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H I G H L I G H T S  
 

A B S T R A C T  

• Magnetite (Fe3O4) (NPs) were synthesized 

and optimized to control particle size and 

morphology. 

• Fe3O4 where modified to form 

nanoencapsulated Fe3O4@Cs-PEG-PTX-FA 

particles with sizes ranging from 100 to 130 

nm. 

• Encapsulation efficiency of 82.4% and drug-

loading content of 14.4% were achieved. 

 

 Magnetite (Fe3O4) nanoparticles (NPs) were synthesized using a straightforward co-

precipitation method from Fe2+/Fe3+ salt solutions as starting materials. This method 

was optimized to control particle size and morphology, resulting in highly magnetic 

NPs with crystallite sizes ranging from 20 to 70 nm. The synthesis process involved 

magnetic stirring at 700 rpm at room temperature, yielding approximately 5 mg of 

Fe3O4 powder. Structural characterization via X-ray diffraction (XRD) confirmed the 

stoichiometric composition and particle dimensions. To enhance functionality, the 

Fe3O4 NPs were coated with chitosan (Cs), polyethylene glycol (PEG), and folic acid 

(FA), and loaded with the anticancer drug paclitaxel (PTX), forming 

nanoencapsulated Fe3O4@Cs-PEG-PTX-FA particles with sizes ranging from 100 

to 130 nm. Magnetic properties were assessed using a vibrating sample 

magnetometer (VSM), revealing saturation magnetization (Ms) values of 59.6 

emu/mg for Fe3O4 and 19.9 emu/mg for Fe3O4@Cs-PEG-PTX-FA. Encapsulation 

efficiency of 82.4% and drug-loading content of 14.4% were achieved. These results 

demonstrate the potential of Fe3O4 NPs as multifunctional agents in the biomedical 

field, particularly for targeted drug delivery systems, where magnetic properties can 

facilitate precise localization and release of therapeutic agents. In addition to size 

uniformity, biocompatibility, and responsiveness to external magnetic fields make, 

these properties make them promising candidates for cancer treatment, particularly 

in targeting fibrosarcoma cells. 
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1. Introduction 

Magnetic nanoparticles, particularly Fe3O4, have been extensively researched and used in the last ten years for biomedical purposes, 
such as magnetized scaffolds [1], gene transfer [2], cell treatment [3,4], magnetic resonance imaging [5-7], cell labeling [8] and 
hyperthermia [9]. Also, there are many metal oxides like Znic oxide dopants with magnetic material such as cobalt and multiwall carbon 
nanotubes (MWCNT) decorated with silver nanoparticles that were used as sensors and demonstrated antibacterial effects [10,11]. 
Researchers have used a variety of techniques to generate Fe3O4 on the nanoscale. The most popular approach for creating aqueous 
Fe2+/Fe3+ salt solutions with a base, either at ambient or elevated temperatures. This procedure is simple and precise performance, achieving 
a success rate of 96% to 99.9% for the generating of Fe₃O₄ nanoparticles (NPs). This procedure uses an alkaline medium containing ferrous 
and ferric ions in a 1:2 ratio. It enables the production of both single- and multi-component metal oxides as fine, stoichiometric particles. 
The process involves a nucleation and growth mechanism, resulting in the formation of Fe₃O₄ nanoparticles [12]. A small size distribution 
and beneficial dispersibility in aquatic environments are desirable properties for Fe3O4 magnetic nanoparticles [13].  
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However, in order to create spherically shaped nanoparticles, the co-precipitation method is a straightforward synthesis technique that 
uses cheap substrates [14]. 

Kang et al. [15], reported the synthesis of Fe3O4 nanopowders having 15 nm average diameter and cubic shapes via the 
ultrasonic-assisted co-precipitation method. Ferrite NPs are the iron oxides in the crystal structure of maghemite or magnetite 
[16]. These are the most explored magnetic NPs to date. Whenever the size of ferrite particles is minimized to less than 128 nm, 
they exhibit superparamagnetic behavior. This property prevents self-agglomeration, as the nanoparticles only display magnetic 
behavior by applying an exterior magnetic field. Using FeCl3.6H2O and FeCl2.4H2O as primary precursors, according to Islam 
et al. [17], an ultrasonic technology with a maximum power of 1500W and a frequency of 20 kHz for 75 minutes was used to 
create Fe3O4 NPs. According to the findings, the saturation magnetization of the Fe3O4 particles was 80 emu/g, and their size 
was around 11 nm. Furthermore, Choi et al. [18], employed several nanocarriers, such as polymer micelles, 
liposomes,  dendrimers, silicon dioxide NP, and polydrug conjugates. Tumors can be effectively treated by reducing resistance 
to treatment and adverse effects. NPs offer a promising solution by integrating therapeutic agents with innovative treatment 
strategies, enhancing the efficacy and precision of cancer therapies. Sood et al. [19], established carbon-coated Fe3O4/Au+ 
curcumin Core@Shell stabilized by the co-precipitation method using thiolated sodium alginate for biomedical applications. 

A TEM micrograph presented by Al-Kinani et al. [20] achieved an average diameter of 20 ± 2.1 nm for Fe3O4 NP. Numerous 
researchers have used primary commercial precursors to produce Fe3O4 NPs chemically. The current work discusses utilizing 
iron salts as a raw material for the production of Fe3O4 NPs. The outcomes of the characterization and optimization of the 
synthesis are also investigated. Fe3O4 NPs' form and characteristics are believed to be influenced by the synthesis parameters. 
The primary objective of this study is to enhance superparamagnetic Fe₃O₄ nanoparticles (NPs) with uniform particle sizes, 
making them suitable as nanocarriers for biological applications, particularly in antitumor therapy. This is achieved by coating 
the NPs with biocompatible chitosan (Cs) to encapsulate the drug and facilitate its release at the target site in response to acidic 
pH, and polyethylene glycol (PEG) to extend blood circulation time while preserving the chemical structure and therapeutic 
properties of paclitaxel (PTX). Furthermore, the nanocarriers are functionalized with folic acid (FA) to enable targeted drug 
delivery, forming Fe₃O₄@CS-PEG-PTX-FA NPs. Furthermore, the impact of techniques on the size and shape of Fe3O4 
crystallites will be explored. 

2. Materials and methods  

All chemicals used in this study were purchased from Sigma-Aldrich in St. Louis, MO (USA). Low-molecular-weight 
chitosan (CS) was obtained from Durect Corporation (AL, USA). 

2.1 Synthesis of Fe3O4 nanoparticles   

An exact synthesis of Fe3O4 nanoparticles was crucial for the first stages of this ground-breaking project. A precise amount 
of 0.6 g of ferrous chloride tetrahydrate (FeCl2·4H2O) and 1.2 g of ferric chloride hexahydrate (FeCl3.6H2O) were carefully 
dissolved in 10 mL of deionized water (DDW) in a flask, ensuring accuracy and caution during preparation. After being rapidly 
stirred at room temperature (25 °C) for 15 minutes, the combination experienced a remarkable transition, forming a homogeneous 
and highly resonant dark orange solution.  The subsequent step required meticulous accuracy: gradually adding 10 M ammonium 
hydroxide (NH4OH) to the obtained liquid while stirring it at 800 rpm. The pH remained stable throughout a series of 
meticulously coordinated processes. The solution underwent notable metamorphosis when the base mixed, changing from a dark 
orange to a profound obsidian black. The alchemical process involved heating the transforming fluid to 80 degrees Celsius for 
45 minutes combined with vortexing at 800 rpm. The genesis of Fe3O4 can be summed up in the following elegantly condensed 
Equation (1), which describes the complex interplay of variables that led to its formation. 

 Fe2++2Fe3++8OH−→Fe(OH)2+2Fe(OH)3→ Fe3O4↓+4H2O   (1)     

In this symphony of chemical ingenuity, the synthesis of Fe3O4 nanoparticles stood as a testament to precision, distinguished 
by each calculated addition and orchestrated transformation, all converging toward the creation of a remarkable nanomaterial 
with immense potential, as shown in Figure 1.            

   
Figure 1: Illustrated steps of the co-precipitation preparation method of Fe3O4 NPs in the chemical  

                     method to produce 5 mg with Fe3O4 NPs as powder 
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2.2 Formulation of Fe3O4@Cs-PTX-PEG-FA nanocarrier   

10 mg/mL of chitosan (Cs) and 12 mg/mL of SPION were dissolved in a 1% acetic acid solution. The mixture was treated 

with ultrasound for 20 minutes to ensure uniformity. Separately, dimethyl sulfoxide (DMSO) was utilized to dissolve 20 mg of 

paclitaxel (PTX). The obtained solution was then added to 10 mL of the SPION@Cs solution under magnetic stirring at 1000 

rpm at room temperature (RT), forming the SPION@Cs-PTX solution. 

Next, this solution was slowly and gradually added into 4 mL of a 2 mg/mL TPP solution while stirring at 200 rpm at RT. 

The nanoparticles formed immediately and were further bonded by stirring at 25 °C for 90 minutes. These nanoparticles were 

collected by centrifuging at 1500 rpm, followed by using a vacuum oven to dry the nanoparticles at 40 °C for 24 hours [21]. 

To coat the nanoparticles with PEG, a solution comprising 10% of the volume of total water was prepared and stirred into 

the SPION@Cs-PTX mixture at 300 rpm for 1 hour at RT. Finally, a 5 mg/mL folic acid (FA) solution was added gradually to 

the mixture while stirring at 200 rpm for 10 minutes. The encapsulated nanoparticles (SPION@Cs-PTX-PEG-FA) were then 

spun at 1500 rpm and frozen at -30 °C for 20 hours. Figure 2 illustrates the preparation of Fe3O4@Cs-PTX-PEG-FA 

nanoparticles. Standard formula Equation (2) and (3),  were applied to determine the encapsulation efficacy and medication 

loading content [22- 24]. 

 Encapsulation efficiency (%) =
Total amount of drug ‐ Free drug

The initial amount of drug
× 100    (2) 

     Drug loading content  (%)  =
Total amount of drug ‐ Free drug

The total amount of nanoparticles
× 100   (3)   

 

Figure 2: Sceth illustration of the preparation of Fe3O4@Cs-PTX-PEG-FA nanoparticles 

2.3 Comprehensive characterization of materials  

The products’ crystal structure was studied employing X-ray diffraction (XRD), Shimadzu XRD-6000 (Japan), model 

(Miniflex IL, USA). Patterns with Cu Kα radiation (λ = 1,54051 Å) at a voltage of 30 kV, current of 25 mA , and scan interval 

of 1°/min, recorded in the region of 2θ range of 10 ℃ to 65 ℃. 

Scanning electron microscope-energy dispersive X-ray spectrometry (SEM-EDS), a thermofisher firm, was used to evaluate 

the morphology of Fe3O4 materials. The size of the 120 nanoparticles was measured employing a JEM-2000 EXII transmission 

electron microscope (TEM) from JEOL in Tokyo, Japan. A drop of diluted PTX nanoformulation solution was applied to a 200-

mesh formvar carbon-coated copper grid (TABB Laboratories Equipment). Vibrating sample magnetometers (VSM) were used 

to test the magnetic characteristics of Fe3O4 before and after coating. (Lakeshore 7404,  USA) at RT. 

3. Results and discussion 

3.1 Impact of ultra-sonication on nanoparticle characteristics  
This novel strategy originates from the idea that a coarse mixture undergoes a transforming process within the ultrasonic 

field. The expansion of the surrounding atmosphere causes bubbles to form. When these bubbles burst, they release shear forces 

that effectively break apart large particles into many smaller ones. This method also helps reduce the impact of bubbles, which 

can impede the growth of nanoparticles. After around 15–20 minutes of using the ultrasonic device, the nanoparticle scale reaches 

a near-steady state of equilibrium. Notably, this technique uses liquid to control temperature as needed [25]. Figure 3 illustrates 

this complex interplay of variables. 
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Figure 3: Effect of the ultrasonic device on NPs 

3.2 X-ray diffraction insights into uncoated Fe3O4 NPs  

X-ray diffraction (XRD) played a pivotal role in unraveling the intricate crystal structure of the sample. Figures 4(a) and 

4(b) serve as visual testaments, illustrating the crystalline nature of Fe3O4 nanoparticles. Remarkably, similar to the findings 

reported in the referenced study, our materials exhibited diffractions of Fe3O4 alongside other iron oxide counterparts, lending 

credibility to our study [26]. The comprehensive spectrum of peaks encompassing the complete profile of Fe3O4 NPs prepared 

through the co-precipitation method, uncoated (a). Emanating from this data are sharply defined peaks that unveil distinct 

crystalline regions. Within this tapestry of insights, 10 mountains stood out with maximal peak-to-noise ratios of up to 11.2. We 

conducted this meticulous analysis under the parameters of ADX-2700 SSC with a power of 40kV and a current of 30 mA.  

It is a meticulously set slit configuration of (1 degree) for both θ and 2θ, complemented by a 0.2 mm monochromatic slit, 

culminated in precise measurements (onTs-Td). The resulting diffraction angles included 18.524°, 30.295°, 35.647°, 37.294°, 

43.301°, 53.629°, 57.208°, 62.8°, 71.245°, and 74.291°, each intricately tied to their corresponding indices, namely (111), (220), 

(311), (222), (400), (422), (511), (440), (620), and (533), thereby unveiling the crystalline facets [24]. The concordance with 

standard data as per the (JCPDS file 99-0073), adds a layer of robustness to our findings. The discerning eye might note the 

broadness of these peaks, a characteristic that underscores the nanoparticles' ultrafine constitution and diminutive crystallite 

dimensions. Remarkably, within this complex tapestry of XRD data, the unmistakable signature of a single cubic phase for Fe3O4 

nanopowder emerges, enhancing the clarity and significance of our results. 

Fe3O4 nanoparticles coated with polymers containing the drug PXT (Fe3O4@PXT-Cs-PEG-FA) exhibit low-intensity 

reflection planes in Table 1 and Figure 4(b). Displaying crystalline areas, ID Extended Report (5 Peaks, 2=30.295°, 36.601°, 

45.792°, 57.48°, and 67.199°), with indices of (220), (311), (400), (511) and (440), respectively. 

 

Figure 4: X-ray diffraction of the Fe3O4 NP pattern of Fe3O4 NPs was prepared using a chemical method 

before coating (a) and after coating Fe3O4 NPs with polymer (b) 

Chaverra et al. [26] claimed that Fe3O4 had a higher intensity and longer laser wavelength, an inverted spinel structure, and 

no additional phase-only magnetites. In an inverse spinel structure, eight Fe3+ and eight Fe2+ ions alternately occupy tetrahedral 

and octahedral locations with variable peak intensities. Peak broadening of XRD data can be used with the Scherer Equation 

[roshan] Equation (4) to determine the sizes of Fe3O4 crystallites. 
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 D = k*λ ⁄ (β*cosθ)    (4) 

The wavelength of the XRD beam is represented by λ, while D is the size of crystallite in nanometers (nm). The grain shape 

constant, k, is typically 0.89 for spherical particles. The term β  refers to the full width at half maximum (FWHM) of the diffraction 

peak, expressed in radians, and θ\thetaθ represents the angle of diffraction. Based on Equation (1), larger particle sizes in Fe3O4 samples 

corresponded to peaks with greater intensity, likely due to the presence of more crystallographic planes, as illustrated in Table 1. 

Furthermore, Figure 5 indicates that the crystallite size of nanoparticles tends to increase gradually after polymer coating. 

This phenomenon can be explained by the kinetic energy gained by the sample, which promotes particle dispersion, reduces 

Fe3O4 molecular weight, and fragments the agglomerated particles into smaller units [27]. 

Table 1: All peaks of Fe3O4@Cs-PEG-PTX-FA fabricated by the reverse micro-emulsion procedure 

Peak no. 2θ(deg.) (hkl) D(nm)=Kλ/βcosθ d EXP. ∆ d Shape 

1 30.295 (220) 48.32989654 0.295 0.005 Spinal 

2 36.601 (311) 89.24683497 0.245 0.118 Spinal 

3 45.792 (400) 114.1015597 0.198 0.0055 Spinal 

4 57.48 (511) 182.1249088 0.16 0.169 Spinal 

5 67.199 (440) 231.6864984 0.139 0.005 Spinal 

According to Figure 5 (a and b), Fe3O4 nanoparticles typically have a cubic or spherical shape and are made up of isolated and 

clustered particles. Clustering of NPs can occur due to a variety of factors, including magnetic interaction between particles [28], the 

formation of non-uniform cavitation bubbles [29], and an increase in surface free energy due to the reduction in Fe3O4 size [30]. 

 

Figure 5: SEM of (a)Fe3O4 NP was prepared using a chemical method before  

                 Coating, and (b)Fe3O4@Cs-PEG-PTX-FA  

3.3 Morphological and structural attributes of processed Fe3O4  

The encapsulation performance and loading content of PTX were 82.4 ± 0.21% and 14.41 ± 0.18%, respectively. Figure 6 

shows an EDX spectrum of powder Fe3O4 after the chemical method synthesis. The EDX spectra revealed significant Fe and O 

peaks. The constituents of Fe3O4 nanoparticles were prepared using the co-precipitation method, with the associated analysis 

presented in the table within the figure. These results confirm the purity of the synthesized materials, which are undergoing 

further investigation. 

 

Figure 6: EDX of Fe3O4 NP powder with a weight ratio of all elements 
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3.4 Magnetic characteristics of Fe3O4 before and after coating 

Figure 7 illustrates the transmission electron microscopy (TEM) images of Fe3O4 nanoparticles, providing detailed insights 

into their size and morphology. The Fe3O4 nanoparticles synthesized via the co-precipitation method, using FeCl3·6H2O, 

FeCl2·4H2O, and ammonium hydroxide as precursors, exhibit a particle size range of 10-40 nm, with an average size below 50 

nm as shown in Figure 7(a) [31]. Upon coating with chitosan (Cs), polyethylene glycol (PEG), folic acid (FA), and loading with 

paclitaxel (PTX), the Fe3O4@Cs-PEG-PTX-FA nanoparticles showed an increased size, ranging between 100-120 nm as shown 

Figure 7(b). 

 

Figure 7: TEM of Fe3O4 NP prepared by chemical method (a) before coating and Fe3O4@Cs-PEG-PTX-FA (b) 

The particle size data obtained from TEM is consistent with the findings from Field Emission Scanning Microscopy (FESM), 

confirming the accuracy of the particle size estimation for both Fe3O4 and Fe3O4@Cs-PEG-PTX-FA nanoparticles. The strong 

agreement between the two characterization techniques reinforces the reliability of the synthesis and coating methods used, 

ensuring uniform particle sizes crucial for maintaining the desired physical, chemical, and magnetic properties. This consistency 

between FESM and TEM results is pivotal for biomedical applications, particularly in targeted drug delivery systems, where size 

uniformity directly influences efficacy and precision.  

It is generally known that the shape, size of particles, and dimensions displayed direct impacts on the magnetic characteristics 

of Fe3O4 NPs. Figure 8 displays the result of VSM. During the magnetic measurement, at ambient temperature, the application 

of a magnetic field had a range of -1 to 1 T. The superparamagnetic characteristics of the Fe3O4@Cs-PTX-PEG-FA nanosystem 

with a saturation magnetization value of 59.6 emu/mg were also shown by the curves. Fe3O4 has a saturation magnetization value 

(Ms) of 59.6 emu/gram. This investigation demonstrated that Fe3O4@Cs-PTX-PEG-FA NPs are suitable nanocarriers due to 

their quick reaction to an external magnetic field and their stable structure in solution. Furthermore, the Hc value of near 0 [32-

34] and the crystallite size of less than 50 nm Fe3O4 shown by the VSM result indicate that this material exhibits 

superparamagnetic behavior at ambient temperature. Based on the Ms value, the current findings exhibited that Fe3O4 has a high 

potential for use in biological applications, particularly nanocarriers. According to Brusentsov et al. [35], Fe3O4 can be used in 

biological applications if its Ms value is between 5 and 25 emu/g. 

 

Figure 8: Magnetization curve of Fe3O4 before and after coating with polymers 
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4. Conclusion 

Co-precipitation was used to create Fe3O4 NPs using iron salts as the starting material, further encapsulated to form 

Fe3O4@Cs-PEG-PTX-FA nanocarriers. Where the stirring rate and temperature  have crucial impacts on the size and quality of 

crystallite Fe3O4, XRD confirmed the crystalline structure and purity of the synthesized materials with no detectable secondary 

phases. It is evident from the magnetic characterization that Fe3O4 was used in this study. Notably, the nanocarriers exhibit 

superparamagnetic behavior at ambient temperature. This nature ensures stability and controlled drug release at the target site, 

reducing off-target effects. The functional coatings enhance circulation time and targeting efficiency, addressing critical 

challenges in cancer therapy. Encapsulation efficiency of 82.4% and drug-loading content of 14.4% were achieved, indicating 

effective incorporation of PTX into the nanocarriers. These results underscore the potential of these nanocarriers to deliver 

therapeutic agents efficiently. In addition to size uniformity, biocompatibility, and responsiveness to external magnetic fields, 

these properties make them promising candidates for cancer treatment, particularly in targeting fibrosarcoma cells. 
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