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Abstract 
Vitamin C and curcumin have demonstrated significant potential in mitigating oxidative stress and inflammation in various chronic disease conditions. However, their clinical application remains limited due to poor stability, low bioavailability, and inadequate permeability. Despite growing interest in nanoparticle-based delivery systems, there is limited data on the co-encapsulation of these antioxidants for improved therapeutic efficiency. This study aimed to formulate and characterize chitosan-based nanoparticles co-loaded with vitamin C and curcumin as a potential antioxidant delivery system. Nanoparticles were prepared using the ionic gelation method and characterized using dynamic light scattering and Fourier transform infrared spectroscopy (FTIR). The formulated nanoparticles exhibited particle sizes of ≤178±7.4 nm for chitosan, vitamin C-loaded, and vitamin C–curcumin nanoparticles, while curcumin-loaded nanoparticles showed a larger size of 340±26.4 nm. All formulations demonstrated polydispersity indices below 0.3, indicating uniform size distribution. FTIR analysis confirmed successful nanoparticle formation and functional group interactions. These findings suggest that chitosan-based nanoparticles can effectively enhance the stability and delivery of antioxidant compounds. The developed system shows promising potential for biomedical applications in the management of oxidative stress-related conditions, including chronic kidney disease, and provides a basis for further therapeutic and in vivo investigations.
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1.0 Introduction
Oxidative stress and inflammation are central mechanisms in the initiation and progression of chronic kidney disease (CKD) [1]. Excessive generation of reactive oxygen species contributes to renal cellular injury, lipid peroxidation, mitochondrial dysfunction, and structural damage to kidney tissue [2]. Impairment of endogenous antioxidant defenses further amplifies these processes, promoting deterioration of renal function and histological architecture [3,4]. Consequently, therapeutic strategies aimed at restoring redox balance have attracted increasing attention in CKD research.
Vitamin C and curcumin are well-established antioxidants with documented roles in mitigating oxidative stress and inflammatory responses. Vitamin C functions as a potent water-soluble free radical scavenger and supports endogenous antioxidant systems, while curcumin exerts antioxidant and anti-inflammatory effects through modulation of redox-sensitive signaling pathways and gene expression [5,6,7]. Despite this, their therapeutic effectiveness is limited by rapid degradation, low aqueous solubility (particularly for curcumin), poor membrane permeability, and restricted bioavailability following conventional administration [8].
Nanoparticle-based delivery systems offer a promising approach to overcoming these limitations [9]. By reducing particle size and modifying surface characteristics, nanoparticles can enhance stability, increase surface area for biological interaction, and improve cellular uptake [10]. These advantages are particularly relevant for antioxidant compounds with unfavorable pharmacokinetic profiles, enabling improved tissue targeting and sustained biological activity.
Chitosan has emerged as a widely investigated nanocarrier due to its biocompatibility, biodegradability, and low toxicity. Derived from chitin, chitosan carries a positive surface charge under physiological conditions, facilitating interaction with ionic biological membranes and enhancing cellular internalization [9]. Its capacity to form stable complexes with diverse bioactive molecules further supports its drug and antioxidant delivery platform [11]. Importantly, the performance of chitosan-based nanoparticles is strongly influenced by formulation parameters and physicochemical characteristics, underscoring the need for systematic characterization [11]. The ionic gelation technique represents a mild and efficient method for preparing chitosan nanoparticles, which preserve biological activity of encapsulated compounds while avoiding harsh chemical conditions [12]. This is particularly suitable for sensitive antioxidants such as vitamin C and curcumin.
The present study focuses on the formulation and physicochemical characterization of vitamin C–curcumin–loaded chitosan nanoparticles using the ionic gelation method. Emphasis is placed on particle size distribution, polydispersity index, and chemical interactions, providing a physicochemical basis for their subsequent application as an antioxidant delivery system.
2.0 Materials and Methods
2.1 Chemicals and Reagents
All chemicals and reagents used were of analytical grade and suitable for nanoparticle synthesis. Chitosan (100–200 kDa), sodium tripolyphosphate (TPP), vitamin C (ascorbic acid), curcumin, and phosphate-buffered saline (PBS) were obtained from Macklin Biochemical Co., Ltd. (Shanghai, China). Reagents were prepared according to standard laboratory protocols and previously published methods [13,9,14].
2.2 Preparation of Chitosan Nanoparticles
[bookmark: _GoBack]Chitosan nanoparticles (CS-NPs) were synthesized using the ionic gelation method as described [15]. 6.3 grams (g) of Chitosan was dissolved in 315 mL of 1% (v/v) acetic acid under continuous stirring at room temperature for 4–6 hours, and the pH was adjusted to 5.0 using 1 M NaOH. A 0.1% (w/v) TPP solution was prepared in distilled water by dissolving 6.3 grams (g) of TPP in 315 mL of distilled water. Under constant stirring (800 rpm), the TPP solution was added dropwise to the chitosan solution at a 1:4 TPP-to-chitosan ratio. The mixture was vortexed for 5 minutes and further stirred for 2 hours to allow nanoparticle formation. The suspension was filtered (0.22 µm), centrifuged at 12,000 rpm for 30 minutes, washed with distilled water. The nanoparticle was resuspended in 315 mL of distilled water and stored until use.
2.3 Preparation of Vitamin C and Curcumin
Vitamin C was prepared by dissolving 6.3-grams (g) Vitamin C powder in 315 mL of distilled water as an aqueous solution of 20 mg/mL, while curcumin was prepared by dissolving 3.15 g of curcumin in 315 mL 5% ethanol to ensure complete solubility and produces 10 mg/mL solution. Solutions were freshly prepared, protected from light, and stored at 2-4 °C under conditions to prevent degradation.
2.4 Preparation of Nanoparticle-Based Formulations
Vitamin C-loaded and curcumin-loaded chitosan nanoparticles were prepared using the ionic gelation technique. For vitamin C encapsulation, ascorbic acid was incorporated into the chitosan solution prior to TPP addition, followed by nanoparticle formation as described above [17]. For curcumin encapsulation, curcumin was dispersed into the chitosan solution before ionic cross-linking with TPP. The resulting nanoparticles were centrifuged, washed to remove unencapsulated compounds, resuspended in distilled water, and stored at controlled temperatures until use. For combined vitamin C and curcumin nanoparticles, both antioxidants were incorporated sequentially into the chitosan solution before TPP addition. The nanoparticle suspension was vortexed, centrifuged, washed, and resuspended to obtain a uniform formulation containing both agents.
2.5 Characterization of Nanoparticles
2.5.1 Particle Size and Polydispersity Index
Particle size and polydispersity index (PDI) were determined using Dynamic Light Scattering (DLS) with a Malvern Zetasizer. Samples were diluted (1:10) with distilled water and measured at 25 °C. Measurements were performed in triplicate, and results were expressed as mean particle size ± standard deviation. A PDI value < 0.3 was considered indicative of acceptable size uniformity and formulation stability.
2.5.2 Fourier Transform Infrared (FTIR) Spectroscopy
FTIR analysis was conducted to identify functional groups and confirm molecular interactions between chitosan, TPP, vitamin C, and curcumin. Approximately 1 mg of each sample was analyzed using an ATR-FTIR spectrometer over a spectral range of 4000–400 cm⁻¹ at a resolution of 4 cm⁻¹. Spectra were compared with those of pure components, and peak shifts or intensity changes were interpreted as evidence of nanoparticle formation and successful encapsulation.
3.0 RESULT
Table 1 shows dynamic light scattering analysis of nanoparticle and its formulations. The result revealed clear variations in particle size and size distribution among the nanoparticle formulations. Curcumin nanoparticles exhibited the largest mean particle size of 340 ± 26.4 nm with a polydispersity index (PDI) of 0.296±0.04), whereas vitamin C nanoparticles were the smallest 41±38.1 nm and a PDI of 0.23 ±0.03. Chitosan nanoparticles and the combined vitamin C–curcumin formulation showed intermediate particle sizes within the nanoscale range. All formulations demonstrated acceptable PDI values below 0.3. The combined vitamin C–curcumin nanoparticles recorded the lowest PDI of 0.213±0.01.
Table 2 shows FTIR result of nanoparticle and its formulation. The Fourier Transform Infrared (FTIR) spectroscopy demonstrated distinct spectral changes following nanoparticle formulation (Table 2). Chitosan exhibited its characteristic broad O–H/N–H stretching band around 3470 cm⁻¹ and amide I and II bands at 1776 cm⁻¹ and 1567 cm⁻¹, respectively. Upon nanoparticle formation, these bands shifted to ~3259 cm⁻¹ and 1628–1533 cm⁻¹, suggesting interaction between chitosan and sodium tripolyphosphate.
Pure curcumin showed prominent peaks at 1625 cm⁻¹ and 1496 cm⁻¹, corresponding to aromatic and phenolic functional groups, while vitamin C displayed strong O–H stretching between 3509–3306 cm⁻¹ and a lactone carbonyl peak at 1772 cm⁻¹. In the curcumin- and vitamin C-loaded chitosan nanoparticles, these characteristic peaks were reduced, shifted, or overlapped, particularly in the region of 1626–1638 cm⁻¹, indicating molecular interactions and encapsulation within the chitosan matrix. The combined vitamin C–curcumin–chitosan nanoparticles showed merged absorption bands at 3378 cm⁻¹ and 1520–1626 cm⁻¹.












Table 1: Dynamic light scattering (DLS) result of Nanoparticle and its formulation
	Nanoparticle
	[bookmark: _Hlk219885111]Particle size (nm)
	Polydispersity Index (PDI)

	Chitosan nanoparticle
	[bookmark: _Hlk219885093]178±7.4
	0.281±0.02

	Curcumin Nanoparticle
	[bookmark: _Hlk219885172][bookmark: _Hlk215250265]340±26.4 
	0.296±0.04

	Vitamin C nanoparticle
	41±38.1
	0.232±0.03

	Vit c Curcumin nanoparticle
	175±19.2
	0.213±0.01


Standard deviation (SD) indicates the variability in particle size distribution. The polydispersity index (PDI) reflects the uniformity of the formulation, values < 0.3 indicate good homogeneity and values > 0.3 suggest broader size distribution or aggregation

Table 2: FTIR analysis of the Nanoparticle and its formulations
	Sample
	Major Peaks (cm⁻¹)
	Functional Groups

	Sodium Tripolyphosphate (A)
	1138 and 892
	P=O stretching and vibrations

	Chitosan (B)
	3470, 2981, 1776,1567 
	O–H, N–H stretching, C–H stretching, Amide I (C=O); amide II (N–H bend), C–O

	Chitosan NP (C)
	3259, 2933, 1628, 1533, 1039
	O–H/N–H stretch, Amide I & II, C-H bending and P=O

	Curcumin (D)
	1625 and 1496
	Phenolic of O–H and C–O–C

	Vitamin C (E)
	3509 to 3306, 1772 and 1658
	O–H of carbons, intra and intermolecular H-bonds of lactone C=O

	Curcumin-Chitosan NP (F)
	3280, 2931, 1638 and 1428
	O-H bonding, C-H, Amide I and Amide II

	Vitamin C-Chitosan NP (G)
	3280, 1638 and 1520
	Merged O–H/N–H, C=O, -NH3

	Vit C-Curcumin-Chitosan NP (H)
	3378, 1626, 1520
	Overlapping phenolic O–H, aromatic C=C


Fourier Transform Infrared (FTIR) spectral characteristics of sodium tripolyphosphate, pure compounds (curcumin and vitamin C), chitosan, and their respective nanoparticle formulations showing major absorption bands and corresponding functional groups. FTIR = Fourier Transform Infrared, TPP = Sodium tripolyphosphate, NP = Nanoparticle, O–H = Oxygen–hydrogen stretching vibration (hydroxyl group), N–H = Nitrogen–hydrogen stretching or bending vibration (amine or amide group), C–H = Carbon–hydrogen stretching or bending vibration (alkyl group), C=O = Carbon–oxygen double bond stretching vibration (carbonyl group), C–O = Carbon–oxygen single bond stretching vibration, C–O–C = Ether linkage stretching vibration, P=O = Phosphoryl (phosphate) stretching vibration, NH₃ = Protonated amine group (–NH₃⁺), Amide I = Carbonyl (C=O) stretching vibration of amide group, Amide II = N–H bending vibration coupled with C–N stretching of amide group, C=C = Carbon–carbon double bond stretching vibration (aromatic ring).

4.0 Discussion
Dynamic light scattering (DLS) analysis showed that all formulations were within the nanoscale range and exhibited acceptable size distribution. Chitosan nanoparticles (CSNP) had a particle size of 178.04 ± 7.4 nm with a PDI of 0.281 ± 0.02, consistent with previous reports describing ionically gelled chitosan nanoparticles with similar size and homogeneity [17,18]. Similarly, vitamin C–loaded chitosan nanoparticles (VC-NP) displayed a smaller particle size (40.82 ± 38.1 nm) and good monodispersity (PDI = 0.232 ± 0.03), supporting earlier findings that hydrophilic antioxidants favor the formation of compact and stable chitosan-based nanostructures.
Curcumin-loaded nanoparticles (CNP) exhibited a larger particle size (340.40 ± 26.4 nm), exceeding values reported in some previous studies. This increase is likely due to the hydrophobic nature of curcumin and its tendency for self-aggregation during encapsulation, as similarly observed by Nguyen et al., 2019 [18]. Notably, co-encapsulation of vitamin C and curcumin (VC–Cur–NP) resulted in a reduced particle size (175.20 ± 19.2 nm) and the lowest PDI (0.213 ± 0.01), indicating improved particle uniformity. These findings align with earlier reports showing that co-formulation of hydrophilic and hydrophobic compounds can reduce aggregation and enhance nanoparticle stability.
Fourier transform infrared (FTIR) spectroscopy corroborated successful nanoparticle formation. Characteristic functional groups of chitosan, sodium tripolyphosphate (TPP), vitamin C, and curcumin were retained, with observable peak shifts in the nanoparticle formulations. The displacement of amide I and II bands and the broadening of O–H/N–H absorption peaks confirm ionic interactions between chitosan and TPP, as well as molecular interactions with the encapsulated antioxidants, in agreement with previous FTIR-based nanoparticle studies [19,20]. The co-loaded formulation displayed combined spectral features of both antioxidants, consistent with reports on synergistic co-encapsulation systems [21–25].
These findings demonstrate that ionic gelation produces stable chitosan-based nanoparticles. The improved size distribution and physicochemical stability observed in the vitamin C–curcumin co-loaded formulation suggest its suitability as an antioxidant delivery system with potential applications in oxidative stress–related conditions.
Despite these promising results, this study has some limitations. Additional characterization parameters such as zeta potential, encapsulation efficiency, and long-term stability were not evaluated. These parameters are critical for assessing nanoparticle surface charge, drug loading capacity, and formulation stability, and should be addressed in future studies to provide a more understanding of the system.
4.2 Conclusion
Ionic gelation effectively produced stable chitosan-based nanoparticles with desirable physicochemical properties. Co-encapsulation of vitamin C and curcumin improved particle size uniformity and reduced aggregation compared to single-loaded formulations. FTIR analysis verified successful nanoparticle formation and molecular interactions among chitosan, TPP, and the incorporated antioxidants.
Vitamin C–curcumin co-loaded nanoparticles exhibited improved physicochemical stability, supporting their potential as an efficient antioxidant delivery system. These findings suggest that the developed nanoparticle formulation may enhance the stability and delivery of antioxidant compounds with known limitations in bioavailability. Consequently, this system may have promising applications in the management of oxidative stress–related conditions. However, further studies involving additional characterization parameters and biological evaluations are recommended to fully establish its therapeutic potential.
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