@

GQDs-PEG nanocomposite was success-
fully synthesized and loaded with curcumin. 
The release profile confirmed the nanocom-
posite’s potential to be a nanocarrier for cur-
cumin delivery. Besides, the nanometer size, 
spherical shape, superparamagnetic property, 
and high r2 relaxivity of CUR-Fe3O4@GQDs-
PEG nanocomposite could make it a potential 
candidate for T2-weighted MRI in future in 
vivo studies. CUR-Fe3O4@GQDs-PEG nano-
composite also showed fluorescence property, 
which suggests its potential application for  
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future fluorescence imaging studies.
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