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Abstract
Recently, the green synthesizing methods of nanoparticles found their place in the 
center of attention. In this regard. the synthesis of useful nanoparticles such as the 
magnetic types, as well as the cases of Chia seeds that can form natural mucilage 
and function as a capping agent, are recognized of great importance. In this work, 
superparamagnetic  (Fe3O4) nanoparticles were prepared by using the water extract 
of chia seeds for the first time, which was then coated with chitosan (CS),  Fe3O4@
CS core–shell, and finally, exerted for the drug delivery of oxaliplatin (OXA), and 
irinotecan (IRI) that were labeled as  Fe3O4–OXA@CS core–shell and  Fe3O4–IRI@
CS core–shell, respectively. The nanoparticles were characterized through the means 
of XRD, FTIR, UV–Vis, TEM, FESEM, DLS, zeta potential, and VSM. The results 
of XRD analyses confirmed the successful synthesis of superparamagnetic nanopar-
ticles. The observed crystallity, solid-phase, and hydrodynamic sizes were indicative 
of particle agglomeration in the solid phase, while in comparison to the crystallite 
sizes and particle diameters were increased up to more than 3-folds. The occurrence 
of agglomeration was more apparent in the case of  Fe3O4–OXA@CS core–shell. 
Moreover, the cytotoxicities of nano-drugs were investigated against CT-26 cancer 
cells by the application of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide) assay. The  IC50 values of  Fe3O4@CS core–shell,  Fe3O4–OXA@
CS core–shell, and  Fe3O4–IRI@CS core–shell were reported to be 246.6, 79.6, 
and 61.1  ppm, respectively. The cytotoxicities of drug-loaded nanoparticles were 
exceedingly increased when being compared to the case of  Fe3O4@CS core–shell.
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Introduction

In past years, hybrid nanomaterials received the attention of many for their appli-
cability in bioapplications, including nano-enabled bioseparation, diagnostics, 
and drug delivery [1–3]. Among the varying available drug delivery systems 
(DDSs), the great importance of targeted platforms is undeniably evident due to 
the higher capacity for improving the efficiency of treatments while minimizing 
the side effects as well [4–7]. Nanomaterials based on superparamagnetic iron-
oxide nanocomposites (SPIONs) can be well-tailored for specific purposes such 
as cancer therapy. In this regard, the superparamagnetism and facile surface-mod-
ification of SPIONs is at the center of attention. At present, the most eminent 
bioapplications of SPIONs include the development of bioseparation methods, 
protein and enzyme scaffolds, heterogeneous immunoassay systems, DDSs, and 
medical imaging. The SPIONs can be externally directed towards the cancer tis-
sues and also, be used to dissipate heat (Hyperthermia) in an external alternat-
ing magnetic field [8–16]. Currently, the dose-limiting toxicities of chemo drugs 
stand as a challenge in clinical applications due to the adverse effects of most 
chemotherapeutics in physiological conditions. For example, the dose-limiting 
side effects of oxaliplatin (OXA) and irinotecan (IRI) are known as cumulative 
neurotoxicities and respiratory failure, respectively [17–19]. One of the circum-
venting approaches for this matter is the performance of chemo drugs targeted 
delivery with high toxicities by the utilization of nanocarriers [20, 21]. The mag-
netic nanoparticles (MNPs) are physiologically stable, biodegradable, and safe 
[22]. Interactive functionalities on the surface of MNPs can lead to combinato-
rial advantages such as better biocompatibility, stability, and drug loading capac-
ity [23–29]. Surface decoration with biopolymers provides new surface func-
tionalities that result in binding to active agents and decreasing the inducement 
of agglomeration/aggregation [30–32]. Although there are coatings that shel-
ter the core and weaken magnetic guidance, yet the commercialized SPIONs 
(size ~ 30 nm) offer specific surface functionalities designed for particular goals 
[33]. The  MNPs meant for OXA delivery, which is functionalized with pectin, 
were observed to be capable of performing sustained drug release, effective deliv-
ery of active agents, and superb cytotoxicity against MIA-PaCa-2 pancreas can-
cer cells [34]. Similarly, a combination of radiotherapy and chemotherapy was 
reported to eradicate lung cancer cells through external magnetic fields for the 
localization of nanoparticles [35, 36]. Drug efficacy can be also increased by exe-
cuting Gemcitabine loading onto the surface of chitosan MNPs. The occurrence 
of a hydrogen bond or electrostatic interactions can stand as the explanation of 
polar agents loading such as ciprofloxacin onto the surface of chitosan-modified 
nanomagnets [37]. Furthermore, IRI-loaded nano-complexes of SPIONs and chi-
tosan proved to be a promising candidate for the future treatment of HCT-116 
cells throughout in vitro and in vivo cases [38, 39]. As another interesting exam-
ple, decorated NMPs with cyclodextrins and chitosan can form a hydrophobic 
interior and hydrophilic exterior while being able to act as efficient water-insolu-
ble agents [40, 41]. In addition, the induced cyclodextrins degradation in colons 
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can be exerted as a trigger for performing targeted delivery [42]. On the other 
side regarding DDSs, the interaction of Chitosan, as a polysaccharide with active 
amines and hydroxyls, with glycoconjugates results in creating an opening for the 
active agents to pass through the epithelial cells [43, 44]. Thus, it can be indi-
cated that the coating of NMPs with chitosan or the formation of hybrid nanoma-
terials with MNPs and chitosan can be very beneficial for drug delivery purposes 
[45]. Synthetic procedures are another aspect in this field that requires specific 
attention [46]. The synthesis of smaller-sized MNPs with a special morphology is 
quite challenging. Alternative green methods, such as the usage of plant extracts, 
provide new sources of capping agents for developing remarkable synthetic pro-
cedures, which would give rise to new morphologies and smaller particles. The 
chia (Salvia hispanica) is originated from the Lamiaceae family and coated with 
glucose, xylose, and glucuronic acid. It is capable of forming a gel/mucilaginous 
substance in aqueous media, which can be used as a capping agent for the synthe-
sis of metallic/metal oxide nanoparticles [47–49]. In this study, we introduced a 
new nanocomposite of MNPs and chitosan and examined its ability in perform-
ing the drug delivery of OXA and IRI. The MNPs were synthesized through a 
co-precipitation method by the usage of chia seed mucilage as a capping agent in 
water. To the best of our knowledge, this is the first experiment that involves the 
exertion of chia seed mucilage for synthesizing SPIONs, which could be of great 
importance from size and morphology standpoints. Recently, chia seed mucilage 
was used to perform a synthesis that resulted in achieving 7 nm-sized silver nan-
oparticles with aspherical morphology and, therefore, it seems to be worthy to 
try the synthesis of other nanoparticles by the application of this mucilage [50]. 
Herein, the prepared MNPs were fully characterized and their physicochemical 
properties were analyzed and discussed. Although the main focus of this synthe-
sis was to confirm and investigate the occurrence of changes in structure, magnet-
ism, size, and morphology, however, we also studied the application of prepared 
MNPs in the drug delivery of OXA and IRI and assessed the cytotoxic effects 
of prepared nanosystems in annihilating CT-26 colon cancer cells. The effects 
of loaded nanoparticles on the cell proliferation of cancer cells were determined 
by the means of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay while performing a comparison between the results of  IC50 cases as 
well.

Materials and methods

All of the exerted chemicals contained high purity and were procured from Merck 
Co of Germany. The utilized plant species in this study were natural chia seeds 
obtained from Iran and Low molecular weight chitosan (Brookfield viscosity 20.000 
cps) was purchased of from Merck Co. Synthetic materials were characterized by 
the employment of UV–Vis spectrophotometry (UV–Vis, Unicode 2100, USA), 
Fourier transforms infrared spectroscopy (FT-IR, Brucker Tensor 27, USA), pow-
der X-ray diffraction (XRD, Panalytical Company X’pert PRO MPD, Denver, 
USA), dynamic light scattering (DLS), zeta potential analyzer (Zetasizer Nano ZS, 
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Malvern, England), transmission electron microscopy (TEM, Metropolitan-Vick-
ers, H9500, England), and field emission scanning electron microscopy (FESEM, 
HITACHI S4160, Germany).

Chia seeds water extract

Initially, 1.0 g of Chia seeds were weighed and washed several times with distilled 
water. Then, 50 mL of distilled water (DW) was added to have the solution heated 
until reaching 60 °C, which was placed under constant stirring for 2 h. Thereafter, 
the extract was separated and stored in the refrigerator for the upcoming experi-
ments [51].

Synthesis of SPIONs

On this section, 0.18  g of  FeCl2.4H2O and 0.50  g of  FeCl3.6H2O  (Fe2+:  Fe3+ 
ratio = 1:2) were dissolved in 100 mL of DW at room temperature. Then, 30 mL of 
chia seed extract was added and the mixture was stirred within a nitrogen atmos-
phere at 45 °C for 20 min. The color was observed to be altered and turned from 
orange to dark green. After 10 min, NaOH solution (1.0 M) was appended to the 
mixture until reaching a pH > 9. As the next step, the black precipitate was separated 
by an external magnet and washed several times with DW. The obtained product was 
dried at 40 °C for 2 h and used without further purification.

The biosynthesis mechanism of nanoparticles by the usage of plant extract is dem-
onstrated in Fig.  1. The green chemistry method was used to reduce or eliminate 

Fig. 1  The biosynthesis mechanism of nanoparticles
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hazardous substances in the synthesis process. The chia seed extract has been proposed 
before as an appropriate material in green synthesis because of its safe nature and 
ability to act as a reducing agent in nanoparticles synthesis. As an example, Sabouri 
et  al. [52] took benefits from Salvia hispanica L. (chia) seeds extract as a reductant 
and stabilizer to prepare nickel oxide nanoparticles. In another study, Al-Qasmi et al. 
[51] reported successfully synthesizing copper oxide nanoparticles by using chia seed 
extract. The authors reported chia seeds as a suitable stabilizing substance for the green 
synthesis of nanoparticles, which showed comparable efficiency to conventional reduc-
tion procedures using hazardous polymers or surfactants.

Chitosan coated SPIONs  (Fe3O4@CS core–shell)

To cover the MNPs with chitosan, 10.0 mg of low molecular weight chitosan was dis-
solved in 0.05% acetic acid solution (50 mL). In the following, the chitosan solution 
was added to the synthesized magnetic nanoparticles (0.1 g), which were then collected 
by an external magnet and washed with deionized water. After being separated, the 
precipitate that contained chitosan-coated magnetic nanoparticles was freeze-dried at 
− 80 °C for 24 h.

Loading of OXA and IRI on chitosan‑coated SPIONs  (Fe3O4–OXA@CS core–shell 
and  Fe3O4–IRI@CS core–shell)

The  Fe3O4@CS core–shell (10.0 mg) was dispersed with oxaliplatin (5.0 mL, 1.0 mg/
mL) to have the obtained solution stirred for 48 h. After being centrifuged, the pre-
cipitate was lyophilized for 2 d, while in similar conditions, irinotecan (20 mg/mL) was 
loaded onto the surface of nanoparticles as well.

MTT assay

MTT assay was used to investigate the cell viability and toxicity effect of nano drugs on 
CT-26 cells. For this purpose, 2 ×  104 CT-26 cells in each well of 96-well plate were 
treated with  Fe3O4–OXA@CS core–shell and  Fe3O4–IRI@CS core–shell (0, 8, 16, 32, 
62.5, 125, 250, and 500 pm) to be incubated for 24 h. Moreover, 10 µL of 5% MTT 
solution was added to determine the cell viability, which was incubated in dark for 4 h. 
The produced formazan crystals were dissolved in DMSO to have the cell viability 
measured by a plate-reader at λmax = 570 nm. Finally, the percentage of live cells in 
each concentration of treatment was calculated through the application of Prism Graph-
pad software using the following equation:

[Adsorp]s and [Adsorp] stand for the absorbance of treated samples and the control, 
respectively.

Cell viability(%) = [Adsrop]s∕Ardorp] × 100
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Result and discussion

XRD pattern

The obtained XRD analyses exhibited the successful synthesis of  Fe3O4 nanopar-
ticles (Fig. 2) [53]. The structure is compatible with Iron oxide and the reference 
code of 01-075-1609 (JCPDS code:031156) [54], which was crystallized in an 
orthorhombic crystal system (Space group: Imma, space group number: 74) [55]. 
The related calculated hkl (2θ, intensity) values were reported to be 011 (18.28°, 
12.8%), 112 (30.12°, 33.1%), 200 (30.21°, 23.7%), 121 (35.43°, 82.2%), 103 
(35.54°, 100%), 004 (43.12°, 27.3%), 132 (53.39°, 5.5%), 204 (53.6°, 6%), 231 
(56.97°, 20.9%), 321 (57.09°, 21.3%), 041 (62.43°, 9.6%), 224 (62.61°, 36.4%), 400 
(62.82°, 22.4%), 116 (71.02°, 2.4%), 420 (71.19°, 1.6%), 143 (73.92°, 3.9%), 305 
(74.17°, 3.7%), 413 (74.25°, 3.6%), 422 (75.22°, 2.1%), 316 (86.99°, 1.4%), and 127 
(89.7°, 4.1%). The experimental data clearly have displayed 2θ (intensity) values 
of 18.28° (10.9%), 30.20° (34.56%), 35.43° (95.81%), 35.73° (100), 43.19° (22%), 
53.68° (6.4%), 57.18° (25.8%), 62.79° (37.43%), 71.21° (3.5%), 74.28° (6.7%), and 
87.16° (3.18%). According to the results, the crystallinity of  Fe3O4 nanoparticles 
faced a decrease after being coated by CS, in which the crystallite size experienced 
the same fate as well. Also, outcomes indicated that the orthorhombic crystal system 
remained intact after the CS coating and OXA and IRI loading. the Debye Scher-
rer equation (Eq. 1) was used to calculate the crystallite sizes of SPIONs,  Fe3O4@
CS core–shell,  Fe3O4–OXA@CS core–shell, and  Fe3O4–IRI@CS core–shell, which 
were observed to be 36.9 nm, 11.1 nm, 29.53 nm, and 25.33 nm, respectively. As an 

Fig. 2  The XRD patterns of the  Fe3O4 SPIONs,  Fe3O4@CS core–shell,  Fe3O4–OXA@CS core–shell, 
and  Fe3O4–IRI@CS core–shell
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interesting phenomenon, the drug loading leads to an increase in crystallitty com-
pared to the  Fe3O4@CS core–shell.

where k = 0.9, D is crystal size, λ is 0.154 nm, θ is the diffraction angle, and β would 
be the FWHM, in terms of radians [56].

FTIR

The changes in functionalities of SPIONs,  Fe3O4@CS core–shell,  Fe3O4–OXA@CS 
core–shell, and  Fe3O4–IRI@CS core–shell were displayed throughout their FTIR 
spectroscopy (Fig. 3). The major IR adsorption bands of  Fe3O4 nanoparticles were 
observed at 562   cm−1 and 628   cm−1, indicating the formation of spinel  (AB2O4) 
structure, while the O–H stretching (υOH) and Bending (δH2O) were detected at 
1677   cm−1 and 3438   cm−1 [57, 58]. Considering the few layers of CS that envel-
oped around  Fe3O4 nanoparticles, only one region of the spectrum with no interfer-
ences was usable for analyzing the presence of CS within  Fe3O4@CS core–shell. 
Accordingly, the COH and C–O–C vibrations were perceived in the region of 
1000–1450   cm−1 without any specific sharp IR adsorption bands, which could be 
related to the presence of CS. After the loading process, the O–H stretching (υOH) 

(1)D =
k�

� cos �

Fig. 3  The FTIR analyzes  Fe3O4 nanoparticles,  Fe3O4@CS core–shell,  Fe3O4–OXA@CS core–shell, and 
 Fe3O4–IRI@CS core–shell
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was shifted towards lower wavelengths due to the formation of hydrogen bonds with 
OXA and IRI [59].

UV–Vis

To confirm the production of  Fe3O4 nanoparticles by the usage of aqueous chia 
seed extract, the UV–Vis spectrum was recorded to provide data on the absorption 
spectrum of produced nanoparticles (Fig. 4). In this spectrum, the appeared peak at 
290 nm indicated the production of  Fe3O4 nanoparticles, which was associated with 
the ligand-to-metal charge transfer (LMCT) [60]. The optical properties of nano-
material such as absorption and reflection differ from properties exhibited by the 
same bulk material. When the particle size becomes less than the wavelength of the 
incident radiation, the surface plasmon resonance phenomenon becomes dominant 
to control the optical properties of nanomaterials. The surface plasmon resonance 
is the result of coherent excitation of the free electrons of the nanomaterials, which 
are present in the conduction band and their in-phase resonance oscillations with the 
applied light energy. Thus nanomaterials can produce surface plasmon resonance, 
unlike bulk materials [61].

TEM images of  Fe3O4@CS Core–shell

The TEM images of  Fe3O4@CS core–shell at different magnifications, presented in 
Fig.  5, demonstrate their almost spherical and uniformed shape. However, unfor-
tunately, there are signs of agglomeration as well, while the TEM images of chi-
tosan-coated nanoparticles did not display the core–shell structure. The obtained 

Fig. 4  UV–Vis spectrum of  Fe3O4 nanoparticles
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particle size distribution from the performed analysis displayed a mean diameter of 
36.77 nm. The particle agglomeration caused an increase in the size range, nearly up 
to 300 nm, leading to a large standard deviation relative to the mean diameter [62].

FESEM

The morphologies of  Fe3O4 nanoparticles,  Fe3O4@CS core–shell,  Fe3O4–OXA@CS 
core–shell, and  Fe3O4–IRI@CS core–shell were investigated through the application 
of FESEM images (Fig. 6). In conformity to results, the nanoscopic particles in each 
sample contained a spherical morphology. The observed morphological changes 
after CS coating and IRI loading were not apparent and changes in agglomeration, 
shape, and size were negligible, however, there was more agglomeration in the case 
of  Fe3O4–OXA@CS core–shell than the other samples. It appears that the final mor-
phology of the  Fe3O4–OXA@CS core–shell was also spherical and remained intact.

Fig. 5  The TEM images in scales 40 nm (a), 32 nm (b), and 25 nm (c), and particle size distribution (d) 
of  Fe3O4@CS core–shell
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The energy dispersive X-ray analysis (EDX) was used in this study to inves-
tigate the qualitative elemental composition of the samples. EDX analysis of 
 Fe3O4 nanoparticles,  Fe3O4@CS core–shell,  Fe3O4–OXA@CS core–shell, and 
 Fe3O4–IRI@CS core–shell exhibited the compositional changes of the samples 
(Fig.  7). The  Fe3O4 nanoparticles, which were composed of oxygen and iron 
while being coated with CS, were observed to hold the presence of nitrogen and 
carbon as well. Next to being loaded with OXA, the presence of platinum was 
confirmed by  PtMα,  PtMβ, and  PtLα. On the other hand similar to CS, IRI is an 
organic compound that contains carbon, nitrogen, and oxygen, which conse-
quently resulted in the lack of qualitative elemental changes. The obtained results 
were indicative of the high purity of synthesized nanoparticles.

Fig. 6  The FESEM images of  Fe3O4 nanoparticles (a, b),  Fe3O4@CS core–shell (c, d),  Fe3O4–OXA@
CS core–shell (e, f), and  Fe3O4–IRI@CS core–shell (g, h)
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DLS

The induced changes in the hydrodynamic diameter of  Fe3O4 nanoparticles,  Fe3O4@
CS core–shell,  Fe3O4–OXA@CS core–shell, and  Fe3O4–IRI@CS core–shell were 
evaluated by the means of DLS analysis (Fig. 8). The achieved Z-averages (polydis-
persity index, PDI) from DLS analysis (Fig. 8) displayed that the uncoated  Fe3O4 
nanoparticles have a size of about 38.42 (0.15) nm. Additionally, after coating 
chitosan, the size of  Fe3O4@CS core–shell has changed to 74.21 (0.22) nm which 
approves the presence of a new layer on nanoparticles. Also, the drug loading caused 
the size of  Fe3O4–OXA@CS core–shell, and  Fe3O4–IRI@CS core–shell to be 92.5 
(0.24), and 172.55 (0.26) nm. Although TEM and crystallite sizes of  Fe3O4 nanopar-
ticles were indicative of low clustering/ agglomeration, on the other hand, the hydro-
dynamic size of  Fe3O4@CS core–shell was nearly 7-times larger than its crystallite 
size. The core–shell formation and presence of different hydroxyl and amine groups 
in the composition of CS caused a noticeable increase in the hydrodynamic sizes. 
The hydrodynamic size of  Fe3O4@CS core–shell was affected by the formation of 
Hydrogen bonds with water, which greatly increased their sizes. The clustering of 
more than two particles in the aqueous media can stand as another possible explana-
tion for this observation. After the loading of OXA and IRI, the sizes were increased 
even more than in the case of  Fe3O4@CS core–shell, which resulted in enlarging 

Fig. 7  The EDX of  Fe3O4 nanoparticles (a),  Fe3O4@CS core–shell (b),  Fe3O4–OXA@CS core–shell (c), 
and  Fe3O4–IRI@CS core–shell (d)
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the hydrodynamic sizes. The FESEM image of  Fe3O4–OXA@CS core–shell demon-
strated the formation of aggregated nanoparticles and due to the tendency of DLS to 
display larger particles, larger hydrodynamic sizes were perceivable throughout the 
results. The zeta potentials were measured at pH = 6.8 while negative outcomes were 
reported for all the samples of the aqueous medium, which can be regarded as a sign 
of stability in water. The obtained zeta potentials of  Fe3O4 nanoparticles,  Fe3O4@
CS core–shell,  Fe3O4–OXA@CS core–shell, and  Fe3O4–IRI@CS core–shell were 
− 16.99, − 12.99, − 16.72, and − 14.28 mV, respectively. Result of Zeta potential 
was presented in Table 1.

VSM

The saturation magnetization (Ms) of samples was determined by the applica-
tion of VSM at room temperature (Fig. 9). The suitable conditions for achieving a 
superparamagnetic behavior were associated with the size of nanoparticles, which 

Fig. 8  DLS analyses values of  Fe3O4 nanoparticles,  Fe3O4@CS core–shell,  Fe3O4–OXA@CS core–shell, 
and  Fe3O4–IRI@CS core–shell

Table 1  Result of Zeta potential Sample Zeta Potential (mV)

Fe3O4  − 16.99
Fe3O4@CS core–shell  − 12.99
Fe3O4–OXA@CS core–shell  − 16.72
Fe3O4–IRI@CS core–shell  − 14.28
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was required to be between 3–50  nm and be lower than the superparamagnetic 
critical size [63]. The Ms values of  Fe3O4 nanoparticles,  Fe3O4@CS core–shell, 
 Fe3O4–OXA@CS core–shell, and  Fe3O4–IRI@CS core–shell were 77.4, 71.43, 
31.91, and 73.91 emus.g−1, respectively. There were no remanence magnetization 
and coercivity observed throughout the samples. The Ms values of  Fe3O4@CS 
core–shell and  Fe3O4–IRI@CS core–shell were slightly reduced after the formation 
of CS core–shell and IRI loading, which could be mainly attributed to the diamag-
netic nature of CS and IRI. However, in the case of  Fe3O4–OXA@CS core–shell, 
the value of Ms was drastically declined as a result of CS core–shell, OXA loading, 
and the higher agglomeration of nanoparticles. Their presence causes synergistic 
effects by disrupting the surface moments, reducing MS, and causing negative influ-
ences on magnetism [64].

MTT assay

The anticancer attributes of  Fe3O4@CS core–shell,  Fe3O4–OXA@CS core–shell, 
and  Fe3O4–IRI@CS core–shell against CT26 cancer cells were investigated by 
experimenting samples with different concentrations and doses of 0, 4, 8, 16, 31, 
62, 125, 250, 500 ppm (Fig. 10). The obtained results indicated that in comparison 
to  Fe3O4@CS core–shell, which demonstrated lower cytotoxicity against colorectal 
cancer cells  (IC50 = 246.6 ppm), the cases of  IC50s of  Fe3O4–OXA@CS core–shell 
 (IC50 = 79.6 ppm) and  Fe3O4–IRI@CS core–shell  (IC50 = 61.1 ppm) were decreased 
more than 3- and 4-times, respectively. Considering the apparent effect of drug load-
ing on the potency of nano drugs, the applicability of magnetic nanoparticles in 
designing drug delivery systems can be suggested [20].

Fig. 9  The magnetization of the  Fe3O4 nanoparticles,  Fe3O4@CS core–shell,  Fe3O4–OXA@CS core–
shell, and  Fe3O4–IRI@CS core–shell
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Discussion

To investigate drug delivery systems using  Fe3O4@CS core–shell, the  Fe3O4@CS 
core–shell and guest interactions are needed to be optimized to control spontane-
ous drug release [65–69].  Fe3O4@CS core–shell appears to be effective for this aim. 
The use of nanomaterials such as magnetic nanoparticles can be used to facilitate 
drug release by a stimulus [70]. For example, the superparamagnetic chitosan nano-
complexes were examined for colorectal tumor-targeted delivery of irinotecan [71]. 
In another study of  TiO2 and iron oxide nanoparticles was used for cancer therapy: 
surface chemistry and biological implications [72]. The other nanomaterials were 
magnetic functionalized nanoparticles for the responsive and targeted drug deliv-
ery on colorectal cancer therapy [73]. Also, magnetic nanoparticles were used in 
cancer therapy and diagnosis [74]. Nanomaterials, including magnetic nanopar-
ticles, appear to be effective in inducing drug release by a stimulus. The mag-
netic nanoparticles can be used applied to design drug delivery systems based on 
 Fe3O4@CS core–shell, which could lead to a better release. Herein, the  Fe3O4@CS 
core–shell was used for the first time to examine the character of the  Fe3O4–OXA@
CS core–shell and  Fe3O4–IRI@CS core–shell against CT-26 cancer cells. The 
XRD analyses have displayed the successful synthesis of the  Fe3O4 nanoparticles 
and  Fe3O4@CS core–shell. Also, FTIR analyses have been approved the presence 
of C-H stretching of the OXA after drug loading. The XRD pattern approved that 
the structure was remained whole after drug loading. The crystallity structures and 
FESEM images evidente aggregation is much more in the aqueous media. Despite 

Fig. 10  The MTT of  Fe3O4@CS core–shell,  Fe3O4–OXA@CS core–shell, and  Fe3O4–IRI@CS core–
shell against CT 26 cancer cells
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all these barriers, the powders thoroughly were suspended in the solution for biolog-
ical experiments. The cytotoxicities of drug-loaded nanoparticles were exceedingly 
increased when being compared to the case of  Fe3O4@CS core–shell.

Conclusions and future prospects

In this study, the green synthesis of the magnetic nanoparticle by the usage of chia 
seed extracts was introduced to display the capability of these particles for being 
applied in drug delivery approaches. The flexibility of magnetic nanoparticles for tai-
loring better nanocarriers by the usage of biopolymers, such as chitosan, has caught 
the attention of many since this method can result in increasing the biocompatibil-
ity and drug loading capacity of surfaces. According to the performed analyses, chia 
seed water extract can form uniformed spherical nanoparticles with the ability to dis-
play superparamagnetism behaviors. The cytotoxicity of drug-loaded nanoparticles 
executed a better eradication of CT-26 colorectal cancer cells when being compared 
to the outcomes of  Fe3O4@CS core–shell. The facile and green synthesizing methods 
proved to be useful in the synthesis of new and effective drug delivery systems. A 
thorough study of the characteristics of the formed targeted delivery systems includ-
ing biocompatibility, biodegradation, toxicity, and low cellular stability and dissemi-
nation of targeting based on demand in the human body is essential. Continuous work 
is needed to discover the mechanism by which the prepared magnetic nanoparticles 
enter human diseased cells and how they interact via human cancer cells, as well as 
the mechanism of cell death/body metabolism pathways. We firmly believe that these 
obstacles will be overcome through our relentless efforts. However, there is no doubt 
that  Fe3O4 NP-based targeted drug /gene delivery systems are new and very valuable 
methods that play a pivotal role in biomedicine and open up new fields of research.
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