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Introduction
This study focuses on the development of dextran-coated iron oxide nanoparticles (Fe3O4@Dextran NPs) as carriers for chrysin, a natural flavonoid with recognized anticancer activity.
Methods
Fe3O4@Dextran NPs were synthesized via co-precipitation and loaded with chrysin at different drug-to-nanoparticle ratios. Structural and physicochemical characterization was performed using X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), and Vibrating Sample Magnetometry (VSM). Drug loading efficiency was determined spectrophotometrically. The anticancer efficacy of the drug-loaded samples was assessed in vitro against HCT-116 human colorectal carcinoma cells using the MTT assay, with statistical analysis performed by one-way ANOVA.
Results
XRD revealed an average crystallite size of 17 nm for Fe3O4@Dextran, which decreased to ∼15 nm upon chrysin loading. FTIR confirmed the successful incorporation of chrysin without compromising structural stability. VSM measurements demonstrated superparamagnetic behavior with a saturation magnetization of 69.2 emu/g. Drug loading efficiencies were 42%, 54%, and 57% at drug-to-nanoparticle ratios of 1:0.5, 1:1, and 1:2, respectively, with evidence of saturation at higher concentrations. The Fe3O4@Dextran+D2 formulation exhibited optimal drug loading, maintaining structural integrity and enhanced cytotoxic activity against HCT-116 cells.
Conclusion
Fe3O4@Dextran+D2 demonstrated favorable structural integrity (as evidenced by XRD and FTIR analyses) along with notable anticancer activity against HCT-116 cells. Its performance is attributed to optimal drug loading without surface saturation, supporting its potential as a structurally stable drug delivery system.

Keywords: iron oxide nanoparticles, dextran coating, tumor microenvironment, surface modification, drug carriers
1 INTRODUCTION
Magnetic nanoparticles (MNPs), particularly iron oxide nanoparticles (Fe3O4 NPs), have garnered increasing attention as promising materials for the development of effective anticancer therapeutics and diagnostic tools (Ramazanov et al., 2021; Mamani et al., 2023). The growing interest in MNPs can be attributed to their unique physicochemical characteristics, such as superparamagnetism, large surface-to-volume ratio, controllable size, and ease of surface modification (Zhu et al., 2018; Ramazanov et al., 2020; Ezealigo et al., 2021; Pozzi et al., 2024). In particular, the ability to design these NPs with tailored functionalities and chemically modified surfaces has led to significant advancements in the field of multifunctional nanocarriers (Akbarzadeh et al., 2012; Huang et al., 2016; Mosayebi et al., 2017; Ali et al., 2021; Pusta et al., 2023; Sala et al., 2023; Stiufiuc and Stiufiuc, 2024).
Recent advances have expanded the applications of MNPs beyond conventional imaging and drug delivery. For instance, functionalized glucose oxidase-loaded iron-based nanoparticles (Gox@Fe NPs) enable photothermal-ferroptosis combined with PD-L1 immunotherapy and magnetic resonance imaging (MRI)-guided tumor ablation (Li et al., 2024). Another promising direction involves incorporating Fe3O4 NPs into alginate hydrogels for near-infrared (NIR) light-triggered photothermal therapy of colorectal cancer (Ji and Wang, 2023) the development of superparamagnetic polycrystalline Fe3O4 superparticles (Attanayake et al., 2025), which consist of 10–15 nm nanocrystals aggregated into 160–400 nm clusters, revealed specific absorption rates exceeding 250 W/g at a low concentration (0.5 mg/mL) in an 800 Oe, 310 kHz alternating field, highlighting their potential for low-dose magnetic hyperthermia.
Despite these advantages, MNPs also face several limitations, including low aggregation stability and weak covalent interactions with surface modifiers. Due to the high surface area and dipole-dipole interactions, Fe3O4 NPs tend to agglomerate, leading to increased particle size and enhanced uptake by the reticuloendothelial system (RES) in vivo (Chuan Lim and Feng, 2012; Zein et al., 2020).
To address these challenges, numerous studies have explored the functionalization of Fe3O4 NPs (Yan et al., 2009; Liu et al., 2020). To confer intriguing physicochemical properties, the surface of Fe3O4 NPs has been coated with various polymers, inorganic materials, and biological molecules (Zhu et al., 2018; Liu et al., 2020).
In our previous work, we studied the effects of chitosan and polyethylene glycol (PEG) coatings on the structural characteristics, drug-loading efficiency, and anticancer efficacy of chrysin-loaded Fe3O4 NPs, demonstrating that PEG-coated NPs exhibited superior loading efficiency, enhanced structural stability, and improved antitumor activity compared to chitosan-coated formulations (Karimova et al., 2024).
Building on these findings, the current work explores the use of dextran as an alternative coating material for Fe3O4 NPs. While PEG and chitosan are well-recognized biopolymer coatings, exploring various biopolymer coatings is crucial for systematically investigating how the nature of the coating impacts the structural profile and functional performance of Fe3O4 NPs. Different polymers interact variably with the NP surface and the drug molecule, potentially affecting crystal structure, particle size, drug loading efficiency, and biological activity. By utilizing dextran as a coating material, this research aims to explore how such variations influence structure-property relationships and anticancer potential through detailed structural, functional, and cytotoxicity analyses.
Dextran, a hydrophilic and biocompatible polysaccharide with a flexible molecular structure, has been widely used in biomedical applications, including as a stabilizer for MNPs and a platform for drug delivery. Due to its unique molecular architecture and interaction profile, dextran can be employed to investigate structure-property relationships and optimize nanocarrier behavior in terms of drug loading efficiency and cytotoxicity.
In this study, we employed dextran as a coating material for Fe3O4 NPs, while chrysin, a natural flavonoid compound with anticancer properties, served as the representative drug molecule (Sood et al., 2024). By comparing the structural characteristics, drug-loading efficiency, and cytotoxicity in relation to our earlier PEG- and chitosan-based formulations, we aim to contribute to a broader understanding of how coating composition influences system functionality and aids in the optimized design of advanced nanocarriers.
2 MATERIALS AND METHODS
2.1 Materials
Ferric chloride hexahydrate (FeCl3⋅6H2O, 98%), ferrous sulfate heptahydrate (FeSO4·7H2O, 98%), and ammonium hydroxide solution (NH4OH, 23%–25%) were utilized for the co-precipitation synthesis of Fe3O4 NPs. Dextran ((C6H10O5)n, Mr∼40000) served as the surface-modifying agent. Chrysin (C15H10O4, 97%) was employed as an anticancer drug, and dimethyl sulfoxide (DMSO, (CH3)2SO, ≥99.7%) was used as a solvent. All chemicals were used directly without further purification.
2.2 Methods
2.2.1 Preparation of Fe3O4@Dextran NPs
Fe3O4@Dextran NPs were synthesized via the co-precipitation method described in previous work (Karimova et al., 2024). Briefly, a homogeneous solution of FeCl3·6H2O and FeSO4·7H2O in a molar ratio of 2:1 was prepared in 100 mL of deionized water and stirred at a rate of 400 rpm (Figure 1).
[image: Schematic illustration of synthesizing Fe₃O₄@Dextran nanoparticles. It shows FeCl₃·6H₂O and FeSO₄·7H₂O solutions mixed under nitrogen in a flask. Addition of a dextran solution and NH₄OH forms nanoparticles. A magnet is used, resulting in Fe₃O₄@Dextran nanoparticles. Molecular structures for dextran and nanoparticles are depicted.]FIGURE 1 | Schematic illustration of the co-precipitation synthesis of Fe3O4@Dextran NPs.The solution was then heated to 70 °C for 30 min under a nitrogen (N2) atmosphere to eliminate dissolved oxygen (O2) and prevent the unwanted oxidation of Fe3O4 to γ-Fe2O3.
To stabilize the NPs, 8 g of dextran was slowly added to the solution, and stirring continued for approximately 1 h to ensure proper coating of the NPs during their formation. Subsequently, 10–15 mL of NH4OH (23%–25%) was added dropwise under vigorous stirring until the pH reached and was maintained at approximately 10. A black precipitate formed immediately upon stirring. The principal reaction is:
Fe2++2Fe3++8OH−→Fe3O4↓+4H2O(1)
To control the mean size of the NPs, the temperature and pH of the solution were continuously monitored during synthesis (Wu et al., 2015). Finally, the temperature was increased to 90 °C, and the reaction was allowed to continue for an additional hour while being vigorously stirred at a rate of 400 rpm. The final pH of the solution was approximately 10. After the reaction, the beaker containing the suspension was placed on a NdFeB magnet. The supernatant was removed, and the precipitate was washed with deionized water several times until the final decanted water became neutral. Finally, the dextran-coated Fe3O4 (Fe3O4@Dextran) NPs were placed in an oven and dried for 4 h at 80 °C.
2.2.2 Loading of drug
The loading of chrysin into the Fe3O4@Dextran NPs was performed using the physical adsorption method, a simple, and non-destructive approach that preserves the structural integrity of both the NPs and the drug. Briefly, chrysin was solubilized in DMSO and then added to the Fe3O4@Dextran powder. The mixture was stirred with a mechanical stirrer at 700 rpm for 6 h at room temperature. At the end of the procedure, the drug-loaded Fe3O4@Dextran NPs were removed from the solution by centrifugation at 15,000 rpm and washed with deionized water to eliminate weakly adsorbed drug on the surface. Subsequently, the chrysin-loaded samples were dried in an oven at 40 °C for 4 h.
In this work, the effect of drug concentration on drug-loading efficiency was investigated. To achieve this, the chrysin concentration was adjusted to different amounts (Table 1).
TABLE 1 | The composition of drug-loaded Fe3O4@Dextran NPs. While obtaining the samples, the amount of Fe3O4@Dextran NPs remained constant at 100 mg, while the amount of drug loaded into the NPs varied at three different ratios: 1:0.5, 1:1, and 1:2.	Samples	Fe3O4@Dextran NPs (mg)	Drug (mg)	Ratio of Fe3O4@Dextran NPs to drug
	Fe3O4@Dextran + D1	100	50	1:0.5
	Fe3O4@Dextran + D2	100	100	1:1
	Fe3O4@Dextran + D3	100	200	1:2


2.2.3 Characterization techniques
The structure, chemical characterization, and drug-loading efficiency of the Fe3O4@Dextran NPs were investigated using X-ray diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy, and ultraviolet-visible (UV-Vis) spectroscopy. XRD analysis was conducted using a Rigaku Mini Flex 600 X-ray diffractometer operating in reflection mode with high-intensity Cu-Kα radiation and a 2θ range of 20°–80° to analyze the crystallinity and size of the samples. The molecular structure of the dextran-coated NPs was examined using a Varian 3600 FTIR spectrometer with KBr pellets, with the spectrum observed from 3,400 to 600 cm−1. The magnetic properties of the samples were investigated using a Superconducting Quantum Interference Device (SQUID) magnetometer (MPMS), with magnetic characterization performed over a temperature range of 5–300 K and under applied magnetic fields up to ±5 T. Additionally, the drug-loading efficiency for all samples was assessed using a Specord250 PLUS UV-Vis spectrometer.
2.2.4 Calculation of drug-loading efficiency
The drug loading efficiency (LE%) of chrysin onto Fe3O4@Dextran NPs was calculated by measuring the concentration of chrysin remaining in the supernatant after centrifugation (10 min at 15000 rpm). The amount of free drug in the supernatant was quantified using UV-Vis spectroscopy, with absorbance measured at 276.4 nm. The LE% was determined by removing the amount of free chrysin (DFree) remaining in the supernatant after centrifugation from the total amount of chrysin (DTotal) in the suspension. The drug LE (%) was calculated using the following equation:
LE=DTotal−DFreeDTotal×100%(2)
This method was adapted from a previously reported technique (Sood et al., 2024).
2.2.5 Cell culture and MTT assay
The anti-cancer efficacy of the selected Fe3O4 NPs was evaluated using HCT 116 human colon cancer cells. To dissolve the various Fe3O4 NPs, DMSO was used as a solvent due to its high solubility for hydrophobic drugs such as chrysin, facilitating effective cell culture assays. Importantly, we adhered to standard cytotoxicity guidelines, maintaining DMSO concentrations consistently below 0.1% to prevent potential solvent-induced cytotoxicity, as supported by existing literature (Zhang et al., 2017). Studies have demonstrated that DMSO concentrations below 0.1% have negligible effects on cell viability, thus validating our approach (Baldelli et al., 2021). HCT 116 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin-streptomycin-neomycin (PSN) under a humidified atmosphere (5% CO2) at 37 °C. Once 75%–80% confluence was achieved, the cells were re-equilibrated with trypsin (0.25%) and EDTA (0.52 mM) in phosphate-buffered saline (PBS) and harvested at the appropriate density for 24 h before the cell viability assessment. In this assay, the HCT 116 cells were treated with chrysin-loaded Fe3O4 NPs coated with dextran at varying concentrations (0–40 μg/mL) for 24 h. After treatment, the cells were rinsed with PBS, and MTT solution was added to form formazan salt. Subsequently, the media were replaced with DMSO (200 µL) to dissolve the formed formazan crystals in each well. The viability of the cells was spectrophotometrically determined at 570 nm using an ELISA reader (Emax, Molecular Devices, San Jose, CA, United States of America) to assess the number of viable cells. All treatment experiments were performed in triplicate.
2.2.6 Statistical analysis
Statistical analyses were conducted using JMP software version 16 (SAS Institute Inc., Cary, NC, United States) and GraphPad Prism Software version 10.0.0 for Windows, GraphPad Software, Boston, Massachusetts, United States. The differences among multiple groups were analyzed using one-way ANOVA, followed by Tukey’s method for post-hoc comparisons. Differences with p < 0.05 were considered statistically significant (JMP). GraphPad Prism Software was used for graphical visualization.
2.2.7 Declaration of generative AI in writing this manuscript
The manuscript creation process did not utilize any artificial intelligence tools for developing ideas, generating text, or improving content quality. For grammatical accuracy and language refinement, conventional writing tools such as Grammarly were employed.
3 RESULTS
3.1 XRD analysis
Figure 2 shows the XRD pattern of Fe3O4@Dextran NPs. The spectrum exhibited peak distribution typical of the face-centered cubic spinel structure of magnetite, with a major peak at ∼35° corresponding to the (311) plane. Other peaks for this crystal structure were observed at 2θ positions of ∼30° (200), 43° (400), 54° (422), 57° (511), and 63° (440), which align well with those from the JCPDS card (19-0629). The low intensity of the peaks indicates the presence of amorphous dextran on the surface of the NPs. Furthermore, the average crystallite size of Fe3O4@Dextran NPs was estimated to be about 12.46 nm–17.10 nm, calculated from X-ray line broadening using Scherrer’s formula (Karimova et al., 2023).
[image: X-ray diffraction graph showing intensity versus 2 theta degrees. Peaks are marked at approximately 30, 35, 43, 54, 57, and 63 degrees. The intensity increases sharply, peaking at 35 degrees.]FIGURE 2 | X-ray diffractogram of Fe3O4@Dextran NPs.The anticancer agent chrysin was loaded into the dextran-coated samples using a non-covalent method. For comparative purposes, X-ray structural analysis of pure chrysin was also performed (see Figure 3). Chrysin displayed sharp and intense peaks at 7.5°, 12.8°, 14.8°, 17.9°, 20.8°, 22.54°, 25°, and 27.2° as assessed via XRD analysis (Kaur et al., 2015). The crystalline nature of chrysin is evident from these distinct diffraction peaks, confirming that the lattice of the crystal is highly ordered.
[image: X-ray diffraction pattern showing intensity in counts per second against the angle of diffraction in degrees. Peaks are at approximately 7.5, 12.8, 14.8, 17.9, 20.8, 22.54, 25, and 27.2 degrees, indicating crystalline phases.]FIGURE 3 | XRD pattern of pure chrysin.Figure 4 illustrates the X-ray diffractograms based on the amount of chrysin loaded into Fe3O4@Dextran NPs.
[image: X-ray diffraction (XRD) patterns of samples labeled (a) to (e) are presented. The intensity on the y-axis is marked in counts per second (cps), and the x-axis represents the angle 2θ in degrees. Peaks corresponding to Chrysin and Fe₃O₄@Dextran are indicated by triangles and circles, respectively. Each sample exhibits distinct peak patterns, with varying intensity and positions along the 2θ range of 0 to 70 degrees.]FIGURE 4 | Comparative XRD patterns of samples: (a) pure chrysin; (b) Fe3O4@Dextran; (c) Fe3O4@Dextran + D1; (d) Fe3O4@Dextran + D2; (e) Fe3O4@Dextran + D3.The XRD patterns of Fe3O4@Dextran samples loaded with varying amounts of chrysin exhibited characteristic 2θ values, indicating the preservation of the crystalline structure upon drug loading. For Fe3O4@Dextran + D1, peaks were observed at 12.74°, 14.92°, 17.80°, 22.35°, 27.72°, 35.63°, 57.02°, and 62.78°. In contrast, Fe3O4@Dextran + D2 showed slight shifts to higher angles (e.g., 12.78°, 14.98°, 17.84°, 22.47°, 27.81°, 35.65°, 57.24°, and 62.87°). Conversely, Fe3O4@Dextran + D3 demonstrated peak shifts to slightly lower angles (e.g., 12.70°, 14.86°, 17.74°, 22.38°, 27.67°, 35.49°, 57.13°, and 62.73°). Both the drug and the NP matrix displayed peaks between 57° and 62°, confirming the successful incorporation of chrysin.
The observed peak shifts and variations suggest structural interactions between chrysin and the NP surface, influenced by the amount of drug loaded. The characteristic peaks of the drug were maintained across all samples after loading onto Fe3O4@Dextran, although their intensity decreased. The drug molecules adsorbed to the inner surfaces of the NPs due to interactions such as hydrogen bonding or electrostatic attraction. These interactions led to slight changes in the regular crystal structure, which could lower peak intensity (Khalbas et al., 2024). Crystallite sizes (Figure 5) were determined in samples after drug loading onto Fe3O4@Dextran NPs using Scherrer’s formula (Karimova et al., 2023).
[image: Bar graph showing crystallite sizes in nanometers for different samples. Fe3O4@Dextran has sizes of 12.46 (black) and 17.1 (red). D1 has sizes of 12.33 (black) and 15.69 (red). D2 shows 12.11 (black) and 13.7 (red). D3 displays 9.58 (black) and 14.96 (red).]FIGURE 5 | Crystallite sizes as a function of Fe3O4@Dextran NPs to chrysin ratios.Figure 5 indicates that crystallite sizes were influenced by varying amounts of chrysin. The crystallite size of Fe3O4@Dextran NPs decreased upon drug loading, reducing from 17.1 nm (Fe3O4@Dextran) to 15.69 nm (Fe3O4@Dextran + D2) as the chrysin concentration doubled. An increase in drug molecules can interfere with crystallization, resulting in smaller and more finely distributed crystals (Mistry and Suryanarayanan, 2016). However, a slight increase in crystallite size was observed in Fe3O4@Dextran + D3, which may result from drug molecules saturating the surface. Once the surface of the Fe3O4 NPs becomes saturated, additional drug molecules may affect surface energy and diminish structural strain, leading to minor crystallite growth (Li et al., 2016).
3.2 FTIR spectral analysis
FTIR spectral analysis was conducted between 3,200 and 400 cm-1 to identify the functional groups within the samples. In addition to the synthesized samples, the FTIR spectrum of pure chrysin was also analyzed (Figure 6).
[image: FTIR spectrum of pure Chrysin with peaks labeled: O-H at 2926 cm⁻¹, C-H at 2926 cm⁻¹, C=O at 1652 cm⁻¹, C=C at 1610 cm⁻¹, and C-O-C at 1355 cm⁻¹. The graph plots absorbance against wavenumber from 3200 to 400 cm⁻¹.]FIGURE 6 | FTIR spectrum of pure chrysin.The absorption bands between 3,200 cm-1 and 3,000 cm-1 are characteristic of O-H stretching, confirming the presence of phenolic hydroxyl groups. The peak at 2,926 cm-1 is assigned to C-H stretching vibrations. A prominent peak at 1,652 cm-1 corresponds to the C=O stretching vibration of the flavonoid backbone, while the absorption band at 1,610 cm-1 is associated with C=C aromatic stretching (Sundararajan et al., 2017; Krysa et al., 2022). Additionally, the peak at 1,355 cm-1 is attributed to C-O-C stretching, indicating the presence of ether linkages. To confirm successful surface modification, dextran-coated Fe3O4 NPs were analyzed. The FTIR spectrum of dextran-coated Fe3O4 NPs (Figure 7) shows absorptions at 3,118 cm-1, 1,638 cm-1, 1,555 cm-1, 1,469 cm-1, 1,386 cm-1, and 660 cm-1.
[image: FTIR spectrum of Fe3O4@Dextran with absorbance on the y-axis and wavenumber on the x-axis ranging from 400 to 3200 cm⁻¹. Peaks include 3118 cm⁻¹ (O-H), 1638 cm⁻¹ (H-O-H), 1555 cm⁻¹ (C-O), 1386 cm⁻¹ (CH₂), 1439 cm⁻¹ (CH), 1469 cm⁻¹ (C-H), and 660 cm⁻¹ (Fe-O).]FIGURE 7 | FTIR spectrum of Fe3O4@Dextran NPs.When compared with the literature (Lungu et al., 2025), the O-H stretching vibration of pure dextran, which is phenolic OH in glucose units, shifted to 3,118 cm-1 upon coating Fe3O4 NPs with dextran. Concurrently, the H-O-H bending vibration associated with internal hydrogen bonding was observed at 1,638 cm-1. The CH2 deformation vibration shifted slightly to 1,386 cm-1 compared to dextran. The relatively weak absorption starting from 660 cm-1 is related to the Fe-O bond, indicating a metal-oxygen bond. The weak peak observed at 1,439 cm-1 is also associated with the absorption caused by the interaction of dextran with Fe3O4, confirming the presence of dextran on the Fe3O4 surface. These shifts are indicative of the interaction between Fe ions and the functional groups of dextran, as well as environmental changes due to Fe-dextran coordination. The results obtained indicate that the surface of Fe3O4 NPs was successfully coated with dextran.
The FTIR spectra of Fe3O4@Dextran NPs obtained after attaching different amounts of chrysin were compared to analyse the effect of drug loading on functional group interactions (Figure 8; see Table 1 for formulation details).
[image: Three infrared spectra graphs showing absorbance versus wavenumber in centimeters inverse. Graph (a) highlights peaks at 1646, 1637 (C=O), 1380 (C-H), and 1020 (C-O) cm⁻¹ with an Fe-O region. Graph (b) displays peaks at 1654 (C=O), 1380 (C-H), and 1020 (C-O) cm⁻¹ with an Fe-O region. Graph (c) shows peaks at 1653 (C=O), 1380 (C-H), and 1020 (C-O) cm⁻¹ with an Fe-O region. Each graph's data is represented by a red line.]FIGURE 8 | FTIR spectra of Fe3O4@Dextran NPs obtained after attaching different amounts of chrysin: (a) Fe3O4@Dextran + D1; (b) Fe3O4@Dextran + D2; (c) Fe3O4@Dextran + D3.In all samples (Figures 8a–c), the changes detected in the range of 400–600 cm−1 correspond to the Fe–O stretching vibration in iron oxide NPs (Soltanpour et al., 2024). The peaks at approximately 1,380 cm-1 and 1,020 cm-1 in all drug-loaded samples are attributed to the C-H and C-O deformations of dextran (Bautista et al., 2005) The O-H stretching region in drug-loaded samples exhibits differences compared to the pure drug sample, indicating hydrogen bonding with the NP surface. In chrysin, the C=O peak is originally around 1,652 cm-1 (Ansari, 2008) in the drug-loaded NPs, it remains consistent, although certain modifications are observed. As shown in Figure 8a, the Fe3O4@Dextran + D1 sample exhibits a slight splitting of the C=O peak into 1,646 cm-1 and 1,637 cm-1. In Figure 8b, corresponding to the Fe3O4@Dextran + D2 sample, the C=O stretching vibration peak demonstrates a small shift to 1,654 cm-1 with a more noticeable splitting, indicating a stronger interaction between chrysin and the NP surface. In Figure 8c for the Fe3O4@Dextran + D3 sample, the peak is observed at 1,653 cm-1 with the highest intensity; however, no splitting was observed, unlike in the Fe3O4@Dextran + D1 and Fe3O4@Dextran + D2 samples. This suggests that the available binding sites in the Fe3O4@Dextran + D3 sample may have been saturated, as the drug concentration likely has exceeded the binding capacity of the NPs. This result correlates with the XRD findings, indicating that in the Fe3O4@Dextran + D3 sample iron oxide NPs were formed in a more dispersed and possibly less ordered form, further supporting the hypothesis of drug saturation and structural alteration.
Additionally, the characteristic C=C vibration of the drug at 1,610 cm-1 was observed to shift slightly in all drug-loaded Fe3O4 NPs. In the Fe3O4@Dextran + D1 and Fe3O4@Dextran + D2 samples, this peak shifts slightly to 1,616 cm-1, followed by distinct band splitting. In contrast, for the Fe3O4@Dextran + D3 sample, the peak shifts to 1,612 cm-1 without any observed splitting. Significant shifts in Fe3O4@Dextran + D1 and Fe3O4@Dextran + D2 suggest stronger interactions between the NPs and chrysin. Furthermore, the spectral regions around ∼1,355 cm-1 and 1,245 cm-1 remain consistent across all drug-loaded samples, indicating that the structural integrity of the drug is preserved. To compare the observed absorbance in all samples, the functional bonding with wavenumbers is presented in Table 2.
TABLE 2 | Chemical bonding in the samples from FTIR wavenumber.	Bonding	Chrysin (cm-1)	Fe3O4@
Dextran+D1 (cm-1)	Fe3O4@
Dextran+D2 (cm-1)	Fe3O4@
Dextran+D3 (cm-1)
	O-H	3,200–3,000			
	C=C	1,610			
	C=O	1,652	1,646
1,637	1,654
∼	1,653
	C-H	2,926	1,380	1,380	1,380
	C-O		1,020	1,020	1,020
	C-O-C	1,355			
	Fe-O	-	600–400	600–400	600–400


Overall, the XRD, and FTIR, analyses confirm the successful incorporation of chrysin into Fe3O4@Dextran NPs, while preserving structural features; NPs, and drugs exhibit strong interactions at low loading levels, whereas saturation effects become evident at higher drug concentrations.
3.3 Magnetic properties
The magnetic properties of Fe3O4@Dextran NPs were investigated at room temperature using VSM. The magnetization versus applied magnetic field (M–H) curve is presented in Figure 9, and the extracted magnetic parameters are summarized in Table 3.
[image: A hysteresis loop graph showing magnetization M in emus versus magnetic field strength H in kilo-Oersteds. The S-shaped curve crosses the origin, with saturation near 70 and negative 70 emu on the y-axis as H approaches positive and negative 10 kOe.]FIGURE 9 | Room temperature magnetization curve (M–H loop) of synthesized Fe3O4@Dextran NPs, confirming superparamagnetic behavior.TABLE 3 | Magnetic parameters of synthesized Fe3O4@Dextran NPs.	Sample	Mr (emu/g)	Ms (emu/g)	Hc (Oe)	Square rate
	Fe3O4@Dextran NPs	1.28	69.2	0	0.018


The Fe3O4@Dextran NPs exhibited a saturation magnetization (Ms) of 69.2 emu/g, a remanent magnetization (Mr) of 1.28 emu/g, and a coercivity (Hc) of 0 Oe. The squareness ratio (Mr/Ms) was calculated as 0.018. The very low squareness ratio and remanent magnetization confirm that the synthesized NPs exhibit superparamagnetic behavior at room temperature (Ganapathe et al., 2020).
3.4 UV-Vis spectral analysis
In our study, we examined the loading efficiency of the fabricated samples as a promising nanocarrier for chrysin using spectrophotometric analysis at 276.4 nm (Karimova et al., 2024). Table 4 presents the LE (%) for samples obtained with varying amounts of chrysin relative to the quantity of Fe3O4@Dextran NPs.
TABLE 4 | Mathematically calculated results of chrysin LE (%) for dextran-coated and chrysin-loaded Fe3O4 NPs.	Samples	LE (%)
	Fe3O4@Dextran + D1	42
	Fe3O4@Dextran + D2	54
	Fe3O4@Dextran + D3	57


The LE (%) value for the Fe3O4@Dextran + D1 sample was 42%, which is 12% lower than that of Fe3O4@Dextran + D2 (54%) and 15% lower than that of Fe3O4@Dextran + D3 (57%). In Fe3O4@Dextran NPs, increasing the chrysin amount two-fold has minimal impact on LE (%). Several factors may contribute to this observation, including the possibility that the system is at or near saturation. For instance, diffusion limitations may hinder the system prevent drug molecules onto Fe3O4@Dextran NPs. Higher drug concentration may not facilitate the effective loading of additional drug molecules, even with high diffusion rates. Additionally, the NPs’ surface may experience reduced loading capacity due to drug aggregation or precipitation at high concentrations. Consequently, increasing the drug amount may have a limited effect on loading efficiency.
To further confirmation, the UV-Vis spectra of the supernatants acquired after the loading process were recorded and are shown in Figure 10.
[image: Graph showing absorbance against wavelength from 235 to 395 nanometers. Multiple curves represent different samples with varying absorbance peaks. A marked peak at 276.4 nanometers is highlighted on the graph.]FIGURE 10 | UV-Vis spectra of supernatants obtained after drug loading for various samples: (1) pure chrysin (drug reference); (2) Fe3O4@Dextran + D1; (3) Fe3O4@Dextran + D3; (4) Fe3O4@Dextran + D2.Pure chrysin demonstrated a strong absorption peak at 276 nm, which functioned as the reference for quantification. Compared with the spectrum of Fe3O4@Dextran + D1 already showed a significant reduction in absorbance intensity, suggesting partial drug uptake by the nanocarriers, although a notable fraction of drug was still present unbound (LE = 42%). The absorbance at 276 nm revealed more stronger decrease for Fe3O4@Dextran + D2, demonstrating enhanced drug incorporation and a higher loading efficiency (LE = 54%). For Fe3O4@Dextran + D3, the peak intensity demonstrated only a slight additional decrease relative to Fe3O4@Dextran + D2 sample, implying that the system approached saturation, with modest improvement in loading efficiency (LE = 57%). These spectral observations support the LE (%) values presented in Table 4 and provide direct evidence of the efficiency calculations.
3.5 In-Vitro cytotoxicity analysis
The MTT assay was employed to assess the cytotoxicity of dextran-coated Fe3O4 NPs and chrysin-loaded formulations to evaluate their anti-cancer efficacy. HCT-116 colorectal cancer cells were exposed to a concentration gradient ranging from 25 μg/mL to 1 mg/mL for 24 h. The determined IC50 value after 24 h of treatment was 16.68 μg/mL. Subsequent investigations of samples were conducted at a sub-cytotoxic concentration of 5 μg/mL, below the IC50 threshold.
Significant cytotoxicity was observed after prolonged exposure (48–72 h); therefore, the experiment was limited to a 24-h treatment window. Cell viability results indicated that Fe3O4@Dextran + D2 and Fe3O4@Dextran + D3 exhibited a much greater inhibitory effect on HCT-116 cell proliferation than Fe3O4@Dextran and Fe3O4@Dextran + D1 at the same concentration (p = 0.0001; Figure 11).
[image: Bar chart showing cell viability for treatment groups A to F. Groups A and D have the highest viability close to 1.0, while groups E and F have the lowest around 0.5. Error bars are included.]FIGURE 11 | Cell viability following treatment groups: A-Negative control (untreated cells); B-Positive control (5 μg/mL pure chrysin treatment); C-Fe3O4@Dextran; D-Fe3O4@Dextran + D1; E-Fe3O4@Dextran + D2; F- Fe3O4@Dextran + D3.Cell viability was significantly reduced by Fe3O4@Dextran + D2 and Fe3O4@Dextran + D3 treatments compared to the untreated control group (p < 0.0001). Furthermore, a statistically significant reduction in cell viability was observed when comparing Fe3O4@Dextran + D2 and Fe3O4@Dextran + D3 treatments to Fe3O4@Dextran + D1 (p = 0.0001). In contrast, the difference between Fe3O4@Dextran and Fe3O4@Dextran + D1 was not statistically significant (p = 0.6242). Although Fe3O4@Dextran + D3 exhibited greater inhibition of cell viability compared to Fe3O4@Dextran + D2, the difference between the two groups did not reach statistical significance (p = 0.2084).
4 DISCUSSION
Numerous studies have reported on various drugs loaded onto functionalized NPs, demonstrating promising potential for targeted drug delivery (Ebadi et al., 2023; Karimova et al., 2024; Luong et al., 2024). Following functionalization with various coatings, these drug-loaded Fe3O4 NPs exhibit controlled release behavior in response to different stimuli, including pH variations, temperature sensitivity, near-infrared (NIR) laser irradiation, reactive oxygen species (ROS)-mediated cytotoxicity, DNA interactions for therapeutic effects, and low-frequency ultrasound triggers (Al Dine et al., 2017; Qi et al., 2017; Shen et al., 2018; Al Refaai et al., 2024; Cui et al., 2024).
In our study, we aimed to systematically assess the loading of chrysin onto dextran-coated Fe3O4 NPs at defined nanoparticle-to-drug ratios (1:0.5, 1:1, and 1:2), highlighting the influence of formulation parameters on drug incorporation. A comparison of the XRD patterns of Fe3O4-based NPs before and after chrysin loading revealed important insights into the loading behavior and structural integrity of the core material. Following drug loading, diffraction peaks broadened and intensity decreased, particularly in the Fe3O4@Dextran + D1 and Fe3O4@Dextran + D2 samples. These characteristics suggest that the reduction in crystallinity is likely due to surface interactions or coating by chrysin molecules (Sulistyaningsih et al., 2021). The preservation of peak positions in the XRD patterns across all samples indicates that the Fe3O4 core structure remained stable after chrysin loading, suggesting that the drug is primarily adsorbed onto the NPs’ surface rather than incorporated into the crystal lattice.
Crystallite size assessment based on the Debye–Scherrer equation, illustrated in Figure 5, demonstrated a decreasing trend: from 17.1 nm for Fe3O4@Dextran to 15.69 nm for Fe3O4@Dextran + D1, 13.7 nm for Fe3O4@Dextran + D2, and a slight increase to 14.96 nm in Fe3O4@Dextran + D3. The observed decline in crystallite size suggests that chrysin loading may limit crystal growth, potentially due to changes in surface energy or interference from drug molecules during the crystallization process (Mistry and Suryanarayanan, 2016). The minor size increase in Fe3O4@Dextran + D3 may reflect saturation of adsorption sites on the NPs’ surface or modest surface relaxation effects, allowing limited growth beyond a certain drug concentration. In the Fe3O4@Dextran + D3 sample, the XRD pattern displayed negligible further differences compared to Fe3O4@Dextran + D2, indicating that the available surface sites were saturated (Najafipour et al., 2025). Consequently, the further addition of the drug caused no substantial changes in the diffraction pattern, suggesting that the maximum loading capacity had been reached.
To complement the structural findings, FTIR spectroscopy was employed to investigate the chemical interactions between the drug and the surface Of the NPs. In the FTIR spectra, the C=O stretching band (∼1,650 cm-1) exhibited peak splitting in Fe3O4@Dextran + D1 and Fe3O4@Dextran + D2. This splitting may result from the presence of various chemical environments surrounding the carbonyl group, including hydrogen bonding interactions between chrysin and the NP surface. In contrast, the absence of peak splitting in Fe3O4@Dextran + D3 suggests surface saturation, where the concentration of chrysin exceeds the number of available binding sites, leading to a more chemically uniform environment (Deeleepojananan et al., 2024). However, the absence of C=O peak splitting in Fe3O4@Dextran + D3 may also be influenced by factors beyond surface saturation. At higher drug concentrations, molecular aggregation could occur, potentially burying the C=O groups and reducing their accessibility for specific interactions (Narayanan et al., 2020). Additionally, reduced hydrogen bonding efficiency-due to steric hindrance or conformational constraints-may contribute to the observed spectral uniformity. These effects, either individually or in combination, could account for the presence of a single, unsplit C=O band in Fe3O4@Dextran+D3.
Moreover, significant changes in the vibrations of functional groups - such as the -OH and C=O stretching bands - indicated the formation of hydrogen bonds or electrostatic interactions between chrysin and the dextran-coated surface of Fe3O4 NPs. The FTIR spectrum of Fe3O4@Dextran + D3 closely resembled that of Fe3O4@Dextran + D2, suggesting that the addition of excess chrysin did not result in any notable new interactions with the NPs. This observation further supports the hypothesis of surface saturation, in line with the XRD findings.
To further elucidate their physicochemical profile, magnetic characterization was conducted. The M-H hysteresis loop confirmed the superparamagnetic nature of the synthesized dextran-coated Fe3O4 NPs, with a saturation magnetization (Ms) of 69.2 emu/g, a remanent magnetization (Mr) of 1.28 emu/g, and a squareness ratio (Mr/Ms) of 0.018. The absence of coercivity and the low remanence indicate a lack of magnetic memory and aggregation, which indicates potential suitability for future biomedical applications, such as magnetically guided drug delivery, however additional evaluation will be required.
According to the LE (%) analysis, Fe3O4@Dextran + D2 and Fe3O4@Dextran + D3 exhibited loading efficiencies of 11% and 14%, respectively. The minimal difference in LE (%) between these samples suggests that increasing the initial drug concentration beyond a certain threshold does not significantly enhance loading efficiency. This behavior is likely due to surface saturation at higher concentrations, which limits the availability of binding sites on the NPs and reduces the efficiency of drug-NP interactions (Salahudeen and Nishtala, 2017; Najafipour et al., 2025).
The in vitro cytotoxicity analysis revealed distinct differences in the anticancer efficacy of the synthesized dextran-coated Fe3O4-based NPs formulations. Treatment with Fe3O4@Dextran + D2 and Fe3O4@Dextran + D3 resulted in a statistically significant reduction in the viability of HCT-116 colorectal cancer cells compared to both the untreated control and the unloaded Fe3O4@Dextran NPs (p < 0.0001). These findings confirm the role of chrysin in enhancing the therapeutic activity of the system. Furthermore, Fe3O4@Dextran + D1 demonstrated significantly lower cytotoxicity compared to Fe3O4@Dextran + D2 and Fe3O4@Dextran + D3 (p = 0.0001), and its effect was not statistically different from that of Fe3O4@Dextran NPs (p = 0.6242), suggesting limited biological efficacy. This reduced efficacy may be due to suboptimal drug loading. Interestingly, although Fe3O4@Dextran + D3 showed slightly higher inhibition of cell viability than Fe3O4@Dextran + D2, the difference was not statistically significant (p = 0.2084).
Therefore, although both formulations demonstrated effective cytotoxicity, Fe3O4@Dextran + D3 did not exhibit a significant therapeutic advantage over Fe3O4@Dextran + D2. Supported by XRD and FTIR analyses, Fe3O4@Dextran + D2 emerges as the optimal formulation within the scope of this study, achieving efficient drug loading while preserving the structural integrity of the Fe3O4 core. Compared to samples with higher drug content, Fe3O4@Dextran + D2 maintains a favorable balance - surface saturation has not yet occurred, enabling strong chrysin adsorption that effectively limits crystal growth without compromising nanoparticle crystallinity. In contrast, formulations with increased drug loading exhibit signs of surface saturation, as indicated by minimal changes in crystallite size and diffraction patterns, suggesting limited additional drug binding.
Based on the combined results from XRD, FTIR, and loading efficiency analyses, Fe3O4@Dextran NPs demonstrate structural stability and effective drug-loading capability, with chrysin adsorbed onto their surface. The promising in vitro cytotoxicity results demonstrate that this nanomaterial holds potential for future anticancer strategies, while its magnetic properties offer opportunities for theragnostic applications. Functionalized Fe3O4 NPs can accumulate at cancer cell sites through the enhanced permeability and retention (EPR) effect, potentially reducing toxic side effects and improving therapeutic efficacy (Chehelgerdi et al., 2023). However, this work remains at a fundamental stage, and further studies - including in vivo evaluation, biodistribution and clearance kinetics, systemic toxicity evaluations, and long-term stability testing - will be necessary to examine their feasibility for clinical applications.
Altogether, our findings highlight Fe3O4@Dextran + D2 as a promising model system for further investigation. This work offers valuable insights into the structure -function relationships of drug-loaded Fe3O4 nanomaterials and lays the groundwork for future research aimed at advancing theranostic applications. However, considerable optimization and additional studies are still necessary before clinical translation can be realistically pursued.
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