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					ABSTRACT  

					ARTICLE INFO  

					Colorectal cancer is one of the most common cancers globally, with a 50% mortality rate. Current  

					treatments mainly involve surgery and chemotherapy. This led to the discovery of iron oxide  

					nanoparticles (IONPs), which are less toxic than traditional treatments. This study evaluates the  

					green synthesis of IONPs using okra (Abelmoschus esculentus) extract (IONP-Okra) and their  

					anticancer potential. IONP-Okra was synthesized using 3% okra extract with pH variation (3, 6,  

					8, and 11). Characterization of IONP-Okra was conducted through ultraviolet-visible (UV-Vis)  

					spectrophotometry, particle size analysis (PSA), Fourier transform infrared (FTIR) spectroscopy,  

					and X-ray diffraction (XRD). UV-Vis results showed absorption peaks at 288-298 nm  

					wavelengths, while PSA showed particle size distribution from 3-530 nm depending on pH  

					variations. FTIR analysis confirmed the presence of Fe-O bonds in 457-530 cm-1 and organic  

					groups as reducers and stabilizers for IONPs. XRD results indicated the formed iron oxide  

					nanoparticles were amorphous with the Fe3O4 phase. The pH 8 sample was selected for toxicity  

					testing on WiDr colon cancer cells using MTT assay. The MTT results showed the cytotoxicity  

					ability of IONP-Okra against WiDr colon cancer cells in the concentration range of 10-50 µg/mL.  

					ANOVA and Duncan's post hoc tests revealed significant differences between the control and all  

					treatment groups. In summary, it can be concluded that okra extract effectively acts as a reducing  

					and capping agent in IONP synthesis. IONP-Okra has proven anticancer properties against WiDr  

					colon cancer cells.  
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					Introduction  

					Cancer is one of the deadliest diseases in both developed and  

					developing countries.1 Colorectal cancer ranks as the fourth most  

					common cancer worldwide, with 1.142.286 new cases and 538.167  

					deaths reported in 2022.2 The primary treatment for colorectal cancer  

					remains surgical intervention, followed by chemotherapy or  

					radiotherapy.3–5 However, chemotherapy is associated with potential  

					long-term side effects, such as decreased stamina, gastrointestinal  

					symptoms (e.g., nausea and vomiting), and other postoperative  

					symptoms, including excessive anxiety.6,7 Therefore, further research is  

					directed toward discovering alternative treatments comparable to  

					chemotherapy with lower toxicity.3 Based on recent studies, iron oxide  

					nanoparticles (IONPs) have been proposed as a promising alternative  

					for cancer treatment.8–11 IONPs have attracted attention due to their  

					excellent properties, such as superparamagnetism, chemical stability,  

					low cytotoxicity, and a high surface area.12,13 IONPs can passively  

					penetrate tumour membranes via enhanced permeability and retention  

					(EPR) due to their minimal size.14  

					Additionally, IONPs demonstrate selective behaviour between  

					cancerous and normal cells.9,15 Based on these characteristics, IONPs  

					hold substantial promise for future biomedical applications.13IONPs  

					can be synthesized through physical, chemical, and biological  

					methods.16 Among these, biological methods have gained attention due  

					to their advantages, such as rapid synthesis, simplicity, non-toxicity,  

					and scalability for industrial production.17,18 Plant extracts, in particular,  

					have attracted significant interest because of their medicinal benefits.19  

					Furthermore, plant extract can function as both a reducing and capping  

					agent, eliminating multistep synthesis and reducing chemical reagent  

					costs.18,19 Okra (Abelmoschus esculentus) is a versatile plant used in  

					food production and medicinal fields.20,21 As a food source, okra  

					contains carbohydrates, proteins, glycoproteins, and other dietary  

					elements. Okra pods and seeds are also rich in phenolic compounds  

					such as quercetin derivatives, catechins, and hydroxycinnamate  

					derivatives.21 The application of okra extract was included in the  

					synthesis procedure for CuO-NPs,20 Zn-NPs,22 AgNPs,23 NiO-NPs,24  

					and Se-NPs.25  
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					In the present study, okra pod extract was used to synthesize IONPs.  

					The characteristics of the nanoparticles were assessed using UV-Vis  

					absorption spectroscopy, particle size analyzer (PSA), Fourier  

					transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD).  

					To further investigate its anticancer potential, their cytotoxicity was  

					assessed by an MTT assay on colon cancer cell lines (WiDr).  
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					using a hematocytometer. Then, the obtained cells were seeded in 96  

					well-plates at approximately 5000 cells/100 µL/well incubated for 24  

					hours.30  

					Materials and Methods  

					Chemicals and reagents  

					Iron sulfate heptahydrate (Himedia, 100%), chloric acid (Sigma  

					Aldrich, 37%), and sodium hydroxide (Sigma Aldrich, ≥97.0%) were  

					used during nanoparticle synthesis without any further purification. The  

					other required materials for the cytotoxicity test, such as RPMI-1640  

					medium, fetal bovine serum (FBS), phosphate-buffered saline (PBS),  

					DMSO, MTT reagent and stopper solution (10% sodium dodecyl  

					sulfate (SDS) in 0.01 N HCl) were procured from APSLC Research  

					Lab, Universitas Gadjah Mada. Double distilled water was used as a  

					solvent in all of the experiments.  

					Cytotoxicity assay  

					Cytotoxicity of IONPs was evaluated through MTT assay using (3-(4,5-  

					Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide), which was  

					aimed to study the cytotoxicity activities of prepared samples and cell  

					proliferation.29 To conduct the MTT assay assessments, the selected  

					IONPs sample was resuspended in fresh RPMI-1640 medium as a stock  

					solution. Then, the seeded WiDr cells in a 96-well plate were incubated  

					with 100 µL of various IONP concentrations (10, 25, 50, and 100  

					µg/mL), using a culture medium without any particles as the control.  

					The assay was performed in triplicate. After 24 hours, cells were  

					washed with PBS, and 100 µL MTT (5 mg/mL PBS, diluted in RPMI-  

					1640 medium) was added into each well and incubated in a dark place  

					for 4 hours. Finally, 100 µL stopper solution (10% SDS in 0,01 N HCl)  

					was added to each well to dissolve the formed formazan, and the cells  

					were incubated once more in a dark place for 24 hours. The absorbance  

					was measured using a microplate spectrophotometer ELISA reader  

					(Corona Electric SH-1000) at wavelength 570 nm.30  

					Collection and Identification of Okra (Abelmoschus esculentus) pods  

					Fresh okra pods were purchased from a local farm in Malang City,  

					Indonesia (-7.859473016667287, 112.7009237231305) in March 2024.  

					Dr Junairiah, a botanist in the Plant Taxonomy Laboratory, Department  

					of Biology, Universitas Airlangga, Surabaya, Indonesia, identified the  

					plant. The okra pods were washed with water and cut into small parts.  

					The pods, stems, and seeds were dried in a dehydrator at 40 °C for 24  

					hours. The dried parts were ground to a fine powder and stored in an  

					airtight container.  

					Statistical analysis  

					Extraction of plant material  

					The data regarding characterization methods were analyzed and  

					interpreted into a spectrum using the software program OriginLab  

					version 10.0. Statistical analysis was performed using the IBM SPSS  

					software package/version 21. Descriptive statistics, one-way ANOVA,  

					and Duncan's post hoc tests were used to observe the statistical  

					differences between groups. The average was shown as the mean ±  

					standard deviation (SD). Values of p ≤ 0.05 were considered  

					statistically significant.  

					The extraction method used in this study was modified from the method  

					of Ong et al.26 About 3 g of okra powder was mixed with 100 mL water  

					and boiled at 80°C for 40 minutes under gentle stirring. The mixture  

					was cooled to room temperature and filtered using Whatman filter paper  

					(No. 1). The collected okra crude extract (3% w/w) was refrigerated in  

					the dark until ready for use.  

					Preparation of Iron Oxide Nanoparticles (IONPs)  

					For the synthesis of IONPs, FeSO4.7H2O powder was dissolved in  

					water to obtain 0.1 M iron sulfate solution. The prepared crude extract  

					was added dropwise to 0.1 M of FeSO4.7H2O at the volume ratio 2:1 at  

					ambient temperature (27 °C). The experimental pH was adjusted using  

					1 M HCl or 1 M NaOH to pH 3, 6, 8, and 11, respectively.27–29 All the  

					solutions were stirred under 300 rpm for 1 hour to ensure homogeneity.  

					The formation of IONPs was revealed by a colour change from pale  

					brown to brownish-black colloidal solution. At the same time, all the  

					prepared solutions were analyzed using UV-visible spectroscopy in the  

					range of 200-800 nm to confirm the formation of IONPs. The  

					synthesized nanoparticles were collected by centrifugation (DLAB  

					Centrifuge DM0412) at 4000 rpm for 20 minutes, then washed in water  

					once to remove contaminants. Then, the collected IONPs were dried in  

					an oven at 80 °C for 20 hours.  

					Results and Discussion  

					IONPs were biosynthesized using okra crude extract as a reducing and  

					stabilizing agent at different pH with ambient temperature and gentle  

					stirring speed. The reduction of Fe ions from FeSO4 solution to form  

					IONPs was monitored by colour changes and UV-Vis spectroscopy  

					through the peak absorption characteristics. As shown in the digital  

					photograph in Figure 1, the precursor solution prepared in this study  

					was clear and light-yellowish. Upon the addition of okra crude extract,  

					the clear, light-yellowish FeSO4 turned opaque.  

					Characterization Assessment Method  

					The formation of IONPs synthesized using okra crude extract was  

					studied by measuring the absorbance using  

					a

					UV-Vis  

					spectrophotometer (Thermo Scientific Orion Aquamate 8100) at a  

					wavelength ranging between 200-800 nm. The size and distribution of  

					the formed nanoparticles were measured using a particle size analyzer  

					(Beckman Coulter-Delsa™ Nano Series). The crystalline phase of the  

					nanoparticles was examined using X-ray diffraction (Rigaku MiniFlex  

					600-C) with Cu-Kα radiation (λ = 1,541 Å; 40 kV; 40 mA; and a step  

					size of 0.02 over a 2θ range of 20°–80°). Furthermore, the type of bonds  

					and the functional groups present in samples were evaluated using an  

					FTIR spectrophotometer (Shimadzu IRTracer-100); the spectra were  

					recorded in the wavenumber range from 4000-390 cm-1 at the resolution  

					of 4 cm-1.  

					Figure 1: The colour change observation of IONPs is affected  

					by pH.  

					After adding HCl/NaOH until it reached a specific pH, the solution  

					gradually became dark (pH 3, 6) and pale brown (pH 8, 11) after 1-hour  

					stirring. The colour change of clear light-yellowish FeSO4 to final dark  

					colour and pale brown solution confirmed the formation of IONPs.31,32  

					The formation of IONPs from various pH was analyzed using UV-Vis  

					spectroscopy, shown in Figure 2. UV-Vis spectra showed a strong  

					absorption band detected at the wavelength around 288‒298 nm. The  

					highest absorbance intensity was obtained from IONPs synthesized  

					with pH 8, which was observed at 1.1662 (Table 1). This indicated that  

					the yield of IONP production is high at this pH.23  

					Culture medium and cell line  

					Human colon cancer cells (WiDr) were obtained from APSLC Research  

					Lab, Universitas Gadjah Mada, Indonesia. The cells were cultured in  

					RPMI-1640 medium, supplemented with 10% fetal bovine serum  

					(FBS), 1% penicillin-streptomycin, and 0.5% fungizone. WiDr cells  

					were grown in a humidified incubator (Heraeus) with an air mixture  

					containing 5% (v/v) CO2 at 37 C. Once it reached 70-80% confluent,  

					the cells were harvested from the culture dish with trypsin EDTA  

					(0.025%), resuspended with a new RPMI-1640 medium, and counted  
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					Table 1: λmax and absorbance of synthesized IONPs at  

					various pH.  

					pH  

					λmax (nm)  

					Absorbance  

					pH 3  

					pH 6  

					pH 8  

					pH 11  

					288  

					288  

					298  

					296  

					0.6782  

					1.1012  

					1.1662  

					1.1252  

					Figure 3: FTIR spectra of okra crude extract (3%) and IONPs  

					samples in pH variations.  

					Based on these bands, it can be assumed that the presence of okra's  

					chemical composition, including phenol and flavonoids or  

					carbohydrates (polysaccharides), aids the production of IONPs by  

					acting as a capping and reducing agent.15,20 The characterized peak  

					around 470‒530 cm‒1 was assigned to the presence of metal-oxygen  

					(Fe‒O) bonding, which confirmed the formation of IONPs.29 The  

					attained outcomes were also observed for Fe‒O peaks of IONP  

					nanoparticles synthesized using Solanum lycopersicum leaf extract and  

					Cinchona officinalis stem bark extract.15,36  

					Also, the IONP crystalline structure was identified by XRD analysis,  

					and the result is presented in Figure 4. It was observed that the XRD  

					patterns show some broad and weak peaks, with abundant noise in the  

					20° < 2θ < 8θ° range, suggesting that the green-synthesized  

					nanoparticles were mainly amorphous.37,38 From the XRD patterns,  

					noticeable peaks were observed at 2θ = 33.76°, 35.46°, 43.01° for  

					IONPs pH 8 sample; and 2θ = 33.78°, 40.47°, 49.78° for IONPs pH 11  

					sample. These diffraction peaks matched the previous research,  

					corresponding to the magnetite (Fe3O4) phase.39 The wide shoulder peak  

					in IONPs pH 3 and pH 6 samples can be identified as organic materials  

					adsorbed from okra crude extract acting as capping agents.32  

					Figure 2: UV-Vis absorption spectra of synthesized IONPs at  

					various pH.  

					The particle size of IONPs based on dynamic light scattering (DLS)  

					analysis is presented in Table 2. From the result, the IONPs' size  

					changes were observed as the pH increased. The largest particle size  

					was achieved with IONP pH 8 and decreased as the pH increased to 11.  

					The PDI was found in the range of 0.1‒0.3, indicating a homogeneous  

					population of nanoparticles.32 A larger particle size was formed due to  

					the excessive increase in negative charges on the particle surface, which  

					33  

					led to particle aggregation.  

					In another study, Jurasekova et al.  

					Table 2: Particle size and PDI value of the IONPs prepared at  

					various pH.  

					explained that alkaline conditions could trigger instability in the  

					quercetin rings, causing dimerization and forming larger and heavier  

					molecules.34 Fourier transform infrared spectroscopy (FTIR) FTIR  

					spectra of synthesized IONPs are shown in Figure 3. From the FTIR  

					spectrum, it was observed that IONPs prepared in all pH variations were  

					similar and showed clear evidence of the bioreduction process and  

					binding activity. FTIR spectra of all samples depict a broadband peak  

					around 3470‒3396 cm‒1 corresponding to O‒H vibration, representing  

					the phytochemical compounds such as glycosides or carboxylic  

					acid.20,23 Two strong peaks at 1627‒1647 cm‒1 and 1056‒1078 cm‒1  

					represented C=O stretching and C‒O stretching arising from the  

					carbonyl and carboxyl vibrations.35 Additionally, some weak signals  

					appeared around 1381‒1396 cm‒1 and ~1500 cm‒1, corresponding to the  

					C―C stretch of aromatic rings and polyphenol's O‒H bend,  

					respectively.19  

					Samples pH  

					Parameter  

					pH 3  

					pH 6  

					pH 8  

					pH 11  

					Average  

					diameter  

					3.00  

					nm  

					6.20  

					nm  

					25.09  

					nm  

					279.85  

					nm  

					Polydispersity  

					Index  

					0.1778 0.1519 0.2872 0.4818  
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					Figure 4: XRD patterns for IONPs with various pH.  

					The performances of higher concentrations have shown the ability to  

					cause membrane disruption, likely due to interactions between  

					phospholipid molecules within the cell membrane and IONPs.29 The  

					toxicity of IONPs on the WiDr cell line may occur due to their ability  

					to induce ferroptosis.41 Ferroptosis can lead to cell death through  

					lysosomal degradation, DNA damage, or massive lipid peroxidation of  

					the cell membrane.42,43 The accumulation of iron oxide nanoparticles  

					within cells leads to excessive production of Fe ions by lysosomes. Fe  

					ions in the acidic intracellular environment stimulate the formation of  

					reactive oxygen species (ROS) via the Fenton reaction. These ROS can  

					disrupt intracellular systems and induce cellular ferroptosis.42  

					In the in vitro cytotoxicity assay, based on characterization results,  

					IONPs synthesized with pH 8 were chosen for in vitro cytotoxicity  

					evaluation. The cytotoxicity assay confirmed that IONPs significantly  

					suppressed the WiDr cell's growth within 24 h, compared to untreated  

					control (Figure 5). The cell viability rate decreased as the applied  

					concentration of IONPs was increased.40 The highest toxicity (37%)  

					was shown in WiDr cells treated with 50 µg/mL IONPs for 24 hours.  

					120  

					a

					Conclusion  

					100  

					In this work, IONPs were successfully synthesized using the aqueous  

					extract of Okra (Abelmoschus esculentus) pods as a reducing and  

					stabilizing agent. The nanoparticles were characterized by UV-Vis  

					absorption spectroscopy, PSA, FTIR, and XRD analysis. pH 8 was  

					considered the best condition to obtain the maximum yield of IONPs.  

					The toxicity of IONP-Okra was tested in vitro through the MTT assay.  

					The result showed that IONP-Okra has statistically significant toxicity  

					effects on the WiDr colon cancer cell line. This in vitro assay proved  

					that IONPs are an interesting alternative for cancer treatment,  

					particularly in colon cancer. Additionally, the present work provides a  

					preliminary platform for further investigation of the possible role of  

					Okra pod extract both in nanoparticle synthesis and cancer treatment.  

					80  
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					Figure 5: In vitro cytotoxicity of IONPs on WiDr colon cancer  

					cell after 24 hours. The different letters indicated significant  

					differences at p ≤ 0.05.  
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