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This study aimed to prepare and evaluate chitosan hybrid nanoparticles 
with a magnetic inorganic component (Fe₃O₄) in different contents (C1-
C4), as well as drug-loaded samples (D-C1 and D-C2). The goal was to 
assess the effect of component ratios on biocompatibility, active compound 
release, environmental response (pH and magnetic field), and thermal, 
structural, and magnetic properties. To achieve this, a range of instruments 
was used, including day 1 and day 5 photo-absorption measurements at 
concentrations of 50–200 µg/mL to assess cellular response, and cumulative 
drug-release studies over short time intervals (0–60 minutes). The analysis 
was prolonged (up to 350 hours) at pH 5.6 and 7.4, with or without a 
magnetic field (50 mT). Material characterization was performed using EDS, 
XRD, TGA/DTG, swelling measurements, magnetic (M–H) behavior, and 
thermal heating. The results showed that biocompatibility was best at lower 
concentrations (50 and 100 µg/mL), while absorption values gradually 
decreased at 150 and 200 µg/mL over time. Release was continuous and 
pH-dependent, with the highest rates in acidic environments, and the 
magnetic field accelerated release. This was consistent with EDS and XRD 
characterizations, which confirmed the incorporation of Fe3O4 into the 
chitosan matrix and an increased contribution of the inorganic phase with 
increasing Fe3O4 content. TGA/DTG analysis showed improved thermal 
stability as inorganic component content increased.

INTRODUCTION
Cancer treatment using nanotherapeutics, 

chemotherapy, and gene therapy has become a 
major research area in modern biomedical science 
[1]. Current drug delivery strategies primarily 
aim to increase the concentration of therapeutic 
agents at the tumor site while reducing their 
distribution to healthy tissues, thereby enhancing 
therapeutic efficacy and minimizing systemic 
toxicity [2,3]. Functionalized nanoparticles have 
attracted significant attention because they can 

protect drugs from premature metabolism and 
elimination, thereby improving pharmacological 
activity and reducing adverse effects [4]. Advances 
in nanotechnology have enabled the development 
of smart nanocarriers that selectively deliver 
therapeutic agents to cancerous tissues via 
receptor- and ligand-mediated targeting [5,6]. 
These nanocarriers can respond to external 
stimuli such as pH, temperature, enzymatic 
activity, magnetic fields, and ultrasound, thereby 
altering their physicochemical properties and 
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enabling controlled drug release [7]. Among 
the various nanomaterials used in drug delivery 
systems, superparamagnetic Fe3O4 nanoparticles 
have shown considerable promise due to their 
multifunctional properties, including magnetic 
targeting, localized hyperthermia therapy, stem 
cell tracking, and magnetic resonance imaging 
applications [8,9]. The incorporation of Fe3O4 
nanoparticles into polymeric nanocomposites 
enhances drug-delivery efficiency and enables 
magnetic guidance to tumor tissues [10-12]. 
Chitosan (CS) has emerged as one of the most 
promising biopolymers for biomedical and 
pharmaceutical applications because of its 
excellent biocompatibility, biodegradability, 
low toxicity, and ease of chemical modification 
[13]. Chitosan is a natural polycationic polymer 
derived from chitin and consists of 2-amino-2-
deoxy-D-glucose and N-acetyl-2-amino-2-deoxy-
D-glucose units linked by β(1→4) glycosidic bonds 
[14]. Due to the presence of amino and hydroxyl 
functional groups, chitosan exhibits strong 
interactions with drugs, proteins, and metal ions, 
making it highly suitable as a drug carrier [15]. In 
addition, chitosan possesses mucoadhesive and 

chelating properties that improve drug stability, 
enhance cellular uptake, and increase therapeutic 
efficiency [16]. Chitosan-based magnetic 
nanocomposites provide an effective platform 
for targeted drug delivery systems [17]. In these 
systems, Fe3O4 nanoparticles serve as magnetic 
carriers that can be directed to tumor tissues, 
while chitosan enhances nanoparticle stability, 
prevents aggregation, and controls drug release 
[18]. Furthermore, the pH-sensitivity of chitosan 
enables enhanced drug release in the acidic 
microenvironment of cancer tissues, thereby 
improving therapeutic outcomes and minimizing 
damage to healthy cells [19]. Doxorubicin (DOX) 
is one of the most widely used chemotherapeutic 
agents for cancer treatment because it interferes 
with DNA replication and inhibits topoisomerase 
II activity, leading to apoptosis and cancer cell 
death. However, conventional administration 
of DOX is associated with severe side effects 
and nonspecific toxicity. Therefore, loading DOX 
into chitosan-based magnetic nanocarriers has 
become an effective strategy to improve targeted 
delivery and reduce adverse effects [20]. In 
addition, multifunctional chitosan-based magnetic 

 
  

 

Fig. 1. Interaction ways between Fe3O4@CS with DOX drug.
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nanocomposites have demonstrated high drug-
loading capacity, controlled-release behavior, 
magnetic targeting capability, and enhanced 
anticancer activity [21]. Overall, chitosan-based 
magnetic nanocomposites represent a promising, 
biocompatible platform for cancer therapy due 
to their unique biological and physicochemical 
properties. These systems provide efficient drug 
loading, controlled release performance, selective 
tumor targeting, and reduced systemic toxicity, 
making them attractive candidates for advanced 
biomedical and therapeutic applications.

MATERIALS AND METHODS
Chemicals and reagents 

Ferric chloride (FeCl3.6H2O, 99%), ferrous 
chloride (FeCl2.4H2O), sodium hydroxide (NaOH, 
99%), and hydrochloric acid (HCl) were supplied 
from Merck Co. Chitosan (CS) (Mw. 190000 to 
310000 Da) with a deacetylation degree of 80%, 
and Doxorubicin hydrochloride were purchased 
from Sigma Aldrich. The analytical-grade chemical 
materials were used as received, without further 
purification. 

Preparation of Fe3O4
Fe3O4 NPs were prepared via the chemical co-

precipitation method. Briefly, (5.41 g, 2 mmol) and 
(1.99 g, 1 mmol) of ferric and ferrous chlorides, 

respectively, were dissolved in 100 mL of deionized 
water under magnetic stirring. Then, 5 drops of 
ethylene glycol were added to the mixture as a 
surfactant material with continuous stirring. After 
that, 1 M of NH4OH solution was added dropwise 
to the mixture until the pH reached 10. The black 
precipitate was separated by a magnet and washed 
several times with acetone and distilled water to 
remove the unreacted ions. Finally, the precipitate 
was dried for 4 h at 80 oC to obtain Fe3O4 [22].

Preparation of Fe3O4/chitosan nancomposite 
Fe3O4/chitosan nanocomposites with different 

weight ratios were prepared via a solution-
blending precipitation method. Briefly, 0.025 g 
of Fe3O4 NPs was dispersed in a 2.5 mL mixture 
of deionized water/ethanol and sonicated for 1 
h. Separately, 0.075 g of chitosan was dissolved 
in 7.5 mL of 1% acetic acid under continuous 
stirring at room temperature for 12 h. After that, 
the Fe3O4 NP suspension was slowly added to the 
chitosan solution under continuous stirring for 
5 h to ensure a homogeneous distribution. 1 M 
of NaOH was added dropwise with stirring until 
the pH reached 9, at which point a black-brown 
precipitate formed. The precipitate was isolated 
using an external magnet and washed several 
times with distilled water until the pH reached 7, 
then washed several times with ethanol to remove 

 

 
Fig. 2. XRD of bare and Fe3O4-incorporated chitosan.
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residual acetic acid. Finally, the precipitate was 
dried at 60 oC for 6 h. The same producer was 
repeated using different ratios of chitosan (0.05 
and 0.025 g) and Fe3O4 (0.05 and 0.075 g) [23].

Preparation of Fe3O4/Chitosan-Doxorubicin drug 
delivery system

100 mg of Chitosan(x)/Fe3O4(1-x) was dispersed 
in (5 mM, 20 mL) DOX solution under moderate 
sonication for 10 min to confirm uniform 
dispersion. Then, the mixture was stirred at room 
temperature for 6 h in the dark to permit enough 
reaction between the nanocomposite and the 
drug. Afterward, the Fe3O4/Chitosan-DOX was 
separated employing an external magnet, followed 
by washing with PBS to eliminate unbound DOX 

molecules. Finally, the prepared nanocomposite 
was dried at 30 oC for 6 h and stored in a dark 
container at 5 oC for further drug-release studies. 
The drug-loading capacity was investigated by 
monitoring the reduction in DOX concentration 
in the loading system following the incorporation 
of the prepared samples. The DOX Abs solution 
was examined at 480 nm before and after loading, 
and the concentration was calculated employing 
a standard calibration curve of Abs versus DOX 
concentration [24]. Possible interactions between 
Fe3O4@CS and DOX.HCl is exhibited in Fig. 1.

Cell viability examination 
MTT assay 

The MTT test is a colorimetric method used 

 

 
Fig. 3. EDX spectrum of (A) C1, (B) C2, (C) C3, (D) C4.
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to assess cell viability, which depends on living 
cells’ metabolic activity. This test is based on the 
reduction of tetrazolium dye to formazan crystals 
via mitochondrial dehydrogenases in living 
cells. After incubation, the crystals are dissolved 
employing DMSO, forming a colored solution. The 
color intensity, measured at 570 nm, is directly 
proportional to the number of metabolically 
active viable cells. HOS cells were cultured in 96-
well dishes at a density of 5000 cells per well and 
maintained for 1 day to permit cell attachment. 
After incubation, the cells were cured with bare 
and (chitosan and cellulose)-incorporated Fe3O4 
at different concentrations ranging from 20 to 100 
μg/mL. Cell viability was assessed on the 1st and 
7th days of incubation using the MTT assay. Then, 
20 μL of MTT solution (5 mg/mL) was added to 
each dish, and the dishes were incubated for 2 h at 
37 °C in 5% CO2. Afterward, the formazan crystals 
were dissolved by adding 100 μL of DMSO to each 
dish, then maintained at 25 °C for 30 min to confirm 
solubilization before measuring absorbance at 570 
nm. The same procedure was repeated on L929 
cells, with cell viability estimated on the 1st and 
7th days. In addition, the cytotoxic impact of the 
DOX-loaded bare and (chitosan and cellulose)-
incorporated chitosan was investigated by treating 

cells with 10 μg/mL of each compound, followed 
by an MTT assay. Free DOX with a concentration of 
58 μg/mL, equal to the DOX amount present in 10 
μg/mL of DOX-Fe3O4/chitosan, was employed as 
the positive control.

Cytoskeleton staining
For cytoskeleton dying, HOS and L929 cells were 

cultured on surface-treated coverslips, placed in 
12-well dishes at a density of 3000 cells/well, and 
maintained for 1 day to permit cell attachment. 
After the HOS and L929 cells gained an adherent 
morphology, they were treated with the prepared 
samples at a concentration of 10 μg/mL and 
incubated for 180 min. After incubation, the cells 
were washed with PBS and fixed with %4 PFA 
prepared in PBS for 30 min. Then, the cells were 
washed with PBS several times to remove excess 
fixative and permeabilized with 50% methanol. 
Afterward, the cells were blocked with 2% BSA 
for 30 min to decrease nonspecific binding. After 
removal of unbound BSA with PBS, the cells were 
stained with AF488 phalloidin prepared in 2% 
BSA for 1 h to visualize F-actin filaments. Finally, 
the nuclei were dyed with DAPI for 10 min. The 
dyed cells were washed with PBS and investigated 
under a fluorescence microscope at 358/461 nm.

 

 
Fig. 4. TGA of C1-C4 compounds.
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RESULTS AND DISCUSSION 
XRD of bare and Fe3O4-incorporated chitosan 

is shown in Fig. 2. The results give clear proof of 
the successful introduction of Fe3O4 NPS into the 
chitosan matrix. For C1, which performs pure 
chitosan, a broad diffraction peak is observed 
at 20.27 o, indicating the semi-crystalline nature 
and is produced from the ordered configuration 
of chains kept via intra- and intermolecular 
H-bonding. The absence of sharp diffraction peaks 
in C1 suggests that chitosan is semi-crystalline 
rather than highly crystalline [25]. After the Fe3O4 
incorporation in the C1 matrix, the XRD patterns of 
C2-C4 show several peaks centered at 2θ = 30.27 °, 
35.45 °, 43.46 °, 53.75 °, 57.24 °, and 62.74 °, which 
correspond to (220), (311), (400), (422), (511), and 
(440) of spinel Fe3O4. The occurrence of these 
diffraction peaks suggests the existence of Fe3O4 
NPs in the C1 structure. Among these diffraction 
peaks, the peak at 35.55 ° is the most intense 
and corresponds to the principal peak of Fe3O4, 
suggesting that magnetite retains its structure 
upon incorporation into the chitosan matrix. An 
imperceptible alteration in the diffraction is noted 
as the magnetite concentration increases from 
C2 to C4. In C2, the broad diffraction peak is still 

plainly visible, while the Fe3O4 diffraction peaks 
begin to show with mild intensity. This suggests 
that the polymeric C1 phase stays predominant, 
but Fe3O4 NPs have been incorporated into the 
C1 matrix. In C3, the distinctive Fe3O4 diffraction 
peaks become sharper and clearer, indicating a 
higher degree of crystallinity. In the C4 sample, 
the Fe3O4 diffraction peaks appear with the 
highest intensity, particularly at 35.59 °, 43.16 °, 
57.18 °, and 62.74 °, suggesting that this structure 
includes the largest part of magnetite NPs. The 
reduction in the broad diffraction peak of chitosan 
after magnetite incorporation suggests that 
the crystalline Fe3O4 becomes the predominant 
phase contributor. In addition, the existence of 
a broad chitosan diffraction peak and the strong 
magnetite reflections emphasize the organic-
inorganic formation, in which chitosan gives a 
semi-crystalline matrix while Fe3O4 keeps its spinel 
structure [26].

The EDX spectra of bare and Fe3O4-incorporated 
chitosan (C1-C4) are shown in Fig. 3 (a-d). The 
results emphasize the successful formation of 
chitosan-Fe3O4 at different ratios. The pure chitosan 
(C1) appears mainly with C and O signal peaks at 
0.28 and 0.52 keV, respectively, which are assigned 

 

 
Fig. 5. DTG of C1-C4 compounds.
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to the backbone containing C-OH, C-O, C-C, and 
glycosidic groups. Moreover, the results appeared 
to overlap with the N and O signals due to the 
low N content. After incorporating Fe3O4, the EDX 
spectra of C2-C4 show additional iron signal peaks, 
particularly at 6.4 and 7.0 keV, corresponding to 
the Ka and Kb signals, respectively, along with a 
Fe signal peak at 0.7 keV. The presence of these 
signals indicates the presence of Fe3O4 NPs within 
the chitosan polymer matrix. On the other hand, 
with increasing Fe content, the results appear 
to show an increase in Fe signal peak intensity, 
while reducing C and O signals from chitosan. This 
tendency suggests a progressive enrichment of 
the structure with the Fe3O4 phase. In addition, 
the results show no signal peaks from unexpected 
elements, indicating that the prepared compounds 
are comparatively pure, and that the EDX spectra 
are consistent with the XRD patterns.

The TGA curves of bare and %wt. Fe3O4-
incorporated chitosan (C1-C4) is shown in Fig. 
4. The results exhibited an enhancement in the 
thermal resistance of chitosan upon incorporation 
of Fe3O4. The C1 appears to show an initial slight 
weight loss below 120 °C due to the evaporation of 

adsorbed moisture, followed by a major thermal 
degradation step between 247 and 327 °C, which 
is assigned to depolymerization, deacetylation, 
and destruction of glycosidic bonds. Afterward, 
a gradual decrease is observed, reaching the 
lowest residue of about 25% at 800 °C. For the 
C2-C4 nanocomposite, the thermal degradation 
decreases with increasing Fe3O4 content. The main 
weight loss is attributed to chitosan backbone 
decomposition, but the curves are more gradual, 
and the final increase in residue is notable. This 
behavior suggests that magnetite acts as a thermal 
phase that limits the mobility of the chitosan chain, 
retards mass loss, and enhances the formation of 
higher inorganic residues. On the other hand, the 
interaction between NH2 and -OH groups in Fe3O4 
may enhance thermal stability by strengthening 
the chitosan network [27].

For bare and wt.% Fe3O4-incorporated chitosan, 
C1-C4: the results (Fig. 5) show a small peak at 
100 °C, which is attributed to the evaporation 
of adsorbed H2O. Moreover, the major peak is 
observed at around 195-315 oC and is assigned 
to chitosan backbone thermal decomposition, 
containing depolymerization, deacetylation, and 

 

 
Fig. 6. VSM of bare and chitosan-incorporated Fe3O4.
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glycosidic bond cleavage. The intensity of the 
major peak decreases with increasing magnetite 
content, indicating a lower organic mass-loss rate. 
C1 compound exhibits the sharpest and highest 
peak, with fast decomposition of the polymer. On 
the other side, C2-C4 compounds display lower 
decomposition peak intensities, indicating partial 
enhancement in thermal resistance because 
of the interaction between the -NH2 and -OH 
function groups with Fe3O4 NPs. C4 shows the 
weakest thermal degradation peak, indicating the 
lowest thermal decomposition resistance among 
all prepared compounds. This demeanor is related 
to the higher magnetite content, which acts as a 
limited-chain-movement and thermally stable 
phase [28]. Generally, the DTG findings support 
the TGA results and emphasize that increasing 
magnetite content enhances the thermal stability.

The magnetic features of the prepared 
compound were investigated using VSM. The 
results appear to be a typical S-shaped magnetic 
demeanor for bare and (chitosan)/DOX-
incorporated Fe3O4, as shown in Fig. 6. The Fe3O4 
shows the highest saturation magnetization among 
all compounds, due to its inclusion of the largest 

fraction of the magnetic. After incorporation of 
chitosan and DOX, the MS gradually decreases due 
to the presence of organic materials surrounding 
the Fe3O4 NPs. This decrease doesn’t indicate 
a lack of magnetic behavior, but it emphasizes 
the successful loading of chitosan and DOX onto 
Fe3O4 NPs. These organic materials can decrease 
the magnetic response by blocking magnetic 
interactions between Fe3O4 NPs and by increasing 
the non-magnetic fraction. The results exhibit 
small hysteresis and coercivity, suggesting that the 
prepared compounds behave as good magnetic 
materials, which is considered very important for 
medical drug delivery applications due to their 
ability to respond to an external magnetic field 
[29].

Cancer cell performance 
The quantitative evaluation of proliferation 

and cellular viability was performed using the 
MTT assay to assess the biocompatibility of the 
prepared nanocomposites (C1-C4) in L929 and 
HOS cells. The MTT assay results indicate that the 
cytotoxic response of the prepared compounds 
was both time- and cell-type-dependent. The 

 

 
Fig. 7. Cell viability of control and C1-C4 compounds at different concentrations using L929 cells.
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viability of the L929 cell stayed relatively high 
against all concentrations after 1 and 7 days, while 
the HOS appeared to decline more in cell viability, 
especially after long incubation for 7 days. These 
results indicate that the synthesized compounds 
exhibit selectivity, with lower toxicity to normal 
cells and greater inhibitory effects on cancer cells. 
In Fig. 7, the absorbance values measured on day 
1 are similar to those of the control, indicating 
that none of the prepared compounds exhibited 
cytotoxicity at the studied concentrations. On the 
other hand, until after 7 days, the absorbance 
values remained high, with little fluctuation 
across different compounds and concentrations, 
indicating that the prepared compounds exhibit 
acceptable cytocompatibility with normal cells 
[30,31]. 

In contrast, the HOS cells appeared to have a 
notably different conductance (Fig. 8). On day 1, the 
Abs values were lower than those observed in L929 
cells, indicating that HOS cells were more sensitive 
to the compounds at the early stage of exposure. 
This reduction becomes clearer on day 7, with a 
marked decrease in cell viability observed for most 
compounds, particularly at higher concentrations. 

The cumulative reduction in absorbance with 
boosting concentrations indicates a concentration-
dependent antiproliferative effect, while the 
greater decrease after 7 days suggests a time-
dependent response. So, the prepared compounds 
not only inhibit short-term metabolic activity but 
also interfere with long-term proliferation and 
HOS cells’ survival. A comparison between the 
compounds suggests that their biological impacts 
aren’t identical. Some prepared compounds 
showed higher viability in L929 cells while causing 
a greater decrease in HOS viability, indicating good 
selectivity between cancer and normal cells. This 
different response may be attributed to surface 
chemistry, composition, cellular uptake, particle-
cell interactions, or the production of intracellular 
stress in cancer cells. HOS are more vulnerable to 
mitochondrial dysfunction, oxidative imbalance, 
and membrane disorders than L929 cells, which 
may explain why the cancer cells responded more 
strongly [32].

Fig. 9 shows the HOS cells’ cytoskeletal 
morphology after therapy with the prepared 
compounds (C1-C4) at 50-200 mg/mL for 24h, 
where actin strings appear green, and nuclei 

 

 
Fig. 8. Cell viability of control and C1-C4 compounds at different concentrations using HOS cells.
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are shown blue with DAPI dye. The control cells 
appeared normal, with adhesive morphology, 
well-organized actin strings, uniformly stained 
nuclei, and extended spreading, suggesting 
the right cytoskeletal structure and normal 

cell attachment. Using bare and ferric oxide-
doped chitosan, HOS cells remained detectable; 
however, clear alterations in actin organization 
and morphology were noted compared with the 
control. The actin network showed less regularity, 

 

 

 

 

 

 

 

 

  
Fig. 9. cytoskeletal morphology after therapy with control (A,B) and the prepared compounds 

(C1-C4) (C-J), respectively.



4674

A. Salah, and Z. Mahmoud / Anticancer Performance of Chitosan/Fe3O4 Nanohybrid

J Nanostruct 16(4): 4664-4678, Autumn 2026

and some cells appeared more contracted and 
less spread, suggesting cytoskeletal reorganization 
in response to therapy. Although the nuclei 
remained visible in all samples, the distribution 
of actin changed, indicating that the prepared 
compounds affected adhesion behavior and 
cellular architecture. The results suggest that the 
examined compounds induced mild structural 
changes in HOS cells without bringing immediate 
total cell death after 1 day. The noted alterations 
in actin string organization support the idea that 
the bare and ferric oxide-doped chitosan interfere 
with cytoskeletal integrity and may contribute to 
their anticancer activity and proliferative effects 

[33]. 
Fig. 10 displays confocal microscopy images 

of HOS cells attached to C1 and C2, with actin 
filaments shown in green and cell nuclei stained 
blue with DAPI. In both samples, the cells 
were fit to bind to the surface, ascertained by 
nuclear staining and clear actin. The combined 
images appear to be a successful cell-surface 
reaction. For chitosan, the cell appeared to 
have a comparatively good morphology, with 
organized actin organization and visible pervasion, 
suggesting favorable cohesion and preservation 
of cytoskeletal integrity. On the other side, the 
cells adhered to the C2 surface, but the actin array 

 

 

  

 

Fig. 10. Confocal morphology of HOS cells adhered to C1 and C2.
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showed more clustered and irregular patterns 
in some regions, indicating a relatively altered 
cytoskeletal organization. Generally, the confocal 
images emphasize that both samples supported 
HOS cell cementation; however, the bare chitosan 

appeared to have better cytoskeletal organization 
and more regular cell morphology than C2. This 
indicates that surface composition affects cell 
cohesion behavior and structural organization 
[34].

 

 
Fig. 11. DOX release profile of D-C1 and D-C2 at different pH.

 

 
Fig. 12. DOX release profile of D-C2 at different mT and pH 5.6.
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The DOX release curves of the C1 and C2 
compounds at different pH levels and with a 
magnetic field are shown in Figs. 11 and 12. The 
results exhibit, at different pH levels (7.4 and 5.6), 
that the release of DOX from C1 and C2 is a burst 
at the initial 12h, which is due to the fast diffusion 
of DOX molecules on the surface of C1 and C2 
compounds, followed by a decrease in release. At 
pH 7.4, C1 and C2 delivered 22% and 14% of DOX, 
respectively, over 100 h, and these ratios increased 
to 30% and 22% at 330 h. The Fe3O4 distributed in 
C2 also acts as a physical barrier, preventing matrix 
swelling and DOX transport, thereby reducing the 
diffusion rate. At pH 5.6, a consistent DOX release 
curve was obtained after 150h and 210 h for C1 
and C2, respectively, suggesting that the DOX 
release had attained a steady state. In addition, 
the results show that C1 has a higher release 
rate than C2, due to its higher swelling index. The 
release rates at both pH values (7.4 and 5.6) invert 
the effect of swelling degree on the kinetics of 
DOX release from C1 and C2 porous compounds. 
Without a magnetic field (MF = 0), the DOX release 
is primarily diffusion-controlled, supported by 
matrix expansion due to pore-margin shifting and 
by the formation of cracks and breaks. Moreover, 
the lowest pH value improves the swelling index, 
thereby increasing the percentage of the DOX 
release [35]. 

The remote regulation of DOX release from 
D-C2 at pH 5.6 is illustrated with 50 mT, and the 

release results are shown in Fig. 12. The results 
showed that the DOX release percentage was 
considerably enhanced, 7% in 30 min and 31% in 
60 min. The mechanism of magnetically induced 
DOX release can be attributed to the expansion 
and contraction of the chitosan network, resulting 
from differences in the orientation of Fe3O4 within 
it under a magnetic field. The relaxation and 
expansion of the Fe3O4/chitosan matrix enhance 
faster DOX release due to rapid diffusion. The 
remotely tunable DOX release can adjust the 
dosage, yielding a discrete therapeutic advantage 
over passive release [36].

The in vitro cell compatibility investigation of 
the DOX-incorporated (C1 and C2) is of eminent 
interest for locating their pharmacological efficacy. 
The study was carried out to assess drug release 
from C1 and C2 compounds using the MTT assay 
on L929 and HOS cells, as shown in Fig. 13A and 
13B, respectively. In L929 and HOS cells, the 
viability index rose from 1 to 7 days for the control 
cells as a result of proliferation, while D-C1 and 
D-C2 showed a noted reduction in absorbance. In 
HOS cells, the results show a marked decrease in 
cell viability for D-C1 and D-C2 from 20 to 80 mg/
mL, due to the higher percentage of DOX released 
at increasing concentrations. On day 1, both D-C1 
and D-C2 exhibited similar cell-compatibility 
behavior, whereas on day 7, D-C1 showed greater 
apoptosis than D-C2 due to higher drug loading 
and release. In addition, the considerable decrease 

 Fig. 13. MTT assay in (A) L929 and (B) HOS cells with DOX-C1 and DOX-C2 at different concentrations.
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in Abs observed with free drug and DOX-(C1 and 
C2) inverts reduced cell population metabolic 
activity. It refers to DOX-induced toxicity, in which 
the released drug molecules damage DNA, causing 
to apoptosis. The free and DOX-loaded (C1 and C2) 
appear to induce DOX-induced toxicity in L929 
cells; however, the cell damage is less pronounced 
than in HOS cells. Moreover, the results show a 
slight difference in cell viability between days 1 
and 7 for D-C1 and D-C2.

CONCLUSION
The research demonstrated a tunable hybrid 

nanocomposite structure of chitosan and iron 
oxide particles that improves biocompatibility, 
drug release, and thermal and magnetic response, 
making it promising for targeted delivery and 
magneto-thermal therapy.
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