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Introduction

Recently, theranostics have attracted increased attention because 
they combine diagnosis and therapy. Using theranostics contain-
ing imaging contrast agents and anticancer drugs in one carri-

er provides real-time imaging and monitoring of treatment outcomes. 
Polysaccharides are natural biomolecules widely investigated to de-
velop theranostics because they can act as a matrix to load both imag-
ing contrast agents and drugs simultaneously [1]. Chitosan is a cationic  
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ABSTRACT
Background: The type of coating material plays an important role in the imaging 
and treatment properties of cancer nanotheranostics. 
Objective: The aim of this study was to investigate the effect of high molecular 
weight chitosan coating on the theranostic properties of the curcumin-loaded magneto-
graphene quantum dots (MNPs/GQDs/ChitHMW/Cur) nanocomposite.
Material and Methods: In this in vitro study, MNPs/GQDs/ChitHMW nanocompos-
ite was synthesized by the sol-gel method, loaded with anticancer drug curcumin, and 
characterized using different analytical techniques. Then, the curcumin loading, the 
drug release at pH 5.5 and pH 7.4, cytotoxicity, MRI transverse relaxivity, and fluores-
cence spectrum of the nanocomposite were investigated. 
Results: The findings showed a curcumin loading capacity of 98%, burst drug re-
lease at pH 5.5 (79.00% after 24 h), and sustained drug release at pH 7.4 (33.14% after 
24 h). Significant concentration-dependent toxicity against MCF-7 cells was observed 
for the drug-loaded nanocomposite, while the unloaded nanocomposite exhibited the 
high cytocompatibility. The imaging results showed an MRI transverse relaxivity of 
215.4 mM−1 S−1, and excellent fluorescence properties.  
Conclusion: Using high molecular weight chitosan coating in MNPs/GQDs/ChitHMW/
Cur nanocomposite provides adequate cancer theranostic performance.
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polysaccharide produced from deacetylated 
chitin [2]. Based on chitosan molecular weight, 
it can be classified into high, medium, and low 
molecular weight chitosan [3]. Chitosan-based 
nanomaterials have been used in the biomedi-
cal field due to their non-toxic, biocompatible, 
biodegradable, and antimicrobial properties 
[4]. Chitosan derivatives-based MRI contrast 
materials have great potential for diagnosing 
diseases [5]. The primary amino groups of chi-
tosan make it suitable for pharmaceutical ap-
plications [2]. Besides, chitosan significantly 
improves the biodegradability and biocompat-
ibility of magnetic nanocarriers [6]. 

The diagnostic portion of magnetic nano-
theranostics can consist of MRI contrast 
agents solely for contrast-enhanced MRI, or 
in combination with other imaging modalities’ 
contrast materials for bimodal imaging [7-9]. 
The nanoprobes containing magnetic and fluo-
rescent components are highly useful for early 
cancer diagnosis [10]. MRI provides detailed 
anatomical images of soft tissues without us-
ing ionizing radiation [11], and fluorescence 
imaging enables high-sensitivity cancer detec-
tion or real-time cancer imaging [12]. Nano-
theranostics based on iron oxide nanoparticles 
have been extensively investigated for cancer 
imaging and treatment [13]. They act as MRI 
contrast agents in cancer theranostics because 
of their superparamagnetic property, biocom-
patibility, and chemical stability [14]. The 
nanoparticles have also been used as drug car-
riers in cancer therapy, providing MRI-guided 
therapy and monitoring treatment outcome 
[15]. Graphene quantum dots (GQDs) are 
widely used in fluorescence imaging and ther-
anostics due to their excellent water dispers-
ibility, small size, and chemical stability [16]. 
Moreover, low cytotoxicity, easy functional-
ization, and large surface-to-volume ratio of 
graphene quantum dots make them appropri-
ate for biomedical applications [17].   

Curcumin (Cur) is a polyphenol derivative 
of Curcuma longa with antitumor, chemo-pre-
ventive, chemo-sensitizing, [18] antioxidant, 

and anti-inflammatory properties. However, 
rapid metabolism, poor bioavailability and 
poor aqueous solubility of curcumin limit its 
therapeutic efficacy. Nanocarrier-based cur-
cumin delivery improves its stability, solu-
bility, cellular uptake, and controlled release, 
enhancing anticancer efficacy while reducing 
side effects [19]. 

Investigation of the diagnostic and/or thera-
peutic properties of the nanomaterials con-
taining iron oxide nanoparticles, graphene 
derivatives, and chitosan, with curcumin or 
other agents was carried out in the previous 
studies. In one study, the hybrid chitosan-
grafted graphene oxide/magnetic nanoparticle 
system (MNP/GO/chitosan) was designed for 
MRI and doxorubicin delivery. Baktash et al. 
investigated chitosan with different molecu-
lar weights and reported that the nanosystem 
incorporating high molecular weight chitosan 
exhibited the most favorable theranostic prop-
erties [20]. However, the MRI transverse relax-
ivity was relatively low due to chitosan graft-
ing. Moreover, the fluorescence property of 
the nanosystem was not reported in the study. 
The potential of GQDs modified magnetic 
chitosan as doxorubicin delivery nanosystems 
(DOX-Fe3O4@CGA) for targeted synergistic 
photothermal-chemotherapy of hepatocellular 
carcinoma was investigated in another study. 
The results showed the excellent tumor im-
aging and drug encapsulation capabilities of 
the magnetic chitosan [21]. Notably, the MRI 
and fluorescence properties of the nanosystem 
were not investigated. Kazemi et al. explored 
a medium-molecular-weight chitosan-based 
magnetite/reduced graphene oxide nanocom-
posite for curcumin delivery, without assess-
ing its imaging properties [22]. In our previous 
study, we investigated low molecular weight 
chitosan to coat iron oxide/graphene quantum 
dots, producing a multifunctional nanoprobe 
for dual-mode MRI/fluorescence imaging and 
5-fluorouracil delivery [9]. However, chitosan 
molecular weight influences the imaging and 
drug delivery properties of the nanomaterial. 
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MNPs/GQDs/ChitHMW/Cur Nanotheranostic
Herein, we synthesized a theranostic nano-
composite containing Fe3O4 nanoparticles as 
the core and high molecular weight chitosan 
functionalized graphene quantum dots as the 
coating for bimodal MRI and fluorescence im-
aging and curcumin delivery. The use of high 
molecular weight chitosan can improve the 
loading and release of hydrophobic curcum-
in due to multiple binding sites. Besides, the 
formation of a thicker chitosan coating may 
reduce the cytotoxicity of the nanomaterial in 
the absence of curcumin. This in vitro inves-
tigation can also benefit from the advantages 
of bimodal imaging and achieving sufficient 
MRI relaxivity based on the synthesis method. 

This study aimed to investigate the effect 
of high molecular weight chitosan coating on 
the curcumin loading/release, cytotoxicity, 
MRI transverse relaxivity, and fluorescence 
spectrum of the curcumin-loaded magneto- 
graphene quantum dots nanocomposite.

Material and Methods

Materials
Iron(III) chloride hexahydrate (FeCl3∙6H2O), 

Iron(II) chloride tetrahydrate (FeCl2∙4H2O), 
citric acid, chitosan (molecular weight (MW) 
>700 kDa), 1-Ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide (EDC), N-hydroxysuccin-
imide (NHS), sodium hydroxide (NaOH), and 
curcumin were obtained from Sigma-Aldrich. 
We prepared all aqueous solutions using dou-
ble distilled water. We used the chemicals 
without further purification. Also, we washed 
all glassware with distilled water and dried 
them before using.

Methods
This study had an in vitro design with the 

following steps:

Synthesis of MNPs/GQDs/ChitHMW nano-
composite

The preparation of the water-soluble 
GQDs was carried out by using a simple and  

environment-friendly method, pyrolysis of 
citric acid (CA), in accordance with the litera-
tures [23, 24]. In short, 2 g of CA was heated to  
200 °C for 5 min, then continued up to 30 min 
to produce a light orange product. Subsequent-
ly, 100 mL of a 0.25 mol/L NaOH solution was 
added vigorously and continuously until a pH 
of 7. Finally, the solvent was separated and the 
solid product was dried and named GQDs.

For preparation of magnetic GQDs, 200 mL 
of a 0.2 g of as-prepared GQDs solution was 
sonicated for 15 min. Then, 10 mL solution 
of FeCl3∙6H2O (0.025 M) was added to GQDs 
solution at room temperature under vigorous 
stirring (under a nitrogen flow). The tempera-
ture was increased to 80 °C, and FeCl2∙4H2O 
(0.01 M) was added slowly, then vigorously 
stirred for an additional 30 min. The ammonia 
solution was added dropwise to adjust the pH 
of the solution to 10. The product was washed, 
dried and named MNPs/GQDs. 

For the preparation of magnetic GQDs coated 
with chitosan, as reported [25], high molecu-
lar weight chitosan (ChitHMW) was dissolved 
in deionized water containing 2% (v/v) acetic 
acid and stirred at 1500 rpm for 12 h. The chi-
tosan gel was sonicated for 10 min to elimi-
nate bubbles. The resulting gel was added to 
as-prepared MNPs/GQDs in the presence of EDC/
NHS (1:3 ratio) to prepare MNPs/GQDs/ChitHMW.

Curcumin loading and in vitro  
release

The curcumin loading and release process 
was carried out according to the method de-
scribed in the previous studies [7, 26]. Briefly, 
a suspension containing 1 g of the nanocom-
posite in 10 mL of distilled water was added 
to a curcumin solution (2 mg/mL) and stirred 
at room temperature for 48 h. Following incu-
bation, the mixture was centrifuged, washed, 
dried, and named MNPs/GQDs/ChitHMW/Cur. The 
encapsulation efficiency of curcumin within 
the nanocarrier was determined by measuring 
the absorbance of the supernatant using a vis-
ible spectrophotometer (Shimadzu 1700). To 
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evaluate the in vitro release performance, 50 
mg of MNPs/GQDs/ChitHMW/Cur nanocomposite 
was stirred in 30 mL of phosphate-buffered 
saline (PBS), and placed inside a dialysis bag 
(12 kDa). The release experiment was carried 
out at 37 °C. At predetermined time intervals, 
1 mL of the dialysate was withdrawn and re-
placed with an equal volume of the solution of 
fresh buffer. The release profile of curcumin 
was subsequently obtained as a function of 
time and the mean ± standard deviation (SD) 
were determined.

Physicochemical tests 
The crystalline structure of MNPs/GQDs 

nanoparticles was assessed by a Philips X-ray 
diffractometer. The morphology and size of 
MNPs/GQDs/ChitHMW/Cur nanocomposite were 
analyzed by a field emission scanning electron 
microscope (FE-SEM) (Philips ES 30 KW). 
Vibrating sample magnetometry (VSM) was 
carried out to measure the saturation magneti-
zation of the nanocomposite and determine its 
magnetic property. A VSM (model 7400) was 
used for magnetometry at room temperature 
under magnetic fields ranging from −12000 to 
+12000 G.

MTT assay
The nanocomposite cell toxicity was inves-

tigated using 3-(4, 5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide (MTT) assay 
[27]. A 96-well plate containing 3×108 MCF-7 
cells was used for cell culturing with 200 μL 
medium/well at 37 °C during 24 h. Various 
concentrations (50, 100, 200, and 400 μg/mL) 
of MNPs/GQDs/ChitHMW and the curcumin-load-
ed nanocomposite were added to the culture 
medium and incubated for 24 h. Adding MTT 
solution (50 μL) and culture medium (150 μL) 
to each well was carried out to measure the 
cell proliferation. The cells were incubated at 
37 °C with 5% CO2 for 24 h. Then, MTT so-
lution was removed from the wells, and 200 
μL/well of dimethyl sulfoxide and 25 μL/well 
of Sorensen buffer were added. To measure 

the optical absorbance, an ELISA plate reader 
(BioTek, Bad Friedrichshall, Germany) was 
used at a wavelength of 570 nm.

MRI
The samples with different iron concen-

trations (ranging from 0 to 0.04 mM at 0.01 
mM intervals) dispersed in the agar aqueous  
solution were prepared. MRI of the samples 
was performed using a 1.5 T MRI system 
(MAGNETOM Amira, Siemens, Germany). 
The MR imaging parameters for acquiring the 
T2-weighted images with a multi-spin echo 
pulse sequence were repetition time (TR)/
echo time (TE) of 3800/13-208 ms at 13 ms 
intervals, slice thickness of 5 mm, field of 
view (FOV) of 184×184 mm2, and matrix of 
128×128 pixels. The T2-weighted images in 
DICOM format were transferred to a personal 
computer. Sante DICOM Viewer 3D Pro 4.9.4 
(64-bit) software was used to calculate the 
signal intensity of the samples by drawing a 
fixed-size region of interest at the center of the 
samples. Drawing the T2 curves and calculat-
ing the T2 relaxation rates (1/T2) were carried 
out using MATLAB R 2016 software. The re-
laxation rates were then used to plot the 1/T2 
versus iron concentration graph for determin-
ing the transverse relaxivity (r2).

Fluorescence spectrometry
Fluorescence features of MNPs/GQDs/ChitHMW/

Cur nanocomposite were investigated by a 
monochromator-based fluorescence spectrom-
eter (Perkin Elmer LS 55, USA). The mea-
surements were evaluated using excitation and 
emission wavelengths of 360 nm and 400-660 
nm, respectively, at room temperature and a 
constant pH of 7.

Statistics
We used GraphPad Prism software version 

10.6 to determine the mean ± SD of the re-
sults. A two-way analysis of variance (ANO-
VA) was used to assess statistical significance.
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Results

Curcumin loading/release
Figure 1A shows the curcumin loading pro-

file of the nanocomposite. Rapid absorption of 
40% of the total drug into the nanocomposite 
was observed within 15 min. The remaining 
58% was slowly absorbed (89% after 6 h and 
98% after about 24 h).

The release profiles of curcumin from the 
nanocomposite at pH 5.5 (tumoral acidic en-
vironment) and pH 7.4 (physiological condi-
tion) are shown in Figure 1B. The curcumin 
release from the nanocomposite after 24 h was 
79.00% and 33.14% at pH 5.5 and pH 7.4, re-
spectively. It was increased to 89.40% after 48 
h at pH 5.5. Then, the curve reached a plateau 
after 72 h with a curcumin release of 95.23%. 

On the other hand, at pH 7.4, curcumin release 
from the nanocomposite was 57.73% after 48 
h, and then reached a plateau after 168 h (a 
curcumin release of 83.42%). The results indi-
cate a pH-dependent curcumin release pattern 
from the nanocomposite.

Physicochemical tests results
The X-ray diffraction (XRD) pattern of 

MNPs/GQDs nanoparticles is shown in Figure 2. 
The characteristic peaks, identified at about 2θ 
= 31°, 35°, 43°, 53°, 57° and 63°, are related 
to Fe3O4 (PDF#01-076-1849). The GQDs gen-
erally appear as weak, broad humps overlap-
ping with the Fe3O4 background, making them 
difficult to distinguish due to the low GQDs 
content.

The FE-SEM image of MNPs/GQDs/ChitHMW/
Cur nanocomposite (Figure 3) shows the iron 
oxide nanoparticles with a spherical shape. 
Another notable observation was that some of 
the nanoparticles exhibited a nanorod struc-
ture (right region). The findings indicate that 
MNPs/GQDs/ChitHMW/Cur nanocomposite was 
formed by the agglomeration of these spheri-
cal nanoparticles and nanorods. The agglom-
erated structure of the nanocomposite showed 
a wide range of sizes, mainly larger than 100 
nm.

Based on VSM results, the relationship be-
tween the magnetization and applied magnetic 
field confirms the superparamagnetic property 

Figure 2: X-ray diffraction (XRD) pattern of 
MNPs/GQDs nanoparticles.

Figure 1: A) Curcumin loading profile of MNPs/
GQDs/ChitHMW/Cur nanocomposite (n=3), B) 
Curcumin release profiles from the nano-
composite at pH 5.5 and pH 7.4 (n=3). Inset 
represents the magnified view of the cur-
cumin release after 24 h at pH 5.5 and pH 7.4
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of the nanocomposite. The saturation magne-
tization was 20.34 emu/g (Figure 4).

Cytotoxicity
Figure 5 illustrates the MCF-7 cell viability 

Figure 3: Field emission scanning electron 
microscope (FE-SEM) image of MNPs/GQDs/
ChitHMW/Cur nanocomposite.

Figure 5: Cell toxicity of MNPs/GQDs/ChitHMW and MNPs/GQDs/ChitHMW/Cur nanocomposites against 
MCF-7 cells. Data are shown as the mean ± standard deviation (n=4). Level of ****P≤0.0001 
shows the significant difference between the cell viability of curcumin-loaded and unloaded 
nanocomposites at all concentrations.

Figure 4: MNPs/GQDs/ChitHMW/Cur nanocom-
posite magnetization curve.
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after treatment with various concentrations 
of MNPs/GQDs/ChitHMW and the curcumin-load-
ed nanocomposite. For all concentrations of 
MNPs/GQDs/ChitHMW nanocomposite, the cell 
viability was more than 80%. The concentra-
tion-dependent decrease in the cell viability 
was seen for the curcumin-loaded nanocom-
posite. Although the lowest concentration 
(50 μg/mL) showed the cell viability of more 
than 80%, MCF-7 cell viability was decreased 
significantly at the higher concentrations and 
reached 26.71% for the highest concentration 
(400 μg/mL).

MRI results 
The signal intensity of each sample was de-

creased exponentially with increasing TE in 
the T2 curves. The lowest T2 relaxation time 
was related to the highest iron concentration. 
According to Figure 6, a linear relationship 
between the relaxation rate and iron concen-
tration was seen in the relaxivity graph. The 
transverse relaxivity was calculated to be 
215.4 mM−1 S−1.

Fluorescence spectrum
Figure 7 presents the photoluminescence 

(PL) excitation spectrum of MNPs/GQDs/
ChitHMW/Cur nanocomposite (excitation wave-
length = 400 nm, emission wavelength = 465 
nm). Because the fluorescence intensity and 
emission peaks of GQDs and their composites 
vary with pH, all fluorescence measurements 
were performed at a constant pH of 7 [9].

Discussion

Curcumin loading/release
Based on Figure 1A, which shows the cur-

cumin loading profile, high molecular weight 
of chitosan has a significant effect on the ini-
tial high loading of curcumin due to the great-
er availability of amino (–NH2) and hydroxyl 
(–OH) functional groups for hydrogen bond-
ing and electrostatic interactions with the drug 
molecules. The remaining drug is redirected 

gradually to other available binding sites un-
til the nanocomposite reaches its maximum 
drug-loading capacity. This is due to the great-
er viscosity of high molecular weight chitosan 
during nanoparticle preparation, which re-
duces drug diffusion into the external medium 
and consequently increases the encapsulation 
efficiency.

The release rate of curcumin was higher 
at pH 5.5 compared to pH 7.4. The inset of  
Figure 1B shows more than a twofold high-
er release at pH 5.5 during the first 24 h.  

Figure 6: Transverse relaxivity graph of MNPs/
GQDs/ChitHMW/Cur nanocomposite.

Figure 7: Fluorescence spectrum of MNPs/
GQDs/ChitHMW/Cur nanocomposite.
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Degradation of chitosan in response to pH 
5.5 (as an acidic condition) can lead to faster 
drug release from the nanocomposite com-
pared to physiological pH [28]. This pH-
responsive drug release can be attributed to 
the protonation of the chitosan amino groups 
under acidic condition, which increases poly-
mer swelling and weakens the drug–polymer 
interactions, leading to a significantly higher 
release of curcumin at pH 5.5 compared to pH 
7.4. At physiological pH, the compact chitosan 
coating restricts drug release, thereby enabling 
sustained delivery and minimizing premature 
drug release.

Physicochemical tests
The XRD results (Figure 2) represented 

the successful synthesis of the magnetic 
nanoparticles. The characteristic Fe3O4 peaks 
remained clearly visible, indicating that the 
crystal structure of magnetite was preserved. 
The GQDs generally appear as a weak broad 
hump, which may overlap with the Fe3O4 back-
ground and be difficult to distinguish because 
of their low content. No additional diffraction 
peaks were observed, confirming the phase-
pure nature of the composite. The absence of 
peaks corresponding to hematite (Fe2O3) or 
maghemite (γ-Fe2O3) indicates that no second-
ary iron oxide phases formed during synthesis.

As is evident from the FE-SEM image of the 
nanocomposite (Figure 3), the aggregation ob-
served in these magnetic nanoparticles can be 
attributed to their intrinsic magnetic property 
and the polymeric structure of high molecular 
weight chitosan. Using high molecular weight 
chitosan significantly affected the morphol-
ogy and particle size of MNPs/GQDs/ChitHMW/
Cur nanocomposite. The larger particle size 
observed after high molecular weight chitosan 
coating can be attributed to the formation of a 
thicker chitosan layer due to its longer poly-
mer chains and higher viscosity. The abundant 
amino and hydroxyl functional groups of high 
molecular weight chitosan also enhance the 
interfacial interactions, affecting the particle 

growth and aggregation behavior [29].
Based on Figure 4 related to the VSM re-

sults, the magnetization versus applied mag-
netic field curve did not show any hysteresis 
loop, coercivity, or remanent magnetization, 
confirming the superparamagnetic property 
of MNPs/GQDs/ChitHMW/Cur nanocomposite. 
Although the presence of the non-magnetic 
high molecular weight chitosan as a coat-
ing material around the nanocomposite led 
to a decrease in the saturation magnetization 
(20.34 emu/g), the saturation magnetization is 
still sufficient to allow the nanocomposite to 
be directed when using an external magnetic 
field. The saturation magnetization of MNPs/
GQDs/ChitHMW/Cur nanocomposite is higher 
than that of the DOX-loaded graphene quan-
tum dots mediated magnetic chitosan (DOX- 
Fe3O4@CGA) [21]. However, compared to the 
5-fluorouracil-loaded chitosan-coated iron ox-
ide/graphene quantum dots (MGC-FU) nano-
hybrid with low molecular weight chitosan, 
MNPs/GQDs/ChitHMW/Cur showed a lower satu-
ration magnetization [9].  

Cell toxicity
According to the MTT results (Figure 5), 

MNPs/GQDs/ChitHMW nanocomposite showed a 
high cytocompatibility due to the presence of 
high molecular weight chitosan as a coating 
material. Even at the lowest concentration of 
the curcumin-loaded nanocomposite, using 
high molecular weight chitosan led to a high 
cytocompatibility. However, the cell toxicity 
was increased significantly at the higher con-
centrations of the curcumin-loaded nanocom-
posite.

MRI
The signal loss increasing as a function of 

the iron concentration indicates the nega-
tive contrast provided by the nanocomposite. 
The local magnetic field inhomogeneities re-
lated to the iron oxide nanoparticles enhance 
the water protons dephasing, shortening 
the T2 relaxation time. The higher the iron  
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concentration, the stronger the T2 shortening 
and signal loss. Figure 6 illustrates a linear 
relationship between 1/T2 relaxation rate and 
iron concentration with a high slope, which is 
essential for a nanomaterial to be considered as 
an MRI contrast agent. The transverse relaxiv-
ity was calculated 215.4 mM−1 S−1. The results 
confirm the potential of the nanocomposite to 
be used as a T2 contrast agent for MRI. De-
spite using high molecular weight chitosan as 
the nanocomposite coating, which causes lim-
ited access of the iron oxide core to the water 
protons, the resulting transverse relaxivity was 
sufficient to produce negative contrast on the 
MR images. The transverse relaxivity of MNPs/
GQDs/ChitHMW/Cur nanocomposite is higher 
than that of Resovist and Endorem, as com-
mercial negative contrast agents [30].

A comparison of the transverse relaxivity of 
MNPs/GQDs/ChitHMW/Cur nanocomposite with 
that of the doxorubicin-loaded hybrid chito-
san-grafted graphene oxide/MNP nanosystem 
containing high molecular weight chitosan 
[20] shows that the former has much higher 
relaxivity. The differences in the relaxivities 
can be attributed to the variations in the size 
and properties of the iron oxide nanoparticles 
and nanosystems, drug loading, and synthe-
sis methods. Chitosan grafting in their study 
may reduce the accessibility of the magnetic 
nanoparticles to surrounding water protons, 
thereby decreasing the transverse relaxivity.

The molecular weight of chitosan affects the 
relaxivity of the nanomaterials. The transvers 
relaxivity of MNPs/GQDs/ChitHMW/Cur nano-
composite is lower than that of the 5-fluoro-
uracil-loaded chitosan-coated iron oxide/gra-
phene quantum dots (MGC-FU) nanohybrid 
[9] containing low molecular weight chitosan. 
Although the sizes of the nanomaterials and 
the drugs used in these studies are different, 
the observed differences in transverse relaxiv-
ity may also be associated with the molecular 
weight of chitosan. Because of twisted and 
tangled chains of high molecular weight chito-
san that provide a greater distance between the 

iron oxide nanoparticles and the surrounding 
water protons, the access of the magnetic core 
to the water protons is limited. This leads to 
less T2 shortening, resulting in a lower trans-
verse relaxivity.

Fluorescence properties
The PL excitation spectrum of the GQDs ex-

hibits a broad excitation band in the UV region, 
typically extending from 250 to 400 nm, with a 
maximum excitation wavelength around 320–
360 nm, depending on the synthesis condition. 
This broad excitation band is attributed to the 
π–π transitions of the sp² carbon domains and 
the n–π transitions associated with oxygen-
containing functional groups (e.g., C=O and 
C–O) on the surface of the GQDs. The incor-
poration of the Fe3O4 nanoparticles may af-
fect the excitation intensity or induce a shift in 
the excitation maximum due to the electronic 
interactions and charge transfer between the 
GQDs and Fe3O4. Based on Figure 7, MNPs/
GQDs/ChitHMW/Cur nanocomposite exhibited 
significant emission peaks in the visible region 
(400–610 nm) compared to the pristine GQDs, 
indicating their superior energy gap at 400 nm 
excitation wavelength. MNPs/GQDs/ChitHMW/Cur 
nanocomposite had a wide FWHM of about 
89 nm. The red shift indicates that the com-
posite can be efficiently excited at the longer 
wavelengths, suggesting a reduction in the ef-
fective band gap and enhanced electronic cou-
pling between the GQDs and Fe3O4. This shift 
is attributed to the charge transfer interactions 
at the MNPs/GQDs interface, the formation of 
new electronic states, and the influence of the 
surface functional groups, which collectively 
modify the electronic structure of the compos-
ite. The extension of the emission band into 
the visible region is beneficial for applica-
tions such as bioimaging, as it enables more  
effective utilization of visible light.

Compared to other studies, the Fe3O4@CS-
GQDs nanocomposite exhibited an emission 
peak at 434 nm under excitation light of 330 
nm [31]. Also, the chitosan-coated iron oxide/

MNPs/GQDs/ChitHMW/Cur Nanotheranostic
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graphene quantum dots (MGC) and 5-fluoro-
uracil-loaded MGC (MGC-FU) nanohybrids 
showed stable emission peaks at 492 and 493 
nm, respectively, under excitation light of 400 
nm [9].

Conclusion
In this study, the effect of high molecular 

weight chitosan coating on the theranostic 
properties of the curcumin-loaded magneto-
graphene quantum dots was investigated. 
For this purpose, the structural, magnetic, re-
laxometric, fluorescence, curcumin loading/
release, and cytotoxic properties of the nano-
composite were evaluated. The longer poly-
mer chains and higher viscosity of high mo-
lecular weight chitosan had an important role 
in forming a thicker chitosan layer and in the 
particle growth and agglomerated structure of 
the nanocomposite.  

From the therapeutic point of view, due to 
the multiple binding sites, high molecular 
weight chitosan provided high loading capac-
ity and pH-dependent curcumin release. The 
presence of high molecular weight chitosan 
coating resulted in the high cytocompatibility 
for the nanocomposite without curcumin load-
ing, whereas the curcumin-loaded nanocom-
posite induced significant cytotoxicity toward 
breast cancer cells at the high concentrations. 

From the diagnostic point of view, using 
high molecular weight chitosan coating led to 
decrease in the saturation magnetization and 
transverse relaxivity of the nanocomposite. 
However, the measured relaxivity was suffi-
ciently high to qualify the superparamagnetic 
nanocomposite as a potential MRI T2 contrast 
agent. The fluorescence spectrum showed that 
the emission band extends into the visible re-
gion, enabling efficient utilization of visible 
light important for bioimaging applications.

This study was performed in vitro; therefore, 
future in vivo studies are essential to confirm 
the nanocomposite capability for biomedical 
applications.
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