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ABSTRACT 
Objective(s): Our goal was to synthesize and characterize fatty acid-capped maghemite nanoparticles (NPs) and 
evaluate their cytotoxic effect on human cancer and normal cell lines.  
Methods: Maghemite NPs were synthesized by co-precipitating iron (II) chloride tetrahydrate and iron (III) 
chloride hexahydrate, followed by surface capping with monounsaturated fatty acid, named oleic acid (OA). The 
particles were characterized using X-ray diffraction (XRD), field-emission scanning electron microscopy (FE-SEM), 
transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS), vibrating-sample 
magnetometer (VSM), and Fourier-transform infrared spectroscopy (FTIR). The cytotoxicity of the capped NPs 
was assessed using an MTT assay.  
Results: XRD analysis confirmed the formation of highly crystalline maghemite NPs with a cubic structure and an 
estimated crystallite size of approximately 9 nm. FE-SEM and TEM images revealed semi-spherical and cuboidal 
particles with an average size of 14 nm. EDS analysis confirmed the presence of iron, oxygen, carbon, and gold 
elements. VSM analysis demonstrated a saturation magnetization value of about 51 emu/g, while FTIR confirmed 
the successful capping of maghemite NPs with OA. The MTT assay showed that the NPs exhibited no cytotoxic 
effects on CaSki or HUVEC cells, even at the highest 50 µg/mL concentration. 
Conclusion: The synthesized OA-capped maghemite NPs exhibited promising superparamagnetic properties with 
no significant cytotoxic effects on human cancer or normal cell lines, suggesting potential applications in 
biomedicine.  
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INTRODUCTION 

With recent developments in nanotechnology, 
magnetic iron oxide nanoparticles (Fe3O4 and γ-
Fe2O3 NPs) have attracted considerable interest (1, 
2). Specifically, comprehensive studies have been 
dedicated to the various potential applications of 
maghemite (γ-Fe2O3) NPs. In medical investigations, 
the focus has been on targeted release (3), cancer 
hyperthermia (4), radionuclide treatment (5), 
diagnostics (4), and, more recently, evaluated for 

magnetic resonance imaging (MRI) contrast 
applications (6). In particular, the size of NPs and 
their low toxicity are significant characteristics in 
regulating materials' magnetic behavior under in 
vivo settings, which can profoundly affect their 
biomedical applications (7, 8). Chemical co-
precipitation is the prevailing method for preparing 
magnetic iron oxide NPs with meticulous control 
over the size, size distribution, and shape of the 
particles, using moderate temperature conditions 
(9). In addition, the potential long-term toxicity of 
NPs in biological systems is an important issue that 
needs to be investigated (10). Selecting a proper 
capping agent is one of the practical ways to 
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overcome the cytotoxicity of NPs. It can act as a 
suitable stabilizer and increase absorption by living 
cells. In order to be efficiently utilized by the 
biological system, capping agents should be 
biodegradable, readily dispersed, biocompatible, 
and non-toxic. They reduce adventitious adhesion 
to biological components, lowering cellular toxicity 
(10). Oleic acid (OA) belongs to the omega-9 fatty 
acid monounsaturated and is present in various 
animal and plant sources, particularly abundant in 
olive oil, and can be pinpointed as a capping agent 
(11). Besides, OA is regarded to be highly oxidation-
resistant and can enhance the antioxidant effect of 
tocopherols. It can have an immunomodulatory 
effect and prevent various diseases, including 
cardiovascular or autoimmune diseases, metabolic 
abnormalities, skin damage, and cancer. It also has 
a remarkable impact on the absorption of 
medications (11, 12).    

The capping method plays a crucial role in 
enhancing the stability and functionality of NPs. By 
forming a protective layer around the NPs, capping 
prevents oxidation and degradation, thereby 
preserving their magnetic properties and overall 
stability. This method also ensures consistent 
dispersion of the NPs, improving their solubility in 
various solvents and facilitating their incorporation 
into different formulations. Moreover, capping 
prepares NPs for potential further 
functionalization, enabling them to retain their core 
properties while being adaptable to specific 
biomedical applications (13-15). In our research, 
maghemite NPs were synthesized using co-
precipitation and then capped with OA to mitigate 
the potential adverse effects of using these 
particles. The produced capped-maghemite NPs 
with OA are proven superparamagnetic iron oxide 
NPs (SPIONs) via vibrating sample magnetometer 
(VSM) analysis. We also characterized the crystal 
structure, morphology, functional groups, and 
cytotoxicity. For this purpose, we used X-ray 
diffraction (XRD), field-emission scanning electron 
microscopy (FE-SEM), energy dispersive X-ray 
spectroscopy (EDS), transmission electron 
microscopy (TEM), Fourier transform infrared 
spectroscopy (FTIR), and toxicity assessment 
throughout our experiments.  

 
MATERIALS AND METHODS 
Materials 

Iron (III) chloride hexahydrate (98%) and iron (II) 
chloride tetrahydrate (99%) (Sigma-Aldrich, 
Germany) were purchased as iron sources. NH4OH 
solution (25 Vol%, Merck) and OA (90%) (Sigma St. 
Louis, MO), functioned as a pH modifier and surface 

stabilizer, respectively. Furthermore, the cancer 
human papillomavirus type 16 positive epithelial 
(CaSki) cell line and normal human umbilical vein 
endothelial (HUVEC) cell line were bought from the 
CLS and Pasteur Institute. Tetrazolium salt was 
purchased from Sigma-Aldrich (Saint Louis, MO, 
USA). Cultured cells were grown in RPMI 1640 
culture medium supplemented with 10% heat-
inactivated fetal bovine serum (Gibco), penicillin 
(100 IU/mL), and streptomycin (100 mg/mL) 
(Invitrogen). Each material and reagent was used 
without further purification. 

 
Preparing the maghemite nanoparticles  

We synthesized capped-maghemite NPs based 
on our previous study (16). Briefly, maghemite NPs 
were made by co-precipitating iron (II) chloride 
tetrahydrate (12 g) and iron (III) chloride 
hexahydrate (24.3 g). They were mixed in 50 mL of 
water (deionized) in a 3-mouth flask under argon 
gas for 30 minutes at ambient temperature. 
Afterward, the flask was put in an 80°C water bath, 
and 35 mL of 28% ammonium hydroxide was added 
dropwise under a magnetic stirrer. Fifteen mL of OA 
was then added drop-by-drop for 10 minutes, 
followed by 30 minutes of continuous stirring at 
80°C. The mixture was stirred until all the 
ammonium evaporated. Finally, a magnet 
separated the black sediment, which was 
centrifuged at a relative centrifugal force of 
approximately 15,652 × g with a rotor radius of 14 
cm for 15 minutes and triple-washed with water 
and acetone. The last wash with 50°C water 
removed the excess OA. The NPs were lyophilized 
at -60°C for two days under seven mm Hg pressure.  

 
Characterization of prepared nanoparticles  

The prepared capped-maghemite NPs with OA 
were characterized using XRD (PW 3040/60, X Pert 
PRO; Netherland), FE-SEM (Mira 3-XMU), TEM 
(FEI Tecnai F20, Philips Electron Optics, Holland), 
and FTIR ((Shimadzu 8400, Japan). A vibrating 
sample magnetometer was employed to measure 
the magnetic behavior (VSM, AGFM/VSM 3886 
Kashan, Iran) under ambient conditions with a 1.0 T 
magnetic field applied 

 
Cytotoxicity assessment  

A tetrazolium salt reduction test was used to 
measure the toxicity of capped-maghemite NPs on 
the CaSki and HUVEC cell lines. At the bottom of 
two 96-well plates, 5 × 103 cells were seeded in a 
200 μL volume of cell culture, respectively, and 
incubated at 37 °C, 5% CO2, and 90% humidity for 
24 h.
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Fig. 1. XRD pattern of synthesized maghemite NPs capped with OA. 

 

The cell culture media was withdrawn the 
following day, and different concentrations of 
capped-NPs were prepared and treated in a 200 μL 
volume with cells in triplicate as follows. First, 1 mg 
of the NPs was dissolved in 20 μL of DMSO through 
30 minutes of sonication, and then 980 μL of culture 
medium was added (1 mg/mL) and dissolved 
appropriately. Concentrations of 50, 25, 12.5, 6.25, 
3.125, 1.56, and 0.78 μg/mL were prepared from the 
stock. Besides, 200 μL of cell culture medium was 
added to three wells as negative controls. They were 
then incubated for 24 h at 37 °C, 5% CO2, and 90% 
humidity. After this, the cell culture media were 
drained, and 20 μL of MTT solution was added per 
well along with 200 μL of the prepared culture 
medium. This was incubated for 3 hours at 37 °C. The 
formation of purple formazan crystals was 
investigated with a microscope. Then, the cell 
supernatant was slowly collected, 200 μL of DMSO 
was added, and the crystals were dissolved. The 
optical absorbance of the plates was read at a 
wavelength of 540 nm with an ELISA reader. 

RESULTS AND DISCUSSION 
X-ray Diffraction analysis 

The XRD pattern of maghemite NPs capped with 
OA is shown in Figure 1.  As illustrated in the 
following figure, the XRD of synthesized capped-
maghemite NPs with OA in total involves six distinct 
peaks (220,311, 400, 422, 511, and 440). The NPs 
exhibit a high level of crystallinity, as indicated by the 
sharp peaks. Compared to JCPDS card No. 39-1346, 
the cubic structure of maghemite NPs was verified by 

detecting peaks at various values. The existence of 
characteristic peaks of γ-Fe2O3 at 35.46° and 43.12° 
ensures the presence of maghemite NPs (17). 
Moreover, bioorganic molecules on the surface of 
maghemite NPs may account for several unidentified 
extra peaks detected by XRD. They operate as 
reducing capping agents on the surface of γ-Fe2O3 
and give stability to maghemite NPs (18, 19). A broad 
peak is observable at 2θ = 19.7, which could 
potentially arise from the crystalline structure of the 
OA monolayer capped the NP's surface. An XRD 
pattern of pure OA displays a peak near 2θ = 19, 
similar to the band location detected for the capped 
NPs (20). 

 According to the Debye-Scherer formula (21), 
the crystallite size (D) was approximately 9 nm. 

D =  
Kλ

βCosθ
 

This mathematical relationship connects D to the 
X-ray wavelength (λ = 0.15406 nm), the width of the 
diffraction peak (β), a constant (K = 0.94) related to 
particle morphology and crystal orientation, and the 
measured diffraction angle (θ). 

 

Electron microscopic properties  
Figure 2 presents FE-SEM images of maghemite 

NPs capped with OA, captured at various 
magnifications. These images reveal that the NPs 
exhibit a semi-spherical shape with rough surfaces 
and are uniformly dispersed. Analysis of the images 
indicates that the NPs have an average diameter of 
approximately 14 nm. 
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Fig. 2.  FE-SEM micrographs of prepared capped-maghemite NPs with OA at various magnifications (A: 35,000, B: 75,000 and C: 200,000). 

 
Fig. 3. EDS spectrum and average diameter of maghemite NPs capped with OA. 

Table 1. Quantitative results by EDX analysis of the maghemite NPs with OA. 
Elt Line Int Error K Kr W% A% ZAF 
C Ka 81.3 19.9607 0.0886 0.0559 15.65 30.88 0.3573 
O Ka 473.3 8.4349 0.2569 0.1621 34.38 50.93 0.4716 
Fe Ka 594.9 0.6407 0.5612 0.3542 40.05 16.99 0.8846 
Au La 4.4 0.3731 0.0932 0.0589 9.92 1.19 0.5933 
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Fig. 4: TEM image of maghemite NPs stabilized with OA. 

Furthermore, EDS spectroscopy was employed 
to identify the elemental constituents of the 
synthesized maghemite NPs (Figure 3, Table 1). The 
analysis revealed peaks for O (50.93%), C (30.88%), 
Fe (16.99), and Au (1.19%). Three distinctive peaks 
of Fe at approximately 0.5, 6.2, and 7.0 keV were 
observed, verifying the existence of iron in the NPs 
(22). Fe and O peaks were prominent in the EDS 
spectrum, as shown in Figure 4. , further supporting 
the formation of maghemite NPs. Additionally, 
peaks for Au and C were detected, with Au resulting 
from the NPs' preparation for EDS analysis and C 
indicating the presence of OA, as indicated by FTIR. 
These C molecules cap NPs of maghemite.  

Additionally, TEM analysis was conducted to 
validate the shape, size, and structure of the 
synthesized NPs (Figure 4). TEM images showed 
aggregation of 50 nm spherical particles and NPs 
ranging between 8 nm and 17 nm. The presence of 

cuboidal-shaped particles was also observed in 
Figure 4. 

 
Vibrating-sample magnetometer  

Figure 5. displays, the capped maghemite NPs' 
magnetization curve with OA, demonstrating 
superparamagnetic behavior with no hysteresis. 
The magnetization curve proves the produced NPs 
are SPIONs since they have exhibited 
superparamagnetic properties, with a magnetic 
saturation value of approximately 51 emu/g, 
according to the VSM result given in Figure 5.  

 
FTIR 

An FTIR spectrum of maghemite NPs stabilized 
with OA is shown in Figure 6. Based on the FTIR 
spectrum, it is confirmed that OA is absorbed onto 
the surface of the maghemite NPs. The bands at 
approximately 1420, 1520, and 1620 cm-1 are  

 
Fig. 5. Magnetization plot of synthesized capped maghemite NPs with OA at 300 k 
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Fig. 6. The FTIR spectrum of maghemite NPs capped with OA 

 
attributed to metal oleate. OA contains aliphatic 
alkyl groups. The band can be seen in the spectra 
below 3000 cm-1. There is also broadband centered 
at 3350 cm-1, which is attributed to the stretching 
vibration of the hydroxyl (OH) group.  At 
approximately 2922 and 3350 cm-1, absorption 
bonds were related to C-H and O-H (vibration 
mode) groups, respectively (23). A symmetric CH2 
stretch and an asymmetric CH2 stretch can also be 
distinguished from two bands at 2922.07 and 
2851.23 cm-1, respectively (24). It is evident from 
the analysis that a strong peak dominates the iron 
oxide phase at 580 cm-1. Moreover, the 
characteristic absorption bands of SPIONs at 432 
and 580 can be related to the presence of the Fe-O 
bond. 

 
Prepared superparamagnetic nanoparticles 
cytotoxicity 

Figures 7 & 8 illustrate the toxicity of capped 
maghemite NPs with OA on CaSki and HUVEC cell 
lines. Cells were treated with different 
concentrations of the NPs for 24 hours, ranging 
from 0 to 50 μg/mL. The MTT results showed no 
cytotoxic effects on either human cancer cells or 
normal cells, even at the highest dosage of 50 
μg/mL. Statistical analysis did not demonstrate 
significant differences between the averages at 
each concentration for both cell lines. 

Nanomaterials such as iron oxide nanoparticles 
(IONs) have shown great potential in various 
medical and healthcare functions, including cellular 
staining, targeted drug delivery, gene therapy,  

 
Fig. 7.  Viability of HUVEC cells 
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Fig. 8. Viability of CaSki cells 

biosensors, hyperthermia treatment, and MRI 
diagnostics. These materials hold promise for 
treating malignant diseases and other illnesses. 
Nevertheless, despite the extensive exploration of 
IONs applications, their potential toxicity remains a 
subject that requires further investigation. Surface 
coatings and particle sizes are critical in defining 
cellular responses, the strength of effects induced 
by IONs, as well as potential toxicity pathways (25, 
26).  

Studies have shown that silica-coated SPIONs 
can induce cellular death through oxidative stress, 
but the addition of OA has been found to mitigate 
these adverse effects. OA has been shown to 
safeguard endothelial cells against oxidative 
damage and apoptosis caused by SPIONs (27), as 
well as changing the surface properties of IONs 
from hydrophilic to hydrophobic (28, 29).  

In research by L. Arias and colleagues, when 
manufacturing (maghemite/PLGA) /chitosan 
(core/shell) /shell nanocomposites, this surface 
modification of the maghemite particles with OA 
facilitated their integration into the PLGA matrix. 
For this purpose, an ethanolic OA solution was 
added under sonication (30). Based on these 
studies, incorporating OA into the NPs synthesis 
introduces a distinctive element to our approach. 
OA, known for its environmentally friendly 
properties, enhances the sustainability of the NPs 
fabrication process. Although OA alone does not 
constitute a complete green synthesis method, its 
integration helps mitigate environmental impact 
while preserving the effectiveness. The use of OA 
not only improved the properties of the NPs but 
also reduced their toxicity, thereby enhancing their 
suitability for theranostic applications.  

Saranya et al. reported a relationship between 
exposure time, type of cell, and the concentration 
of IONs in their in vitro studies on cytotoxicity. In 
this study, green IONs were also non-toxic (31). To 
be used in biomedical applications, magnetic NPs 
are preferred to exhibit superparamagnetic 
behavior at room temperature, have a small size of 
about 20 nanometers, and be biocompatible with 
biological coatings (32). The synthesized capped-
maghemite with OA showed an efficient 
superparamagnetic as proved by VSM 
characterization. Moreover, the MTT cell viability 
results indicate the biocompatibility of the 
maghemite NPs capped with OA. These findings are 
consistent with prior research; for instance, 
Dehelean et al. obtained biocompatible colloidal 
suspensions from IONs synthesized by combustion 
of the solution and covered with an OA 
arrangement consisting of two layers. They 
confirmed that NPs had an average particle 
diameter between 7 and 22 nm, making them 
appropriate for biological purposes. In vitro 
analyses of the studied colloidal suspensions 
revealed no harmful effects on human keratinocyte 
cells' viability, proliferation, and migration (33).  

Furthermore, Rahmani et al. investigated a 
green synthesis method for creating small-sized 
SPIONs and evaluated their cytotoxicity on breast 
cancer cells (MCF-7). They observed dose-related 
toxicity with mild effects at concentrations below 
4.7 μg/mL (34). Similarly, Bali Ogholbeyg et al. 
synthesized superparamagnetic maghemite NPs 
using mango leaf extract and found low toxicity up 
to 200 μg/mL in cytotoxicity tests on MCF-7 breast 
cancer cells (35). 
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Notably, while these studies focused on cancer 
cells, our research included both cancer (CaSki) and 
normal (HUVEC) cell lines. The consistently low 

toxicity observed across these different cell types 
reinforces the biocompatibility of the synthesized 
NPs (Table 2.).  

 
Table 2. Investigation of Maghemite Nanomaterials' cytotoxicity on various cell lines 

Study Nanomaterial Exposure 
Time Cell Type Results Reference 

Dehelean et al. 

IONs NPs (maghemite & 
magnetite NPs coated with 

OA) 
 

24 h HaCat Cell Line 

No harmful effects on the 
viability, proliferation, or 

migration of Human 
keratinocyte cells 

 

(33) 

Balas et al. 
 

Dextran-coated maghemite 
NPs 

 

24 h              
48 h              
72 h 

PANC-1 Cell Line 

Inhibition of  PANC-1 Cell 
Viability in a Concentration- 

and Time-Dependent 
Manner: biocompatibility at 

low doses and 50% 
Cytotoxicity at 56 µg/mL 

after 72 h 
 

(36) 

Silva et al. 

Methylene blue binding to 
citrate-coated maghemite 

NPs 
 

24 h              
48 h              
72 h 

T-47D & A2780  
Cell Lines 

Killing cancer cells without 
affecting normal cells and 
increasing methylene blue 

activity, aiming at the 
treatment of breast and 

ovarian cancer 
 

(37) 

Fernández-Álvarez 
et al. 

(Maghemite/ PLGA)/ Chitosan 
Nanostructure 

 

48 h              
72 h 

CCD-18 & T-84 Cell 
Lines 

No change in the viability of 
both cell lines, even in the 

0.05 to 100 µg/mL NP 
concentrations, which could 

be considered non-toxic 
 

(38) 

Sharifi et al. Maghemite Nps 
 24 h 4T1 Cell Line 

Effectiveness of NPs against 
cancerous cell line 

 
(39) 

Ramos-Guivar et al. Maghemite NPs 
 

6 h              
24 h SAOS-2 Cell Line 

not reducing the cell 
viability even at high 

concentrations, enhancing 
the proliferation of 

osteoblast SAOS-2 cells 
compared with the 

untreated cells 
 

(40) 

Predoi et al. 
 Maghemite NPs 24 h HepG2 Cell Line 

Maintaining cell viability for 
up to 60 μg/ml NPs 

concentrations 
 

(41) 

Khodabakhshi et al. Maghemite 
NPs 48 h Hela Cell Line 

 
Low toxicity even at high 

doses of NPs (42) 

Rahmani et al. SPIONs 24 h MCF-7 Cell Line 

Low-level toxicity at 
concentrations under 4.7 

μg/mL 
 

(34) 

Bali Ogholbeyg et 
al. Maghemite NPs 24 h              

48 h MCF-7 Cell Line 

Minimal toxicity on the 
MCF-7 breast cancer cell 

line (up to 200 μg/mL) 
 

(35) 

Current Study Maghemite NPs 24 h HUVEC & CasKi Cell 
Lines 

Compatibility of NPs on 
living cell lines with no 

toxicity 
 

CONCLUSION 
In this study, maghemite NPs capped with OA 

were successfully synthesized using a co-
precipitation method, and their properties were 

comprehensively characterized. The NPs 
demonstrated high crystallinity and a cubic 
structure, with a crystallite size of approximately 9 
nm. The effective capping with OA was confirmed, 
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resulting in semi-spherical NPs with an average size 
of 14 nm. Elemental analysis indicated the presence 
of iron, oxygen, and carbon, affirming the 
successful OA capping. Furthermore, the NPs 
exhibited superparamagnetic behavior with a 
saturation magnetization of approximately 51 
emu/g, making them suitable for magnetic 
applications. Cytotoxicity assessments on CaSki and 
HUVEC cell lines showed no significant toxicity at 
concentrations up to 50 μg/mL, highlighting their 
biocompatibility. 

Overall, the OA-capped maghemite NPs exhibit 
desirable properties for biomedical applications, 
including targeted drug delivery and imaging. 
Future research should focus on in vivo studies to 
comprehensively evaluate their pharmacokinetics, 
biodistribution, and long-term safety to realize their 
full potential. Additionally, exploring their efficacy 
in specific therapeutic areas such as targeted 
cancer therapy, real-time imaging, and theranostics 
will further validate their utility as multifunctional 
NPs systems in biomedicine.  
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