
 

  

 This work is licensed under the Creative Commons Attribution 4.0 International License. 

 

J Genet Resour 2026; 12(2): 180-194  Homepage: http://sc.journals.umz.ac.ir/ 

 RESEARCH ARTICLE DOI: 10.22080/jgr.2026.32074.1467 

 

Glucose-functionalized Iron Oxide Nanoparticles Which Co-conjugated with 

Hyaluronic Acid and Naringenin Induces ROS-mediated Apoptosis and Cell Cycle 

Arrest in Colon Cancer Cells 
 

Yaser Mohammadi1, Fariba Sharifnia1, Monireh Movahedi1 and Ali Salehzadeh2 

 
1 Department of Biochemistry, NT.C., Islamic Azad University, Tehran, Iran 
2 Department of Biology, Ra.C., Islamic Azad University, Rasht, Iran  

A R T I C L E  I N F O  A B S T R A C T 
Article history: 

Received 01 June 2026 

Accepted 02 July 2026 

Available 20 July 2026 

 

 

 

 

 Targeted drug delivery has received attention in cancer chemotherapy. In the 

present study, glucose (Glu)-functionalized iron oxide nanoparticles (Fe3O4 

NPs) were co-conjugated with hyaluronic acid (HA) and naringenin (NAR), 

and their anticancer potential against colon cancer cells was characterized. 

Properties of Fe3O4@Glu-HA-NAR NPs were investigated by SEM, DLS, zeta 

potential, FT-IR, and XRD analyses. Cytotoxicity of the NPs in HT-116 and 

HDF cell lines was investigated by an MTT assay. The effects of the 

Fe3O4@Glu-HA-NAR NPs on cell cycle and apoptosis/necrosis in HT-116 cell 

line was studied by flow cytometry. AO/PI staining and real-time PCR were 

employed to evaluate nuclear morphology and expression of caspase-8 gene in 

the cancer cells, and reactive oxygen species (ROS) levels were also 

determined. The Fe3O4@Glu-HA-NAR NPs exhibited spherical to cubic 

morphology, an average particle size of 77.6 nm, surface charge of -57.9 mV, 

hydrodynamic size of 783 nm, and structural characteristics similar to their 

constituent components. Fe3O4@Glu-HA-NAR nanoparticles demonstrated 

concentration-dependent cytotoxicity toward the studied cells with greater 

toxicity against HT-116 cells [50% inhibitory concentration (IC50) = 42.63 

μg/mL]. In comparison, free NAR exhibited a higher IC₅₀ value (64.62 μg/mL), 

indicating that nanoparticle-mediated delivery enhanced the antiproliferative 

efficacy of NAR against colon cancer cells. Treatment of the HT-116 cells with 

Fe3O4@Glu-HA-NAR NPs blocked cell cycle progression at the S and G2/M 

phases, elevated cell necrosis and late apoptosis and caused nuclear alterations, 

including chromatin condensation. Exposure to Fe3O4@Glu-HA-NAR 

significantly upregulated the expression of the CASP-8 gene (3.8-fold) and 

increased ROS levels by 13.0-fold. This study demonstrates the promising 

potential of Fe3O4@Glu-HA-NAR NPs in targeting colon cancer cells. 
© 2026 University of Mazandaran 
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Introduction 

Targeted drug delivery is an innovative 

chemotherapy approach that has received much 

attention recently in cancer treatment. Owing to 

the metabolic and functional differences between 

cancer and normal cells, targeted drug delivery 

enables the selective delivery of therapeutic 

agents to tumor tissues. This approach reduces 

drug distribution to non-target tissues, thereby 

enhancing the effectiveness of chemotherapy 

while minimizing its adverse side effects (Sharma 

et al., 2024).  

Iron oxide nanoparticles (IONPs) exhibit several 

advantages such as superparamagnetism, large 

surface area, as well as rapid and easy separation 

from solution under an external magnetic field. 

Therefore, IONPs have been extensively studied 

and applied in biomedicine (Gambhir et al., 

https://creativecommons.org/licenses/by/4.0/deed.en
http://sc.journals.umz.ac.ir/
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2022). The magnetic property of IONPs provides 

an efficient and stable method of drug delivery 

using an external magnetic field. IONPs are 

stable, inexpensive to produce, biocompatible, 

and can provide controlled and sustained drug 

release through surface manipulation (Stanicki et 

al., 2022). For these reasons, IONPs have 

received increasing attention in cancer diagnosis 

and treatment. 

Hyaluronic acid (HA) is an extracellular 

polysaccharide made up of subunits of D-

glucuronic acid and N-acetyl-D-glucosamine that 

is abundantly found in the human extracellular 

matrix and connective tissue (Fu et al., 2023). It 

has been found that HA can play several roles in 

cell proliferation and tissue regeneration. Upon 

attachment to its cell surface receptor, CD44, HA 

enhances downstream signaling pathways related 

to proliferation, invasion, and metastasis in cancer 

cells. Since HA receptors are usually 

overexpressed in cancer cells, HA-containing 

drugs can selectively bind to cancer cells and 

facilitate drug delivery to the cells, leading to 

increased drug absorption in cancer cells and 

reduced side effects in healthy cells (Fu et al., 

2023; Jia et al., 2022; Heydari et al., 2024). 

Phytochemical bioactive compounds have 

various biomedical properties, such as 

antioxidant, anti-inflammatory, antimicrobial, 

and antitumor activities (de Luna et al., 2023). 

Naringenin and naringin are the main bioactive 

flavonoids in citrus fruits and are known for their 

beneficial effects on human health. Research has 

shown that plant flavonoids can be used to 

promote cancer cell death and inhibit cell 

proliferation and metastasis. It was reported that 

NAR and naringin exhibit anticancer potential 

through modulation of several signaling pathways 

such as NF-κB, p38/MAPK, and activation of 

caspases, leading to the suppression of cell 

growth and apoptosis induction (Rauf et al., 2022; 

Stabrauskiene et al., 2022). Furthermore, it has 

been documented that NAR can promote pro-

apoptotic genes, attenuate cyclin-dependent 

kinases and regulate the genes associated with the 

P53 signaling pathway in colorectal cancer cells 

(Zamanian et al., 2024). Wang et al. (2024) 

reported that NAR can reduce the viability of 

colorectal cancer cells through apoptosis 

induction, and significantly promote the 

anticancer effects of 5-fluorouracil (5-FU). They 

reported that NAR in combination with 5-FU 

alters mitochondrial function by increasing ROS 

levels and decreasing the mitochondrial 

membrane potential, leading to stimulation of 

AMPK/mTOR signaling and apoptosis induction. 

Therefore, targeting cancer cells with NAR could 

be a promising approach in cancer treatment. 

With an estimated annual 1.15 and 0.58 million 

new cases and deaths, colon cancer is considered 

the fifth most frequent cause of cancer-related 

mortality in the human population worldwide 

(Sung et al., 2021). Surgery to remove tumor 

tissues is considered the first-line treatment for 

colon cancer. However, adjuvant chemotherapy is 

the most important post-surgery option to prevent 

recurrence and metastasis of colon cancer (Oki et 

al., 2022). In recent years, research studies 

focused on designing and characterizing novel 

anticancer agents against this disease have 

become a major constant priority. Considering the 

potential of nanomedicines in cancer treatment, 

this study aimed to synthesize glucose-

functionalized iron oxide nanoparticles co-

conjugated with HA and NAR (Fe3O4@Glu-HA-

NAR NPs) and characterize their anticancer 

potential and underlying mechanism in colon 

cancer cells.  

Materials and Methods 

Synthesis of Fe3O4@Glu-HA-NAR NPs 

Fe₃O₄ nanoparticles (Fe₃O₄ NPs) were purchased 

from US Research Nanomaterials (USA). To 

facilitate the conjugation of hyaluronic acid (HA) 

and NAR, the Fe₃O₄ NPs were first functionalized 

with D-glucose (Glu). Briefly, 1.0 g of Fe₃O₄ NPs 

and 0.5 g of D-glucose were dispersed in 60 mL 

of distilled water and sonicated for 30 min to 

obtain a homogeneous suspension. The mixture 

was then transferred into a 100 mL Teflon-lined 

stainless-steel autoclave and heated at 180°C for 

3 h. After cooling to room temperature, the 

Fe₃O₄@Glu nanoparticles were collected by 

centrifugation at 6000 rpm, washed three times 

with distilled water and ethanol to remove 

unreacted materials, and dried at 60°C for 5 h. 

For the preparation of Fe₃O₄@Glu-HA-NAR 

nanoparticles, 0.5 g of Fe₃O₄@Glu nanoparticles, 

0.1 g of hyaluronic acid, and 0.5 g of NAR were 

dispersed in 50 mL of distilled water using 

ultrasonic treatment. The suspension was then 
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incubated in a shaker incubator under continuous 

agitation at room temperature for 24 h to facilitate 

conjugation. Subsequently, the nanoparticles 

were collected by centrifugation at 6000 rpm, 

washed three times with distilled water to remove 

unbound HA and NAR, and finally freeze-dried 

for 24 h to obtain the Fe₃O₄@Glu-HA-NAR 

nanoparticles (Kazemzadeh et al., 2026). 

Characterization of Fe3O4@Glu-HA-NAR 

NPs 

Morphological characteristics of the NPs were 

investigated by Scanning electron 

microscopy/SEM (TESCAN Mira3 SEM), 

followed by an EDS-mapping assay to elucidate 

the elemental composition of the particles. The 

zeta potential and particle diameter in an aqueous 

medium were measured using a Malvern Ltd 6.32 

instrument. FT-IR analysis was performed using 

a Nicolet IR-100 FT-IR device and the crystal 

structure of the NPs was studied by an XRD 

analysis (Co-Ka X-radiation, λ= 1.79 Å). 

Cell culture 

The HT-116 colon cancer and the HDF normal 

cell line were obtained from the Pasteur Institute 

of Iran. The cells were grown in RPMI-1640 

medium at 37°C with 5% CO2. 

Cell viability assay 

The viability levels of the colon cancer and 

normal cells after a 24-hour exposure to different 

concentrations of Fe3O4@Glu-HA-NAR NPs and 

free NAR were examined by an MTT assay. The 

cells were propagated in the RPMI-1640 medium; 

their density was adjusted to 1× 104 cells/mL and 

seeded into a 96-well plate containing a gradient 

concentration of the NPs (10, 20, 40, 80 and 160 

μg/mL). The untreated cells were served as 

controls. The cells were incubated for 24 hours, 

and next, subjected to an MTT assay. Briefly, 0.2 

mL of MTT solution (2-(4,5-dimethylthiazol-2-

yl) -2,5-diphenyltetrazolium bromide) was added 

to the wells and incubated for 4 hours at 37°C. 

After aspiration of medium, 0.2 mL of DMSO 

solution was added. Following incubation for 30 

min at room temperature, the absorbance was 

measured at 570 nm. The following equation was 

used to determine the inhibition percentage in 

each well (Hosseinkhah et al., 2022; Kumari et 

al., 2020): 

Inhibition percentage= (OD570 of untreated wells- 

OD570 of treated wells)/ OD570 of untreated wells× 

100. 

Flow cytometry analysis 

Flow cytometry assay was employed to examine 

the effects of Fe3O4@Glu-HA-NAR NPs on the 

cell cycle of cancer cells. The HT-116 cells were 

initially treated with the NPs at their IC50 for 24 

hours. Next, the cells were stained with propidium 

iodide (PI) and treated with RNase A 

(BioLegend) to remove their RNA content. 

Finally, a flow cytometry analysis (ZE5, Bio-

Rad) was utilized to evaluate the cell cycle phases 

of cancer cells. 

To determine the cell apoptosis/necrosis levels, 

the HT-116 cells were treated with Fe3O4@Glu-

HA-NAR NPs, as described above, and then 

stained with propidium iodide (PI) and Annexin 

V (BioLegend, USA). Finally, cell 

apoptosis/necrosis levels were analyzed using 

flow cytometry. 

Acridine orange/propidium iodide (AO/PI) 

staining 

The HT-116 cells were subjected to AO/PI 

staining to examine the cellular and nuclear 

morphology. In brief, the cells were treated with 

Fe3O4@Glu-HA-NAR NPs, as described above. 

Next, Acridine Orange and propidium iodide 

solutions (Sigma-Aldrich) were used to stain the 

treated and control cells. Finally, the cellular and 

nuclear morphology of the cells was studied under 

a fluorescence microscope (Ramezani et al., 

2019). 

Expression of CASP-8 

The expression of the caspase-8 gene (CASP-8) 

was studied using real-time PCR assay. After 

treatment of the HT-116 cells with Fe3O4@Glu-

HA-NAR NPs, cellular RNA content was 

extracted using the Yekta Tajhiz (Iran) kit, 

according to the manufacturer’s instruction. The 

cDNA was synthesized using the Yekta Tajhiz 

(Iran) kit, and gene-specific primers were used to 

amplify the DNA fragments using a SYBR-Green 

real-time PCR master mix (Yekta Tajhiz, Iran). 

The GAPDH was used as the internal reference 

gene for normalization because previous studies 

have demonstrated its stable expression in 

colorectal cancer cells under comparable 
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experimental conditions (Ahmadzadeh 

Chaleshtori et al., 2025) and gene expression 

level was calculated using the 2-ΔΔCT formula 

(Pfaffl et al., 2001). The following primers were 

used in this work: GAPDH F: 5′-

GTCTCCTCTGACTTCAACAGCG-3′; GAPDH 

R: 5′-ACCACCCTGTTGCTGTAGCCAA-3′; 

CASP-8 F: 5′-

AGAAGAGGGTCATCCTGGGAGA-3′; CASP-

8 R: 5′-TCAGGACTTCCTTCAAGGCTGC-3′. 

ROS levels 

To determine the ROS levels, the HT-116 cells 

were initially treated with Fe3O4@Glu-HA-NAR 

NPs and then subjected to 2',7'-

dichlorodihydrofluorescein (H2DCF) (Sigma-

Aldrich) for 60 min. Finally, the fluorescent 

emission intensity corresponds to the ROS level 

was quantified. The untreated cancer cells were 

considered the controls. 

Statistical analysis 

Statistical analyses were performed using SPSS 

version 22.0 (IBM Corp., Armonk, NY, USA). 

Data are presented as the mean± standard 

deviation (SD) of three technical replicates. 

Statistical differences among groups were 

analyzed using one-way analysis of variance 

(ANOVA) followed by Tukey's post hoc multiple 

comparison test. A p-value< 0.05 was considered 

statistically significant.  

Results 

Characteristics of the NPs 

Morphological characterization of the dried 

Fe3O4@Glu-HA-NAR NPs displayed that the 

NPs are spherical and partially cubic in shap; their 

size ranges from 25.7 to 120.0nm, and the particle 

size is 77.6 nm (Fig. 1).  

 

 
Fig. 1. FE-SEM images and size distribution of the Fe₃O₄@Glu-HA-NAR NPs. FE-SEM micrographs at different 

magnifications: A) 1 μm scale bar; B) 10 μm scale bar; C) 200 nm scale bar, showing spherical to cubic morphology 

with particle diameter ranging from 25.7 to 120 nm. D) Size distribution histogram of Fe₃O₄@Glu-HA-NAR NPs 

with a mean particle size of 77.6 nm. 
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The elemental constituents of the NPs include Fe, 

C and O with a weight percentage of 68.6, 20.9 

and 10.6%, respectively, with no detectable 

elemental impurities. The elemental composition 

determined by EDS is semi-quantitative and 

reflects the surface composition of the 

nanocomposite. Therefore, deviations from the 

theoretical stoichiometric composition are 

expected due to the dominance of the Fe₃O₄ core, 

the relatively thin organic coating (glucose, HA, 

and NAR), and the limited accuracy of EDS for 

light elements. Nevertheless, the presence of Fe, 

C, and O without detectable impurities confirmed 

the successful synthesis of the Fe₃O₄@Glu-HA-

NAR nanocomposite (Fig. 2). 

 

 
Fig. 2. Energy Dispersive X-ray Spectroscopy (EDS) 

analysis of Fe₃O₄@Glu-HA-NAR NPs. The EDS 

spectrum confirmed the presence of three elements: 

iron (Fe), carbon (C), and oxygen (O), with weight 

percentages of 68.6%, 20.9%, and 10.6%, respectively, 

with no detectable elemental impurities, confirming 

the purity of the synthesized nanoparticles. 

 

The surface charge of the particles in an aqueous 

medium was -57.9 mV, and the hydrodynamic 

size was 783 nm with PDI equal to 0.4. The 

increased size of the NPs can be related to water 

absorption and particle aggregation in an aqueous 

medium (Fig. 3A and B). 

In the FT-IR spectrum of Fe₃O₄, the strong 

absorption peaks at 410, 576 cm-1 are due to Fe-O 

bonds of Fe2+ and Fe3+ ions in octahedral sites and 

Fe3+ ion located in tetrahedral site, which 

indicates of the formation of Fe3O4 structure. The 

results are in agreement with previous reports, 

indicating correct synthesis of the NPs (Esfahani 

et al., 2024). 

In the FTIR spectrum of HA, the peaks at 1036, 

1228, 1380 and 1746 cm-1 are related to the C-O, 

C=O, C-O-H, C-O bonds, respectively. Also, the 

absorption spectrum at 2950 cm-1 is related to the 

C-H bond and the observed peak at 3421 cm-1 is 

also related to O-H and N-H bonds (de Souza et 

al., 2025). In the FTIR spectrum of NAR, the 

presence of the peaks at 815 and 1050 cm-1 are 

related to the C-H and C-O bonds, and the 

observed peaks at 1637 and 1453 cm-1 are related 

to the C=O and C-C bonds, respectively. The 

absorption spectrum at 2925 cm-1 is also related to 

the C-H bond and O-H bond, which resulted in a 

peak at 3412 cm-1 (Xie et al., 2024).  

 

 
Fig. 3. Dynamic Light Scattering (DLS) and zeta 

potential analyses of Fe₃O₄@Glu-HA-NAR NPs: A) 

DLS size distribution profile showing a hydrodynamic 

diameter of 783 nm. The increased hydrodynamic size 

compared to the dry state may be attributed to water 

absorption and particle aggregation in aqueous 

medium; B) Zeta potential distribution showing a 

surface charge of -57.9 mV, indicating high colloidal 

stability of the nanoparticles in an aqueous suspension. 

 

In the spectrum related to Fe3O4@Glu-HA-NAR, 

the presence of a peak at 583 cm-1 is related to the 

Fe-O bond, and the peaks at 801, 1185, 1376 and 

1631 cm-1 are related to the presence of C=C, C-

O, C-H and C=O bonds, respectively. Also, the 

absorption peak at 2930 cm-1 is related to the C-H 
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bond. The spectrums at 3450 and 3770cm-1 are 

also related to the O-H and N-H bonds, 

respectively. The presence of the peaks related to 

the constituent materials in the composite 

structure, suggests that the NPs have been 

synthesized successfully (Fig. 4A). 

 

 
Fig. 4. FT-IR and XRD analyses of Fe₃O₄@Glu-HA-NAR NPs and their constituent materials: A) FT-IR spectra of 

(a) Fe₃O₄, (b) Hyaluronic acid (HA), (c) NAR, and (d) Fe₃O₄@Glu-HA-NAR NPs. The characteristic absorption 

peaks of Fe-O bond (583 cm⁻¹), C=C (801 cm⁻¹), C-O (1185 cm⁻¹), C-H (1376 cm⁻¹), C=O (1631 cm⁻¹), C-H (2930 

cm⁻¹), and O-H/N-H bonds (3450 and 3770 cm⁻¹) in the composite spectrum confirm the successful incorporation of 

all constituent materials. B) XRD patterns of (a) Fe₃O₄, (b) Hyaluronic acid (HA), and (c) Fe₃O₄@Glu-HA-NAR 

NPs. The characteristic diffraction peaks of Fe₃O₄ at 2θ = 30.09°, 35.58°, 43.09°, 49.53°, 56.96°, and 62.52°, along 

with the amorphous broad peaks between 10-30° attributed to HA, confirm the successful synthesis of the 

nanocomposite structure. 

 

According to the XRD pattern of Fe3O4, the peaks 

at 20° of 30.12°, 35.5°, 43.12°, 53.49°, 57.13°, 

and 62.62° correspond to the iron oxide 

nanoparticles, which are in accordance with card 

number 03-0863 from the JCPDS database and 

consistent with previous reports (Najafipour et 

al., 2025). 

According to the intensity of the peaks in this 

spectrum, it can be said that the material has a 

high crystallinity. Also, the size of the 

nanoparticles from the Scherrer relation is 3.45 

nm. The XRD pattern of HA displays the 

amorphous nature of the material, and no sharp 

peaks are observed in the spectrum. The presence 

of peaks at 2θ between 15 and 30 degrees is 

related to the HA material and is in accordance 

with the previous studies (Yilmaz et al., 2024). In 

the spectrum of Fe3O4@Glu-HA-NAR, peaks at 

2θ values of 30.09°, 35.58°, 43.09°, 49.53°, 

56.96°, and 62.52° indicate the presence of Fe₃O₄, 

while the amorphous peaks at 2θ between 10° and 

30° are attributed to HA in the structure. The 

structure of the composite is similar to that of its 

constituent materials. In the XRD patterns of the 

composite (Fig. 4B), the peak intensities are low 

and some peaks are absent. As a result, the 

crystallinity of the composite has been reduced 

compared to pure Fe3O4 (Kazemzadeh et al., 

2026). 

The loading efficiency of NAR on Fe₃O₄@Glu-

HA nanoparticles were determined by measuring 

the concentration of free NAR remaining in the 

supernatant after centrifugation using UV/Vis 

spectroscopy. The loading efficiency was 75%, 

indicating efficient incorporation of NAR into the 

nanoparticle formulation. 

Cell viability 

The viability assay demonstrated that both free 

NAR and Fe₃O₄@Glu-HA-NAR nanoparticles 

inhibited HT-116 cell proliferation in a 

concentration-dependent manner (Fig. 5). 

However, the nanoparticle formulation exhibited 

greater antiproliferative activity than free NAR. 

The IC₅₀ value of free NAR against HT-116 cells 

was 64.62 μg/mL, whereas Fe₃O₄@Glu-HA-NAR 

nanoparticles showed a lower IC₅₀ value of 42.63 

μg/mL, indicating enhanced cytotoxic efficacy 

following nanoparticle formulation. These 

findings suggest that conjugation of NAR to HA-
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functionalized iron oxide nanoparticles improves 

its anticancer activity against colon cancer cells. 

In addition, the NPs exhibited higher toxicity in 

the HT-116 cells than in HDF cell line. The IC50 

of Fe3O4@Glu-HA-NAR NPs for normal cells 

was 83.85 μg/mL. 

Cell apoptosis/necrosis levels 

The results indicated that exposure of colon 

cancer cells to Fe3O4@Glu-HA-NAR NPs cause 

an increase in cell necrosis and late apoptosis and 

a slight increase in early apoptosis. The 

percentage of cell necrosis, late apoptosis and 

primary apoptosis increased from 3.71%, 1.03%, 

and 0.17% in the control cells to 15.65%, 13.14% 

and 0.33% in treated cells (Fig. 6). 

Cell cycle analysis 

According to the flow cytometry assay, the 

percentage of cells arrested at the S and G2/M 

phases considerably increased in the cancer cells 

treated with Fe3O4@Glu-HA-NAR NPs. 

Treatment of the HT-116 cells with the NPs 

increased the percentage of the cells arrested at 

the S and G2/M phases from 10.4% and 17.7% to 

25.1% and 25.6%, respectively. In addition, the 

percentage of cells arrested at the G0/G1 phase 

dropped from 69.4% to 50.1% after exposure to 

the NPs (Fig. 7). 
 

 
Fig. 5. Antiproliferative effects of Fe₃O₄@Glu-HA-NAR nanoparticles and free NAR (positive control) on HT-116 

and HDF cells determined by the MTT assay after 24 h of treatment. The IC₅₀ values of Fe₃O₄@Glu-HA-NAR 

nanoparticles for HT-116 and HDF cells were 42.63 and 83.85 μg/mL, respectively, while the IC₅₀ value of free NAR 

for HT-116 cells was 64.62 μg/mL. Statistical significance was determined compared with untreated control cells, 

with significant differences at p* < 0.05, p** < 0.01, and p*** < 0.001. 
 

 
Fig. 6. Flow cytometry analysis of apoptosis and necrosis in HT-116 cells: A) Annexin V/PI dot plot of control cells 

showing high cell viability (Q4: 95.10%) with minimal necrosis (Q1: 3.71%) and late apoptosis (Q2: 1.03%); B) 

Annexin V/PI dot plot of Fe₃O₄@Glu-HA-NAR NPs-treated cells showing increased necrosis (Q1: 15.65%) and late 

apoptosis (Q2: 13.14%), alongside reduced cell viability (Q4: 70.89%), indicating significant induction of cell death 

(Q1: necrosis, Q2: late apoptosis, Q3: early apoptosis, Q4: viable cells). 
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Fig. 7. Cell cycle distribution analysis in HT-116 cells: A) Cell cycle distribution profile of control cells showing the 

baseline percentages of cells in the G0/G1 (69.4%), S (10.4%), and G2/M (17.7%) phases; B) Cell cycle distribution 

profile of Fe₃O₄@Glu-HA-NAR NPs-treated cells showing a marked reduction in the G0/G1 phase (50.1%) 

alongside an accumulation in the S (25.1%) and G2/M (25.6%) phases, indicating cell cycle arrest at the S and G2/M 

phases. 

 

AO/PI staining 

Following the treatment of colon cancer cells with 

Fe3O4@Glu-HA-NAR NPs, nuclear alterations, 

including chromatin condensation, nuclear 

fragmentation and morphological characteristics 

associated with apoptosis (yellow to red 

fluorescence) were evident in treated cells. In the 

control group, the healthy cells exhibited green 

fluorescence, indicating no significant alterations 

(Fig. 8). 
 

 
Fig. 8. AO/PI staining of colon cancer cells: A) 

Control; B) Cells treated with Fe3O4@Glu-HA-NAR 

NPs. Nuclear alterations, including chromatin 

coagulation and nuclear migration, were observed in 

the treated cells. Apoptosis induction and cell death are 

identified by a yellow to red color. 
 

Expression of CASP-8 

Treatment of HT-116 cells with Fe3O4@Glu-HA-

NAR NPs significantly elevated the expression of 

the CASP-8 gene. The CASP-8 gene was induced 

by 3.8-fold following exposure to the NPs (Fig. 

9). 

 
 

Fig. 9. Relative expression of CASP-8 gene in HT-116 

cells treated with Fe₃O₄@Glu-HA-NAR NPs 

compared to untreated control cells. Treatment with 

the NPs resulted in a 3.8-fold upregulation of CASP-8 

gene expression, indicating activation of extrinsic 

apoptotic pathway. Data are presented as mean± SD of 

three independent experiments. Significant difference 

at p< 0.01 is indicated by **. 
 

ROS levels 

Treatment with Fe3O4@Glu-HA-NAR NPs 

caused a remarkable increase in ROS generation 

in HT-116 cells. According to the results, the 

mean fluorescence intensity (MFI) in the control 

and treated groups was 7.17 and 93.3, 

respectively, indicating an elevation of 13.0-fold 

in ROS levels following exposure to the NPs (Fig. 

10). 
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Fig. 10. Intracellular ROS levels in HT-116 cells measured by H₂DCF fluorescence intensity: A) Control cells 

showing 12.87% DCFH⁺ population with MFI of 7.17; B) Fe₃O₄@Glu-HA-NAR NPs-treated cells showing 74.81% 

DCFH⁺ population with MFI of 93.3, indicating a 13.0-fold increase in intracellular ROS levels following treatment 

with the nanoparticles. 

 

Discussion 

Nanotechnology-assisted drug delivery offers 

several advantages, including improved drug 

stability and biocompatibility, enhanced 

bioavailability, and increased therapeutic 

efficiency. Therefore, using NPs as drug carriers 

in cancer chemotherapy has gained attention. 

Targeting cancer cells using functionalized NPs 

can enhance drug accumulation in target sites and 

decrease off-target drug release, leading to 

improved efficiency and reduced side effects of 

chemotherapy (Haleem et al., 2023). The current 

work aimed to characterize the anticancer 

potential of Fe3O4@Glu-HA-NAR NPs against 

colon cancer cells. 

The physicochemical characterization 

collectively confirmed the successful fabrication 

of the Fe₃O₄@Glu-HA-NAR nanocomposite. 

FTIR analysis verified the successful surface 

functionalization of Fe₃O₄ nanoparticles with 

glucose, hyaluronic acid, and NAR, while XRD 

confirmed that the crystalline structure of the 

Fe₃O₄ core was preserved after surface 

modification. FESEM images demonstrated that 

the nanoparticles possessed a nearly spherical 

morphology. It should be noted that the apparent 

agglomeration observed in the SEM images is 

mainly attributable to sample drying during SEM 

preparation and does not necessarily represent the 

dispersion state of the nanoparticles in aqueous 

suspension. In contrast, DLS provides a more 

representative assessment of particle size 

distribution under dispersion conditions. The 

obtained PDI value indicates a moderate particle 

size distribution in suspension, supporting the 

successful formation of the nanoparticle 

formulation. Furthermore, the high negative zeta 

potential suggests good colloidal stability of the 

nanoparticles, which is favorable for biological 

applications. 

To further evaluate the contribution of 

nanoparticle formulation to the observed 

anticancer activity, the cytotoxic effects of 

Fe₃O₄@Glu-HA-NAR nanoparticles were 

compared with those of free NAR. The MTT 

assay demonstrated that Fe₃O₄@Glu-HA-NAR 

nanoparticles exhibited greater antiproliferative 

activity than free NAR, as evidenced by a lower 

IC₅₀ value (42.63 vs. 64.62 μg/mL). This 

improvement is likely attributable to enhanced 

cellular uptake, increased stability of NAR after 

nanoparticle conjugation, prolonged intracellular 

retention, and HA-mediated targeting through 

CD44 receptors, which are overexpressed in 

colorectal cancer cells (Phatak et al., 2023). 

Collectively, these findings indicate that the HA-

functionalized iron oxide nanocarrier effectively 

enhances the therapeutic efficacy of NAR 

compared with the free compound, supporting the 

potential of this targeted delivery system for 

colorectal cancer therapy. 
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The antiproliferative potential of Fe3O4@Glu-

HA-NAR NPs seems to be mainly related to their 

NAR content. Several studies indicated the 

multifunctional cytotoxic effects of NAR. The 

major underlying anticancer mechanisms of NAR 

include upregulation of the expression of 

anticancer mediators such as BAX, caspases, p53, 

and p21; inducing cell cycle arrest, modulation of 

cancer development markers such as 

PI3K/Akt/mTOR and NF-κB, and apoptosis 

induction (Noman et al., 2025). Lozano-Herrera 

et al. (2022) reported that NAR exerts 

antiproliferative effects on human colorectal 

cancer cells through promoting expression of the 

phosphatase and Tensin homolog (PTEN) and 

CASP-9. Moreover, it promoted intrinsic 

apoptosis through modulation of the genes 

associated with P53 signaling pathways. Similar 

findings were also reported by Zeya et al., (2022), 

who investigated the apoptosis induction 

potential of NAR in colon cancer cell lines, HCT-

116 and SW480. They found that NAR has 

concentration-dependent cytotoxicity toward 

colon cancer cell lines, causing DNA 

fragmentation, chromatin condensation, cell cycle 

arrest at the G0/G1 phase, and cell apoptosis 

induction. Similar to their findings, we observed 

that the synthesized NPs can promote apoptosis 

induction in the colon cancer cells and cause cell 

cycle arrest. In addition, they found that NAR 

induced the pro-apoptotic genes, including CASP-

3, CASP-8 and CASP-9, indicating triggering the 

intrinsic and extrinsic apoptosis in the exposed 

cells.  Consistent with these findings, we observed 

an overexpression of the CASP-8 gene and 

increased cell apoptosis/necrosis in cancer cells 

treated with Fe3O4@Glu-HA-NAR NPs, 

indicating the underlying antiproliferative 

potential of the synthesized NPs in colon cancer 

cells. 

In agreement with our finding, Song et al. (2016) 

reported that treatment of various colorectal 

cancer cell lines with NAR significantly 

decreased cell viability and causes a dose-

dependent overexpression of the Activating 

Transcription Factor-3 (ATF-3) at mRNA and 

protein levels. They found that ATF-3 is a main 

molecular target of NAR in colorectal cancer cells 

and ATF-3 overexpression contributes to p38 

activation in the NAR-treated cells. It has been 

demonstrated that the p38 signaling pathway is 

involved in the induction of ATF-3 by stress 

signals. Lu et al. (2007) found that p38 is 

necessary for oxidative stress mediated activation 

of the ATF-3 and ATF-3 is functionally important 

to mediate the pro-apoptotic effects of p38. 

Quantification of the ROS levels showed that 

exposure of HT-116 cells to the synthesized NPs 

intensified ROS generation, exhibiting the role of 

oxidative stress induction in the exposed cells. As 

described above, ROS generation can induce p38-

related proapoptotic pathways in the treated cells, 

resulting in cell cycle arrest, caspase induction, 

and increased apoptosis. In addition, ROS 

generation can cause damage to various cell 

components, including cell membranes and DNA, 

leading to disruption of normal cellular functions 

(Zhao et al., 2023). It has been demonstrated that 

NAR inhibits the viability of human cancer cells 

through a significant increase in intracellular ROS 

levels, leading to endoplasmic reticulum (ER) 

stress-mediated apoptosis, cell cycle arrest by 

inhibiting cyclin B1 and cyclin-dependent kinase 

1 and upregulation of the p21 gene (Lee et al., 

2022). Furthermore, Zhang et al. (2023) reported 

a considerable accumulation of ROS in human 

cancer cells following exposure to NAR, resulting 

in mitochondrial membrane potential loss, DNA 

fragmentation and caspase activation, leading to 

reduced cell viability and apoptosis induction. 

The ROS-mediated cytotoxic effects of NAR on 

human cancer cells have also been documented by 

Chang et al. (2024). They found that NAR 

induced cell cycle arrest at the G2/M phase, 

triggered autophagy by mediating ROS 

generation, thereby activating AMP-activated 

protein kinase (AMPK) signaling. In addition, 

supplementation with ROS scavengers 

considerably relieved the cytotoxic potential of 

NAR in cancer cells, thereby indicating the role 

of oxidative stress in the anticancer effects of 

NAR, which is consistent with our work.  

The marked increase in intracellular ROS levels 

following treatment with Fe₃O₄@Glu-HA-NAR 

nanoparticles suggests that oxidative stress is a 

major mechanism underlying the observed 

apoptosis and cell cycle arrest. Excessive ROS 

can damage cellular macromolecules, including 

DNA, proteins, and lipids, thereby activating 

stress-responsive signaling pathways and 

apoptotic cascades (Wang et al., 2023). While 

transient ROS generation can function as a 
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signaling mechanism, sustained or excessive ROS 

production may trigger additional cellular 

responses, including autophagy, senescence, or 

adaptive antioxidant defense mechanisms, 

depending on the intensity and duration of 

oxidative stress (Pantelis et al., 2023). In the 

present study, the pronounced ROS elevation was 

associated with apoptosis induction and cell cycle 

arrest; however, investigation of other ROS-

mediated cellular responses was beyond the scope 

of this work and warrants further study. 

Flow cytometric analysis demonstrated that 

Fe₃O₄@Glu-HA-NAR nanoparticles markedly 

enhanced intracellular ROS generation, as 

evidenced by both a substantial increase in the 

percentage of DCFH-positive cells and an 

approximately 13-fold increase in MIF. The 

increased proportion of DCFH-positive cells 

indicates that oxidative stress was induced in the 

majority of the treated cell population, whereas 

the elevated MFI reflects a marked increase in the 

intracellular ROS level within individual ROS-

positive cells. Together, these findings 

demonstrate that the nanoparticles induced 

widespread and intense oxidative stress, which 

may contribute to the activation of apoptotic 

signaling pathways observed in this study. 

Although an increased PI-positive cell population 

was observed after 24 h of treatment, this finding 

should not be interpreted as evidence of primary 

necrotic cell death. Considering the significant 

upregulation of CASP-8 expression, increased 

ROS production, and Annexin V positivity, 

apoptosis appears to be the predominant 

mechanism of cell death. The PI-positive 

population is therefore more likely to represent 

secondary necrosis, reflecting the progression of 

apoptotic cells to a late stage characterized by loss 

of plasma membrane integrity (Demchenko, 

2013). 

The anticancer potential of NAR in colon cancer 

cells can also be related to the inhibition of RAS 

activation. Colon cancer in humans is strongly 

associated with mutational activation of RAS 

oncoproteins that stimulate their downstream 

effectors, including PI3K/AKT/mTOR1, Raf-

1/MEK/ERK, and JNK pathways, causing 

abnormal cell proliferation and increased tumor 

aggressiveness. It has been found that some NAR 

derivatives can induce cell growth inhibition and 

autophagy pathways in colon cancer cells, though 

the inhibition of RAS activation. This finding can 

be an underlying mechanism for the stronger 

cytotoxicity of Fe3O4@Glu-HA-NAR NPs in 

colon cancer cell line than in normal cells (Zhao 

et al., 2016). However, the selective anticancer 

potential of Fe3O4@Glu-HA-NAR NPs against 

colon cancer cells seems to be mainly related to 

HA-assisted targeting of cancer cells. HA plays 

several roles in cell proliferation and 

physiological processes. Due to the higher 

expression of HA receptors on the surface of 

cancer cells compared to normal cells, 

Fe₃O₄@Glu-HA-NAR NPs can target them more 

efficiently, causing more potent inhibition of 

cancer cells (Michalczyk et al., 2022; Dosio et al., 

2016; Saiprasad et al., 2024; Heydari et al., 2025).  

The improved anticancer potential of anticancer 

through targeting of HA receptors has been 

reported in the literature. Parashar et al. (2018) 

reported the superior cytotoxic effect and active 

targeting of lung cancer cells by NAR-loaded 

polycaprolactone nanoparticles decorated with 

HA, which caused enhanced cell cycle arrest and 

effective growth inhibition of cancer cells. 

Targeting colon cancer cells through HA 

receptors has also been reported, which is in 

agreement with our work. Pan et al. (2021) 

reported that HA-doxorubicin nanoparticles 

efficiently target colon cancer tumors and reduce 

intestinal drug accumulation in a mouse model, 

resulting in more efficient and safer treatment of 

colon tumors. In addition, HA receptor targeting 

of colon cancer cells by HA-coated PLGA-

polysarcosine (PSAR) coupled with sorafenib 

tosylate (SF) nanoparticles demonstrated superior 

drug delivery and cytotoxicity against colorectal 

cancer cells and improved biocompatibility. In 

agreement with our work, they reported the 

improved drug delivery to cancer cells through 

targeting HA receptors (Phatak et al., 2023). 

Although the loading efficiency of NAR was 

determined, the drug loading capacity and in vitro 

release kinetics were not evaluated in this study. 

Future studies should investigate these 

parameters to further characterize the 

pharmaceutical performance of the developed 

nanocarrier. 

Conclusion 

In this work, the anticancer potential of 

Fe3O4@Glu-HA-NAR NPs in the colon cancer 
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cell line was characterized. This study 

demonstrated that Fe3O4@Glu-HA-NAR NPs 

cause superior and efficient inhibition of cancer 

cells than normal ones, causing considerable 

elevation of intercellular ROS levels, leading to 

cell cycle blockage at the S and G2/M phases, 

remarkable increase in cell apoptosis/necrosis, 

nuclear damage and significant upregulation of 

the CASP-8 gene. These findings suggest the 

promising and efficient targeting of colon cancer 

cells by Fe3O4@Glu-HA-NAR NPs, which can be 

considered in chemotherapy approaches after 

pharmacokinetic and in vivo characterizations. 
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