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ABSTRACT 

Magnesium oxide (MgO) nanoparticles are attractive materials for biomedical and electrochemical applications due 

to their defect-rich structure and high surface reactivity. In this study, MgO nanoparticles were synthesized using a green 

sol-gel method with Gracilaria folifera extract (GF-MgO) acting as a natural reducing and capping agent. Structural 

analysis confirmed the formation of phase-pure cubic MgO with nanoscale crystallite size. Spectroscopic studies revealed 

successful biofunctionalization and the presence of oxygen vacancies induced by algal biomolecules. Electrochemical 

investigations demonstrated quasi-reversible redox behavior with enhanced charge transfer properties. The 

biofunctionalized GF-MgO nanoparticles exhibited improved antidiabetic activity, showing lower IC₅₀ values for α-

amylase (37.06 µg/mL) and α-glucosidase (48.91 µg/mL) compared to pure MgO. The enhanced performance is attributed 

to synergistic interactions between MgO defect sites and Gracilaria folifera phytochemicals. This work highlights a 

simple and eco-friendly strategy for producing biofunctional MgO nanoparticles with improved electrochemical and 

therapeutic potential. This study presents a novel approach for synthesizing defect-engineered, biofunctional MgO 

nanoparticles using Gracilaria folifera, demonstrating the synergistic role of algal biomolecules in enhancing 

electrochemical performance and antidiabetic activity. 

Keywords: MgO nanoparticles; Gracilaria folifera; green synthesis; biofunctionalization; defect engineering; oxygen 

vacancies; electrochemical behavior; antidiabetic activity 

1. Introduction 

Magnesium oxide (MgO) nanoparticles are an emerging class of 

multifunctional nanomaterials widely explored for biomedical, 

catalytic, optical and electrochemical applications[1]. Their inherent 

properties high melting point, large bandgap, strong ionic bonding, 

defect-rich lattice and ability to generate reactive oxygen species (ROS) 

make MgO nanostructures particularly attractive for antioxidant, 

antidiabetic, antimicrobial and anticancer activities[2]. Diabetes 

mellitus is a major global health concern characterized by chronic 

hyperglycemia and associated metabolic complications affecting vital 

organs such as the heart, kidneys, and nervous system. The increasing 

prevalence and mortality associated with diabetes highlight the urgent 

need for effective therapeutic strategies and advanced materials for 
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enzyme inhibition and glucose regulation. Conventional antidiabetic drugs often suffer from limitations such 

as side effects, reduced long-term efficacy, and poor selectivity, necessitating the development of alternative 

approaches. In this context, nanomaterials, particularly defect-engineered metal oxides, have emerged as 

promising candidates due to their tunable surface properties and enhanced biological interactions. The novelty 

of the present work lies in the integration of green synthesis and defect engineering using Gracilaria folifera 

extract, enabling the formation of biofunctionalized MgO nanoparticles with enhanced electrochemical activity 

and improved antidiabetic performance. At the nanoscale, MgO exhibits significantly enhanced reactivity due 

to the presence of oxygen vacancies (Vo), F-centers and surface defect states, which play a central role in 

electron transfer, catalytic activity and biological interactions[3].  

Conventional chemical synthesis of MgO nanoparticles requires high temperatures, toxic reagents and 

harsh stabilizers, which can limit biocompatibility and pose environmental concerns[4]. Among various 

synthesis techniques, the sol-gel auto-combustion method offers significant advantages for the preparation of 

metal oxide nanoparticles. This method enables uniform mixing at the molecular level, leading to high phase 

purity and controlled stoichiometry. It facilitates the formation of nanoscale particles at relatively lower 

temperatures with improved homogeneity and reduced agglomeration. Moreover, the auto-combustion process 

promotes the generation of porous structures and defect-rich surfaces, which are beneficial for enhancing 

electrochemical activity and catalytic performance. These features make the sol-gel auto-combustion method 

particularly suitable for synthesizing defect-engineered MgO nanoparticles with improved functional 

properties. Green synthesis approaches offer a sustainable alternative by utilizing biological extracts that 

function as natural reducing, stabilizing and capping agents. Marine macroalgae have recently gained attention 

as highly efficient bio templates due to their rich composition of polysaccharides, alkaloids, phenolic 

compounds, proteins, terpenoids and sulfated biopolymers that facilitate controlled nucleation and surface 

modification of nanoparticles[5]. 

Gracilaria folifera, a red marine alga abundant along the Indian coastline, is particularly rich in agar, 

galactans, sulfated polysaccharides and antioxidant biomolecules[6]. These functional groups act as strong 

electron donors capable of reducing metal ions while simultaneously stabilizing the forming nanostructures 

through hydrogen bonding and electrostatic interactions. Their high density of hydroxyl, sulfate and carbonyl 

groups promotes efficient surface functionalization, prevents agglomeration and enhances particle stability[7]. 

Green-synthesized MgO using Gracilaria folifera offers not only improved biocompatibility but also modified 

physicochemical behaviour due to the synergistic interaction between the inorganic lattice and organic 

scaffold[8].  

The bioorganic compounds can modulate defect formation, tune optical transitions and enhance electron 

transfer kinetics. This is supported by electrochemical findings where G. folifera modified MgO exhibits 

enhanced defect-mediated charge transfer and pseudocapacitive behaviour, attributed to the interaction 

between MgO oxygen vacancies and organic functional groups[9]. Such interactions increase electroactive 

surface area, accelerate heterogeneous electron transfer and stabilize intermediate oxidation states properties 

highly valuable for biomedical and electrochemical applications[10].  

Recent studies have highlighted the importance of metal oxide nanomaterials in various functional 

applications, including catalysis, energy storage, and biomedical fields. In particular, MgO and related oxide 

systems exhibit tunable structural, electronic, and defect properties that significantly influence their 

performance[11-17]. 

MgO nanoparticles synthesized using biological extracts have shown strong antioxidant activity, 

primarily due to ROS scavenging ability and surface electron-donating groups. The antidiabetic activity of 

MgO is associated with inhibition of carbohydrate-degrading enzymes, possibly through chelation, surface 

adsorption and hydrogen-bond interactions facilitated by biogenic capping molecules. Moreover, MgO 
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nanoparticles can induce cancer cell apoptosis through ROS-mediated mitochondrial damage, DNA 

fragmentation and disruption of membrane integrity mechanisms strongly influenced by particle size, surface 

defects and phytochemical functionalization. Despite significant interest in green-synthesized MgO, very few 

studies have explored the use of Gracilaria folifera, especially in the context of biomedical applications. Its 

unique combination of polysaccharides and red-algae-specific metabolites offers distinct advantages in 

controlling the crystallinity, bandgap and biological activity of the synthesized nanoparticles.  

Thus, the main contribution of this work includes: 

• To synthesize defect-engineered magnesium oxide (MgO) nanoparticles using a green sol-gel 

method with Gracilaria folifera extract as a bio-reducing and capping agent.  

• To investigate the structural, spectroscopic, and surface characteristics of the synthesized 

nanoparticles and analyze the role of biofunctionalization in defect formation.  

• To evaluate the electrochemical performance of the biofunctionalized MgO nanoparticles, 

focusing on defect-assisted charge transfer and pseudocapacitive behavior.  

• To assess the antidiabetic activity of the synthesized nanoparticles through enzyme inhibition 

studies and establish a correlation between defect chemistry and biological performance. 

The synthesized defect-engineered MgO nanoparticles functionalized with Gracilaria folifera 

demonstrate significant potential for practical applications in both biomedical and electrochemical fields. The 

enhanced antidiabetic activity indicates their suitability for enzyme inhibition-based therapeutic applications, 

particularly in regulating postprandial glucose levels. In addition, the defect-induced pseudocapacitive 

behavior and improved charge transfer characteristics make these nanoparticles promising candidates for 

electrochemical sensors and energy storage devices. The presence of oxygen vacancies and bio-organic 

functional groups further enhances surface reactivity, enabling applications in catalysis and biomedical 

diagnostics. Therefore, the proposed green synthesis approach offers a multifunctional platform for developing 

advanced nanomaterials for healthcare and energy-related applications. 

2. Experimental Methods and Materials 

2.1. Materials and Collection of Marine Biomass 

Fresh Gracilaria folifera seaweed was collected from the Gulf of Mannar biosphere reserve (9°15.623′ 

N, 79°5.539′ E; Indian Ocean inlet) on 16 August 2023. The biomass was thoroughly washed with seawater 

and subsequently with distilled water to eliminate epiphytes, salts, and debris. The cleaned samples were 

shade-dried, powdered, and stored in airtight containers for further extraction[18]. 

Analytical-grade magnesium nitrate hexahydrate (Mg(NO3)2·6H2O, 98%; NICE Chemicals Ltd., India) 

was used as the Mg precursor. Distilled water served as the solvent. Ethanol (C2H6O) was used during washing 

to remove unreacted residues. No additional surfactants or chemical stabilizers were used[19]. 

2.2. Synthesis Procedures 

The synthesis pathways for both pure MgO nanoparticles and GF-MgO nanoparticles are illustrated in 

Figure 1, which outlines the sol-gel route for pure MgO and the phycogenic route utilizing G. folifera extract 

as a natural reducing and capping agent. 

2.3. Preparation of Gracilaria folifera Extract 

To extract the phytochemical-rich biofuel, 2 g of dried G. folifera powder was suspended in 100 mL of 

double-distilled water and heated at 60 °C with continuous stirring (720 rpm) for 1 h. The mixture was filtered 
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to obtain a clear aqueous extract containing polysaccharides, phenolics, flavonoids, proteins, and sulfated 

galactans. This extract acted as the reducing, stabilizing and capping agent for the green synthesis of MgO[20]. 

2.4. Synthesis of Pure MgO Nanoparticles 

For comparison, pure MgO nanoparticles were synthesized through a sol-gel combustion route without 

any biological extract. A 0.5 M solution of Mg(NO3)2·6H2O was prepared in distilled water and stirred at 50 °C 

for 1 h. Gelation occurred upon gradual evaporation, forming a thick nitrate gel. The gel was dried at 150 °C 

overnight, followed by calcination at 400 °C for 3 h to achieve phase-pure crystalline MgO. This control 

sample represents chemically derived MgO without biomolecular functionalization[21]. 

2.5. Synthesis of GF-MgO Nanoparticles  

For the green synthesis, 0.5 M Mg(NO₃)₂·6H₂O was dissolved in 40 mL of G. folifera extract and stirred 

at 50 °C for 1 h. The precursor-extract mixture was ultrasonicated for 30 min to enhance Mg2+ dispersion and 

accelerate phytochemical-metal ion complexation. This was followed by an additional 1 h of stirring to initiate 

sol-gel formation. The sol was aged overnight for complete gelation, filtered, and washed thoroughly with 

distilled water and ethanol to remove excess organics. 

The dried gel was subjected to controlled calcination at 400 °C for 3 h, during which the biopolymeric 

matrix decomposed, yielding defect-rich, biofunctionalized MgO nanoparticles. The G. folifera extract 

provides a rich combination of reducing species such as phenolics and sulfated polysaccharides, along with 

stabilizing and capping ligands including hydroxyl, carboxyl, and sulfate groups (-OH, -COOH, SO₄2-), which 

collectively regulate nucleation, control morphology, and induce beneficial defect states, thereby producing a 

distinct organic-inorganic hybrid surface that is markedly different from pure MgO[22]. 

 
Figure 1. Schematic illustration of the synthesis pathways for pure MgO and GF-MgO nanoparticles. 

2.6. Reaction Mechanism 

The green synthesis involves reduction of Mg2+ ions mediated by phytochemicals such as hydroxyl and 

sulfate groups present in Gracilaria folifera. These functional groups coordinate with Mg2+ ions, forming 

intermediate complexes that undergo thermal decomposition during calcination to yield MgO nanoparticles. 

Simultaneously, the decomposition of organic constituents generates oxygen vacancies and stabilizes defect-

rich structures. 
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All experiments were performed at least three times under identical conditions to ensure reproducibility. 

The synthesized nanoparticles were stored in airtight containers to prevent atmospheric contamination. 

3. EXPERIMENTAL TECHNIQUES 

The crystalline structure of pure MgO and GF-MgO nanoparticles was analyzed using X-ray diffraction 

(XRD) on a Bruker D2 Phaser diffractometer equipped with Cu Kα radiation (λ = 1.5406 Å), operated at 40 

kV and 30 mA, over a 2θ range of 20°-80°. Fourier Transform Infrared (FTIR) spectra were recorded using a 

PerkinElmer Spectrum spectrometer in the range 4000-400 cm-1 (KBr pellet method) to identify functional 

groups and biomolecular interactions associated with G. folifera phytochemicals. Electrochemical properties 

of the GF-MgO-modified electrode were examined by Cyclic Voltammetry (CV) in 0.1 M phosphate buffer 

solution (PBS) containing the selected analyte using a standard three-electrode system. Surface elemental 

composition, oxidation states, and defect-related chemical features were characterized using X-ray 

photoelectron spectroscopy (XPS). Antidiabetic activity was evaluated through α-amylase and α-glucosidase 

inhibition assays, and the reaction absorbances were measured at 540 nm and 405 nm, respectively, using a 

UV-Visible spectrophotometer. 

4. RESULT AND DISCUSSION 

4.1. XRD Discussion  

The X-ray diffraction pattern of MgO nanoparticles synthesized using Gracilaria folifera extract (Figure 

2) shows a series of sharp and intense reflections at 2θ ≈ 36.8°, 42.8°, 62.1°, 74.5° and 78.3°, which correspond 

to the (111), (200), (220), (311) and (222) planes of cubic magnesium oxide with a rock-salt structure (JCPDS 

No. 89-7746). The dominant intensity of the (200) reflection indicates a mild preferential orientation along 

this crystallographic plane. The well-defined diffraction peaks confirm that the synthesized nanoparticles 

possess high crystallinity and a phase-pure MgO structure without any trace of secondary phases such as 

Mg(OH)2, carbonates, or unreacted precursor salts. This purity strongly reflects the efficiency of G. folifera 

extract in promoting complete reduction, conversion, and crystallization of Mg2+ ions during the sol-gel 

process and subsequent calcination[23]. The weak diffraction peak observed near 2θ ≈  28-29° does not 

correspond to the characteristic reflections of cubic MgO. This peak is attributed to trace amounts of residual 

Mg(OH)₂ (brucite phase) and/or surface magnesium carbonate species formed due to atmospheric CO2 

adsorption. 
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Figure 2. XRD pattern of MgO and GF-MgO nanoparticles. 

The absence of additional peaks is attributed to the amorphous nature of biomolecules and decomposition 

of minor mineral components during calcination. Instead, any contribution from amorphous organics appears 

only as a broad background halo that becomes negligible after calcination. Likewise, while marine algae 

naturally contain small quantities of crystalline mineral salts such as potassium, calcium and sodium 

compounds, these elements are present in trace amounts and are largely volatilized, decomposed or 

transformed during heat treatment at 400 °C. Consequently, even though they contribute to the overall mass 

of the biomass, these mineral components do not produce characteristic peaks in the final XRD spectrum. The 

sharp and intense peaks observed in the pattern can therefore be attributed exclusively to the highly crystalline 

MgO phase[24]. 

The average crystallite size (D) of the synthesized MgO nanoparticles was calculated using the Debye-

Scherrer equation: 

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 

where  

D - crystallite size, K - shape factor (typically 0.9), λ - wavelength of Cu Kα radiation (1.5406 Å), β - the 

full width at half maximum (FWHM) of the diffraction peak (in radians), and θ - Bragg diffraction angle.  

The average crystallite size calculated using the Debye-Scherrer equation is 32.19 nm (Table 1), which 

aligns closely with the Williamson-Hall value of 31.42 nm, suggesting minimal microstrain and uniform 

crystal growth. Rietveld refinement further validates the structural identity with a refined lattice parameter of 

a = 4.2231 Å and a goodness-of-fit (GoF) value of 0.74, confirming excellent agreement between observed 

and simulated diffraction profiles. The calculated dislocation density (1.0 × 10-3 m-2) indicates well-ordered 

crystallites with limited structural imperfections. Slight peak broadening, especially in the (111) and (220) 

reflections, may be attributed to nanoscale effects and the presence of intrinsic point defects such as oxygen 

vacancies and Mg interstitials, which are commonly generated during thermal decomposition of the precursor. 

These defect centers are beneficial because they influence the surface reactivity, optical absorption, bandgap 

energy and biological activity of MgO nanoparticles. 

The phytochemical constituents of Gracilaria folifera play an essential role in controlling crystallization. 

Hydroxyl, carboxyl, sulfate and polysaccharide groups bind to Mg2+ ions during nucleation, modulating the 
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sol-gel transition and restricting uncontrolled grain growth. During calcination, the organic matrix decomposes, 

creating transient microchannels that favor the formation of uniformly sized crystallites and limit 

agglomeration. This bio-templating effect not only determines crystallite size but also stabilizes surface defect 

sites, which are known to enhance performance in antioxidant, antidiabetic, and anticancer applications[25]. 

Thus, the XRD results confirm that G. folifera extract is an effective green templating agent, yielding phase-

pure, highly crystalline MgO nanoparticles with nanoscale crystallite dimensions and beneficial defect 

chemistry. The structural parameters extracted from XRD analysis, including crystallite size, lattice parameter, 

microstrain, and dislocation density, are summarized in Table 1. 

Table 1. Structural parameters of GF-MgO nanoparticles obtained from XRD analysis. 

Parameter Symbol Value Unit Method / Notes 

Crystallite size (Scherrer) D 32.19 nm From (200) reflection 

Crystallite size (W-H) DW-H 31.42 nm Size-strain analysis 

Dislocation density δ 1.0 × 10-3 lines/m² δ = 1 / D² 

Microstrain ε 2.5 × 10-3 - From slope of W-H plot 

Lattice parameter a₀ 4.2231 Å Rietveld refinement 

Unit cell volume V 75.3169 Å3 Rietveld refinement 

FWHM of major peak (200) β 0.27 degree After instrument correction 

Space group - Fm3m - Cubic MgO 

Goodness of fit GoF 0.74 - Rietveld refinement 

Table 1. (Continued) 

The extracted structural parameters confirm the formation of highly crystalline, nanoscale MgO with low 

microstrain and defect-controlled lattice characteristics, which are beneficial for enhanced electrochemical and 

biological performance.  The slight peak and shift seen in GF-MgO when compared to MgO denote distortion 

in the crystal structure and decreased crystallite size owing to biofunctionalization. This suggests that 

phytochemicals from Gracilaria folifera interfere with crystal growth, leading to controlled nucleation and 

defect formation. These defects are responsible for increasing the reactivity of the surface and significantly 

enhance electrochemical charge transfer and enzyme reactions.  

4.2. Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

The FTIR spectra of pure MgO and Gracilaria folifera-functionalized MgO (GF-MgO) provide critical 

insight into the organic-inorganic interfacial chemistry governing nanoparticle nucleation, stabilization, and 

defect evolution during the biogenic synthesis process (Figure 3). The chemically synthesized MgO exhibits 

a characteristic inorganic vibrational profile with minimal surface organic signatures, whereas the GF-MgO 

spectrum shows pronounced biomolecular fingerprints arising from polysaccharides, proteins, phenolics, and 

sulfated galactans inherent to G. folifera[26]. 
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Figure 3. FTIR spectrum of MgO and MgO- GF-MgO nanoparticles. 

4.2.1. Pure MgO Spectrum 

Pure MgO displays a moderately weak and narrow O-H stretching band at 3424 cm-1, arising from 

physisorbed moisture and isolated surface hydroxyl groups. The low intensity signifies a largely hydroxyl-

deficient surface typical of thermally formed MgO with minimal residual hydration[27]. Weak bands at 2923 

and 2852 cm-1 correspond to trace aliphatic C-H vibrations, likely originating from atmospheric hydrocarbons 

adsorbed during sample storage[28]. The bending mode at 1627 cm-1 reflects molecularly adsorbed water, 

confirming limited surface hydration[29]. 

The prominent absorption peaks at 1084 and 856 cm-1 correspond to Mg-O lattice vibrational modes of 

the cubic Fm3m̅ rock-salt structure. The 856 cm-1 mode arises from Mg-O translational phonons, whereas the 

1084 cm-1 band corresponds to asymmetric lattice distortions associated with surface defects[30]. Their 

sharpness confirms a highly crystalline, defect-poor structure. Overall, the FTIR profile of pure MgO is 

dominated by lattice vibrational modes and minimal organic interference, consistent with an inorganic oxide 

surface. 

4.2.2. GF-MgO Spectrum 

In contrast, the FTIR spectrum of GF-MgO demonstrates substantial modification due to the strong 

adsorption and coordination of algal biomolecules during the green synthesis process. The broad and intense 

O-H stretching envelope at 3432 cm-1 indicates extensive hydrogen bonding between hydroxyl-rich 

polysaccharides and surface -OH groups generated during Mg(OH)2 → MgO conversion. This broadening is 

characteristic of complex hydrogen-bonded networks formed by sulfated galactans and agar-derived 

biopolymers. Although the FTIR spectrum of Gracilaria folifera extract was not recorded in this study, the 

functional group assignments are consistent with reported FTIR spectra of Gracilaria species and red algae, 

confirming the involvement of biomolecules in nanoparticle reduction and stabilization. 

The enhanced C-H stretching modes at 2925 and 2854 cm-1, absent in pure MgO, confirm the presence of 

long-chain aliphatic CH2/CH3 groups associated with lipid residues and carbohydrate backbones. A new 

intermediate-intensity band at 2306 cm-1, not observed in pure MgO, is attributed to atmospheric CO₂ or 

weakly adsorbed species[31]. Its appearance indicates the incorporation of proteinaceous species or trace amino-

functionalized polysaccharides. 
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The strong absorption at 1634 cm-1 corresponds to the amide I (C=O stretching) vibration of proteins and 

peptide linkages, while the band at 1494 cm-1 is associated with N-H deformation and aromatic ring vibrations 

from phenolics and flavonoids. These bands confirm chemisorption of proteinaceous and phenolic components 

onto the MgO surface. 

The intense band at 1042 cm-1 represents C-O-C asymmetric stretching and C-O vibrations of sulfated 

galactans key structural polysaccharides in G. folifera[32]. This indicates that these polysaccharides function as 

capping and stabilizing agents, regulating nucleation, preventing aggregation, and promoting uniform 

crystallite formation. 

Table 2. FTIR Peak Assignments for MgO and GF-MgO. 

Wavenumber 

(cm-1) 
Pure MgO GF-MgO Assignment Technical Interpretation 

3432-3424 Weak O-H 
Strong, broad 

O-H 
O-H stretching 

Hydrogen-bonded networks; polysaccharides and 

hydration shell 

2925-2923 Very weak Strong C-H (CH2/CH3) 
Aliphatic chains from polysaccharides, lipids, 

proteins 

2854-2852 Trace Enhanced 
C-H symmetric 

stretch 
Increased organic capping layer thickness 

2306 Absent Present CO₂ (adsorbed) Nitrogenous metabolites, protein residues 

1634-1627 Weak Strong 
Amide I (C=O), H-

O-H 

Protein binding to Mg2+; water-biopolymer 

interactions 

1494-1489 Weak Strong 
N-H, aromatic 

vibrations 
Phenolics, flavonoids, aromatic amino acids 

1042-1084 Weak Strong 
C-O-C, C-O 

stretching 

Sulfated galactans, agar polysaccharides; strong 

capping effect 

724-856 Strong Mg-O Shifted Mg-O 
Mg-O lattice 

vibration 

Lattice distortion, Mg-O-C/S coordination, 

oxygen vacancies 

A significant lattice mode shift is observed for the Mg-O phonon band, which moves from 856 cm-1 (pure 

MgO) to 724 cm-1 (GF-MgO) shown in Table 2. This redshift can be attributed to several synergistic effects 

arising from biogenic modification of the MgO lattice. The formation of surface Mg-O-C and Mg-O-S 

coordination complexes due to strong binding of bio-organic constituents from G. folifera alters the local 

chemical environment of lattice oxygen. This is accompanied by an increased density of oxygen-vacancy (Vo) 

sites and lattice distortion induced by organic-inorganic interfacial interactions. This shift indicates lattice 

distortion and increased defect density due to biofunctionalization. 

The observed enhancement and broadening of O-H, C-H, and C-O bands confirm strong interaction 

between MgO nanoparticles and algal biomolecules. These functional groups act as active binding sites, 

facilitating surface adsorption and stabilization of nanoparticles. The shift in Mg-O vibrational frequency 

further indicates modification of the lattice environment due to organic-inorganic coupling, which contributes 

to increased defect density and improved catalytic and biological activity. 

4.3. Cyclic Voltammetry Analysis 

The cyclic voltammetric characteristics of Gracilaria folifera-functionalized MgO (GF-MgO) 

nanoparticles recorded in the potential range -0.20 to +0.20 V in 0.1 M phosphate buffer solution (PBS) 

containing H₂O₂ are shown in Figure 4. These voltammograms provide a detailed electrochemical signature 

of the defect-engineered oxide and its interaction with biopolymeric functional groups derived from the algae. 

The family of curves obtained at multiple scan rates displays a consistent anodic-cathodic peak pair centered 

at approximately -0.03 V and +0.04 V, whose magnitude, spacing, and evolution with scan rate reflect the 

underlying electron-transfer processes and the role of defect states introduced during green synthesis. The 

reproducibility of the voltammograms across the entire scan-rate range indicates that the GF-MgO electrode 

maintains structural and electrochemical stability, which is essential for high-rate charge-storage and 

electrocatalytic sensing systems[33]. 
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The redox behavior is attributed to defect-mediated electron transfer and oxygen vacancy states. The 

presence of biogenic hydroxyl, sulfate, carbonyl, and polysaccharide groups modulates the electronic 

environment of MgO by altering local energy levels and providing additional redox-active sites. As a result, 

the reduction peak exhibits high current density and minimal kinetic hindrance, indicating facilitated electron 

uptake into MgO defect sites in the PBS-analyte system[34]. 

The increase in cathodic peak current with scan rate, accompanied by a minor negative shift, indicates 

quasi-reversible behavior. This trend highlights the involvement of singly ionized oxygen vacancies, surface 

hydroxyl-related traps, and partially reduced Mg+ centers, all of which contribute to the pseudocapacitive 

characteristics of the electrode. The anodic peak near +0.04 V corresponds to reoxidation of these reduced 

species and shows slightly broader features due to slower structural relaxation and vacancy annihilation. 

Between the redox peaks, the rising baseline current confirms strong surface-controlled pseudocapacitance, 

which remains dominant even at high scan rates. 

Comparison with pure MgO confirms that the G. folifera functional layer significantly enhances 

electroactive surface area, wettability, and interfacial electron transfer for analytes such as H2O2. This 

improvement results in higher anodic and cathodic peak currents, lower overpotentials, and preserved current 

profiles even at high scan rates. The peak-to-peak separation of ~70 mV meets Laviron’s criteria for quasi-

reversible systems, corresponding to k⁰ ≈ 10-2 cm s-1 and analyte diffusion coefficients of ~10-5 cm2 s-1. The 

reduced hysteresis between forward and reverse scans highlights low internal resistance and efficient charge 

redistribution across the GF-MgO surface. 

Moderate peak broadening at higher scan rates arises from multiple, energetically distinct redox-active 

sites rather than kinetic limitations. This multilevel redox activity, reinforced by the biogenic organic matrix, 

supports rapid electron-transfer kinetics, near-ideal pseudocapacitance, and minimal structural degradation 

during cycling. Collectively, the CV behavior of GF-MgO in PBS containing H2O2 demonstrates a synergistic 

combination of defect-mediated redox chemistry and organic-assisted charge storage, establishing GF-MgO 

as a promising electrode material for next-generation electrochemical sensing and energy-storage applications. 

The electroactive surface area (A) of both the bare electrode and the Gracilaria folifera-functionalized 

MgO (GF-MgO) modified electrode has been calculated using the Randles-Sevcik equation based on cyclic 

voltammetry measurements.The Randles-Sevcik equation is given by: 

Ip=(2.69×105) n3/2AD1/2Cv1/2  

where 

Ip is the peak current (A), 

n is the number of electrons transferred (n = 1), 

D is the diffusion coefficient (7.6 × 10-6 cm2 s-1), 

C is the concentration (1 mM = 1 × 10-6 mol cm-3), and 

v is the scan rate (V s-1). 

The GF-MgO modified electrode (0.059 cm2) showed a significantly higher surface area than the bare 

electrode (0.031 cm2). This enhancement is attributed to increased surface roughness and additional active 

sites provided by MgO nanoparticles. The presence of oxygen vacancies and biofunctional groups further 

facilitates efficient electron transfer. Overall, the results confirm improved electrochemical performance of the 

GF-MgO modified electrode. 
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Figure 4. Cyclic voltammograms of the GF-MgO-modified electrode recorded in 0.1 M PBS containing H2O2 at different scan rates. 

The enhanced redox peak currents and reduced peak separation observed for GF-MgO demonstrate 

improved electron transfer kinetics compared to pure MgO. This behavior is attributed to defect-induced 

energy states and the presence of bio-organic functional groups that facilitate charge transport. The quasi-

reversible nature and high current response indicate strong pseudocapacitive characteristics, confirming that 

defect-engineered GF-MgO is highly suitable for electrochemical sensing and energy storage applications. 

4.4. XPS Analysis 

A detailed assessment of the surface chemical environment, oxidation states, and defect-level signatures 

of the Gracilaria folifera-mediated MgO nanoparticles was carried out using X-ray photoelectron spectroscopy 

(XPS), the results of which are shown in Figure 5. The survey spectrum spanning 0 to 1200 eV confirms a 

chemically simple surface composed exclusively of Mg, O, and C with no detectable contributions from 

metallic impurities or halides. Quantitative analysis reveals atomic percentages of Mg (32.6 at.%), O (52.8 

at.%), and C (14.6 at.%), indicating oxygen-rich surface characteristics and the presence of bio-organic 

functional groups. The absence of additional elemental signals indicates that the biomolecules from G. folifera 

participate only as reducing and capping agents without incorporating foreign atoms into the MgO lattice[35]. 

The Mg 2p core-level spectrum exhibits a well-defined peak centered at ~49.4-50.2 eV, which 

corresponds to Mg2+ in stoichiometric magnesium oxide. This binding energy range is consistent with reported 

values for rock-salt MgO, confirming the complete oxidation of Mg during the green synthesis process. The 

narrow line shape and low full width at half maximum (FWHM) imply a uniform, chemically homogeneous 

Mg environment with minimal contributions from Mg(OH)2 or surface MgCO3 species. Any minor shift (<0.3 

eV) relative to bulk MgO can be attributed to the presence of surface hydroxyl and carboxyl groups from the 

algal biomatrix, which induce slight perturbations in the local electron density around Mg2+. The Mg 2s signal 

appearing near 88-90 eV further supports the predominance of Mg2+, with no evidence of Mg0 or sub-

stoichiometric magnesium oxides (MgOx, x < 1), which typically manifest at lower binding energies[36-38]. 

The O 1s spectrum shows two components: lattice oxygen (~530 eV) and surface hydroxyl/defect-related 

oxygen (~531-532 eV), indicating the presence of oxygen vacancies and surface functionalization (Figure 5). 

The major peak located at approximately 530.0-530.3 eV is assigned to lattice O2- ions in stoichiometric MgO, 

confirming the presence of well-crystallized rock-salt magnesium oxide. In addition to this primary component, 

a broad shoulder appearing at higher binding energies (531.5-532.2 eV) reflects the contribution of surface-

bound oxygen species, including hydroxyl groups (-OH), carbonyl and C-O functionalities derived from G. 

folifera polysaccharides and phenolic compounds, as well as oxygen associated with defect-rich regions. This 

higher-energy feature, along with the overall asymmetric line shape, indicates the presence of oxygen 

vacancies and surface hydroxylation, which introduce localized electronic states and modify the chemical 

environment of surface oxygen atoms. The coexistence of lattice oxygen and bio-organic oxygenated species 
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demonstrates that the nanoparticles possess a hybrid inorganic-organic surface, consistent with the FTIR 

results, and confirms that the G. folifera extract effectively functionalizes the MgO surface[39]. This surface 

chemical complexity is beneficial, as it enhances reactivity, promotes charge transfer, and improves the 

catalytic and biological performance of the biosynthesized MgO nanoparticles relative to pure MgO. 

The C 1s spectrum exhibits three distinguishable components. The dominant peak at ~284.6-285.0 eV 

corresponds to adventitious carbon or aliphatic C-C/C-H moieties. A secondary peak at ~286.1-286.5 eV 

corresponds to C-O or C-OH functionalities, whereas the peak around 288.2-288.8 eV arises from carbonyl 

(C=O) or carboxylate (O-C=O) groups. These oxygenated carbon species are characteristic of biomolecules 

present in G. folifera, including sulfated galactans, amino acids, proteins, and phenolic derivatives. Their 

presence in the XPS spectra validates their role in stabilizing and capping the MgO nanoparticles. These 

surface molecular entities interact with MgO via coordination bonding, hydrogen bonding, and electrostatic 

interactions, thereby controlling the growth mechanism, nucleation kinetics, and final morphology[40]. 

The combined XPS results not only confirm the formation of pure MgO nanoparticles but also distinctly 

highlight the strong interfacial coupling between MgO and algal phytochemicals. This biogenic interface 

induces mild electronic perturbations, increases the density of surface hydroxyl groups, and stabilizes surface 

defects, all of which profoundly influence functional properties. The presence of hydroxyl- and carbonyl-rich 

biomolecular groups enhances surface reactivity, promotes charge transfer during electrochemical processes, 

and enables better adsorption of bacterial membranes during antibacterial assays. Moreover, such 

functionalization increases the dielectric constant by modulating interfacial polarization and space-charge 

effects. 

The XPS results confirm Mg in the +2 oxidation state along with lattice oxygen and surface-bound 

hydroxyl and carbon-based functional groups, indicating successful biofunctionalization and defect-rich 

surface characteristics. 

  

  

Figure 5. XPS survey and core-level spectra of GF-MgO nanoparticles. 
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4.5. Antidiabetic Activity 

4.5.1. α-Amylase Inhibition Assay 

The α-amylase inhibition activity of the synthesized samples was evaluated, and the results are presented 

in Figure 6. The assay measures the ability of the nanoparticles to suppress α-amylase, the key pancreatic 

enzyme involved in starch hydrolysis, thereby helping regulate postprandial glucose levels[41]. 

Nanoparticle suspensions of pure MgO and GF-MgO were prepared at concentrations of 20, 40, 60, 80, 

and 100 µg/mL. Each sample (1 mL) was mixed with 0.02 M sodium phosphate buffer (pH 6.9), 6 mM NaCl, 

and 250 µL of α-amylase solution, followed by incubation at 37 °C for 20 min. Afterward, 1% soluble starch 

was added and allowed to react for 20 min. The reaction was terminated by adding DNSA reagent, and the 

mixture was heated in a boiling water bath for 10 min. Absorbance was measured at 540 nm[42]. 

 
Figure 6. α-amylase inhibition : Comparative antidiabetic activity of MgO and GF-MgO nanoparticles. 

Acarbose was used as the standard inhibitor. 

The percentage of α-amylase inhibition was calculated using: 

% 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
𝐴𝑐 − 𝐴𝑠

𝐴𝑐
x 100 

Where AC is the control absorbance (acarbose) and AS is the sample absorbance. Consistent with Figure 

6, both acarbose and GF-MgO show increasing inhibition with concentration. As expected, acarbose exhibits 

higher inhibition values, while GF-MgO shows strong but comparatively lower inhibition (45-71%). 

4.5.2. α-Glucosidase Inhibition Assay 

The α-glucosidase inhibition activity of MgO and GF-MgO nanoparticles was evaluated to assess their 

ability to suppress intestinal α-glucosidase, the enzyme responsible for the final step of carbohydrate 

digestion[43-45]. The results are shown in Figure 7. 

Nanoparticle suspensions (20-100 µg/mL) were mixed with 0.1 M sodium phosphate buffer (pH 6.9), 6 

mM NaCl, and 0.1 U of α-glucosidase, followed by incubation at 37 °C for 20 min. Subsequently, 500 µL of 

2 mM p-nitrophenyl-α-D-glucopyranoside (pNPG) was added as the substrate. The reaction was stopped using 

0.1 M sodium carbonate, and absorbance was measured at 405 nm. Acarbose served as the standard inhibitor. 

The inhibition percentage was calculated using the same formula described above. As depicted in Figure 7, 

GF-MgO displays concentration-dependent inhibition (37-73%), while acarbose consistently shows higher 

inhibition values (45-81%). 
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Figure 7. α-glucosidase inhibition at varying concentrations (20-100 µg/mL) in comparison with acarbose. 

4.5.3. Antidiabetic Activity - Comparative Discussion 

The comparative antidiabetic performance of MgO and GF-MgO nanoparticles, as illustrated in Figures 

6 and 7, reveals a clear concentration-dependent increase in the inhibition of both α-amylase and α-glucosidase. 

GF-MgO consistently exhibits higher inhibitory activity than pure MgO across all tested concentrations, 

demonstrating the beneficial effect of algal functionalization[46]. In the α-amylase assay, the GF-MgO 

nanocomposite shows a progressive rise in inhibition with increasing concentration, reflecting stronger 

interactions between the algal-derived phytochemicals and the enzyme’s active site; although acarbose displays 

higher inhibition overall, GF-MgO presents significant natural inhibitory potential. A similar enhancement is 

observed in the α-glucosidase assay, where GF-MgO again outperforms pure MgO due to the presence of 

bioactive moieties such as sulfated polysaccharides, phenolics, and flavonoids, which augment enzyme-

binding affinity. The improved antidiabetic activity of GF-MgO arises from the synergistic interplay between 

MgO nanoparticles and algal phytochemicals, facilitating stronger hydrogen bonding and electrostatic 

interactions, enhanced active-site affinity, optimized surface charge modulation, and greater stabilization of 

enzyme-inhibitor complexes. Overall, the inhibition efficiency follows the order GF-MgO > Pure MgO, 

confirming the superior biological efficacy conferred by G. folifera functionalization. 

To further highlight the significance of the present work, a comparison with previously reported MgO 

nanoparticles synthesized using different biological and chemical approaches is presented in Table 3. 

Table 3. Comparative analysis of MgO nanoparticles synthesized using different approaches highlighting particle size, FTIR 

functional groups, and application performance. 

Ref. No. Source Material Method 
Particle Size 

(nm) 

Key FTIR Functional 

Groups 
Application 

[47] 
Red algae 

(Gracilaria edulis) 
Green synthesis 18-42 O-H, C=O, C-O, sulfate Antioxidant 

[48] Algal biomass Phyco-synthesis 10-50 
O-H, amide, phenolic, C-O-

C 
Biomedical 

[49] 
Brown seaweed 

extract 
Green synthesis 25-60 O-H, C-H, C=O Dye removal 

[50] 
Plant/biomass 

extract 

Eco-friendly 

synthesis 
20-55 O-H, C=O, C-O 

Dye 

degradation, 

battery, sensor 

[51] Chemical precursors 
Conventional 

synthesis 
30-80 Metal-O, O-H Catalysis 

This 

Work 
Gracilaria foliifera Sol-gel + green route ~31-32 

O-H, C-H, C=O, sulfate, C-

O-C 

Electrochemical 

+ Antidiabetic 

As shown in Table 3, the present GF-MgO nanoparticles exhibit comparable particle size with enhanced 

functional group diversity and improved electrochemical and antidiabetic performance. The combined effect 
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of green synthesis and defect engineering through Gracilaria foliifera provides superior functionality 

compared to previously reported systems. 

5. Conclusion 

In this work, defect-engineered MgO nanoparticles were successfully synthesized using Gracilaria 

folifera extract via a green sol-gel method. Structural analysis confirmed the formation of phase-pure cubic 

MgO with nanoscale crystallite size and high crystallinity, while FTIR and XPS results verified effective 

biofunctionalization through algal-derived biomolecules and enhanced oxygen-vacancy formation. 

Electrochemical studies demonstrated quasi-reversible redox behavior with significant pseudocapacitive 

contributions, indicating efficient defect-assisted charge transfer. Biologically, the synthesized GF-MgO 

nanoparticles exhibited superior antidiabetic activity compared to pure MgO, with lower IC₅₀ values for α-

amylase and α-glucosidase inhibition, attributed to synergistic interactions between MgO defect sites and bio-

organic functional groups. Overall, the results confirm that Gracilaria folifera-mediated synthesis provides an 

effective strategy for producing multifunctional MgO nanomaterials with enhanced electrochemical and 

biomedical performance. The novelty of this work lies in the integration of green synthesis and defect 

engineering through Gracilaria folifera-mediated biofunctionalization, enabling the formation of defect-rich 

MgO nanoparticles with improved electrochemical activity and antidiabetic performance. 
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