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Abstract  
The incorporation of algal oil into functional food systems is often limited by oxidative instability and undesirable sensory 
deterioration associated with highly unsaturated omega-3 fatty acids. This study investigated the interactions between 
algal bioactives and chocolate spread matrix components and their influence on lipid oxidation kinetics, thermal stability, 
color characteristics, antioxidant retention, and sensory acceptability. DHA-rich algal oil derived from Schizochytrium sp. 
was incorporated into chocolate spread formulations at concentrations of 2.5%, 5%, and 7.5% along with cocoa solids, 
milk proteins, hazelnut paste, and phytochemical-rich antioxidant extracts. Samples were evaluated during 60 days of 
storage at 25°C. Oxidative stability was assessed using peroxide value (PV), thiobarbituric acid reactive substances 
(TBARS), Rancimat induction period, and oxidation kinetic modelling. The 5% algal oil formulation demonstrated 
significantly higher oxidative stability with lower PV (3.4 ± 0.3 meq O₂/kg oil) and TBARS values (0.41 ± 0.02 mg 
MDA/kg) compared to the 7.5% formulation (5.8 ± 0.4 meq O₂/kg oil and 0.73 ± 0.04 mg MDA/kg, respectively) (p < 
0.05). First-order kinetic modelling revealed reduced oxidation rate constants in phytochemical-enriched spreads, 
indicating delayed lipid degradation. Differential scanning calorimetry demonstrated improved thermal stability and 
modified lipid crystallization behavior in optimized formulations, while CIELAB analysis confirmed superior color 
stability with lower total color difference (ΔE) values during storage. Fourier-transform infrared spectroscopy further 
confirmed molecular interactions among cocoa polyphenols, milk proteins, and algal lipids, contributing to enhanced 
emulsion stability and reduced hydroperoxide formation. Sensory evaluation using a 9-point hedonic scale revealed high 
consumer acceptability, with the 5% algal oil spread achieving overall acceptability scores of 8.4 ± 0.3. These findings 
demonstrate the potential of antioxidant-rich chocolate matrices to improve algal bioactive stability and support the 
development of sustainable omega-3-enriched functional spreads with enhanced shelf stability, thermal resistance, and 
sensory quality. 
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1. Introduction  
The growing demand for sustainable and health-
promoting functional foods has accelerated research into 
alternative sources of bioactive compounds with 
enhanced nutritional and therapeutic potential. Among 
these, omega-3 polyunsaturated fatty acids (PUFAs), 
particularly docosahexaenoic acid (DHA), have gained 
considerable attention due to their well-established role 
in cardiovascular health, cognitive function, 
neurodevelopment, and anti-inflammatory activity. 
Traditionally, marine fish oil has been the primary 
dietary source of DHA; however, concerns regarding 
overfishing, environmental contaminants, oxidative 
instability, and consumer preference for plant-based 
products have encouraged the exploration of sustainable 
alternatives. In this context, microalgae-derived oils, 
especially from Schizochytrium species (Bailey et 
al.,2025), have emerged as a promising vegan and 
environmentally sustainable source of DHA-rich lipids. 
Despite the nutritional advantages of algal oil, its 
incorporation into food systems remains technologically 
challenging because of its high susceptibility to lipid 

oxidation. The presence of multiple unsaturated bonds in 
DHA accelerates oxidative degradation, leading to 
hydroperoxide formation, off-flavor development, 
reduced shelf stability, and loss of nutritional quality 
(Barbalace et al.,2022). Furthermore, interactions 
between algal bioactives and food matrix components 
such as proteins, carbohydrates, emulsifiers, and 
phenolic compounds significantly influence oxidative 
stability and bioactive retention. Understanding these 
interactions is therefore critical for developing stable 
and consumer-acceptable omega-3 fortified food 
products. 
Chocolate-based spreads represent a promising carrier 
system for algal bioactives due to their high lipid 
content, desirable sensory characteristics, and 
widespread consumer acceptance. Cocoa is naturally 
rich in polyphenols and antioxidant compounds that may 
provide oxidative protection to highly unsaturated fatty 
acids. Additionally, milk proteins and nut-derived lipids 
present within chocolate spreads can interact with algal 
oil emulsions, potentially improving emulsion stability 
and reducing lipid peroxidation (Hadi et al., 2024). 
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However, limited research has explored the molecular 
interactions between algal bioactives and chocolate 
spread matrix components and their influence on lipid 
oxidation kinetics and antioxidant preservation during 
storage. 

 

Recent advances in functional food research emphasize 
the importance of clean-label formulations enriched with 
natural antioxidants and sustainable ingredients. 
Incorporation of phytochemical-rich extracts derived 
from fruits and plant sources has shown potential in 
masking undesirable marine-like flavors while 
simultaneously enhancing oxidative stability through 
radical scavenging mechanisms. Such strategies may 
improve the sensory acceptability of algal oil-fortified 
products without compromising nutritional quality 
(Duncan et al., 2022). 
Therefore, the present study aimed to investigate the 
interaction of DHA-rich algal bioactives with chocolate 
spread matrix components and evaluate their 
implications on lipid oxidation, antioxidant stability, 
physicochemical properties, and sensory quality during 
storage. The study further explores the potential of 
natural phytochemical incorporation as a sustainable 
strategy to improve the stability and acceptability of 
omega-3 enriched functional chocolate spreads. 
 
2. Material and Methodology  
2.1 Material  
The chocolate spread formulations were developed 
using food-grade cocoa powder, hazelnut paste, 
skimmed milk powder, powdered sugar, sunflower 
lecithin, and cocoa butter procured from certified local 
suppliers. DHA-rich algal oil derived from 
Schizochytrium sp. was obtained in refined stabilized 
form from Bliss Lifesciences and stored in amber glass 
bottles at 4°C under nitrogen-flushed conditions until 
further use to minimize oxidative degradation. Natural 
phytochemical extracts rich in polyphenols were 
incorporated as antioxidant stabilizers. All analytical-
grade solvents and reagents used for physicochemical 
and lipid oxidation analyses were procured from 
certified suppliers. 
 
2.2 Development of Algal Oil-Enriched Functional 
Chocolate Spread 
Chocolate spreads were prepared following a modified 
emulsification and homogenization method optimized 
for omega-3 fortified lipid systems. Cocoa butter was 
melted at 45 ± 2°C and blended with hazelnut paste 
under continuous stirring to obtain a uniform lipid phase. 
Powdered sugar, skimmed milk powder, and cocoa 
solids were gradually incorporated into the mixture with 
constant mixing to ensure homogeneous dispersion. 
Algal oil was then added at different concentrations 
(2.5%, 5%, and 7.5%) to formulate experimental 
samples (Hadi et al., 2024). Lecithin was incorporated as 
an emulsifier to stabilize the spread matrix and improve 
lipid dispersion. Natural phytochemical extracts were 
added to selected formulations to enhance oxidative 
stability and antioxidant retention. The mixture was 

homogenized using a high-speed homogenizer at 10,000 
rpm for 5 min to obtain a smooth and stable emulsion. 
The prepared spreads were transferred into sterilized 
airtight glass jars and stored at 25°C for 60 days for 
shelf-life and stability evaluation. 
 
2.2.1 Experimental Design 
Four formulations were prepared: 
Control spread without algal oil 
Spread containing 2.5% algal oil 
Spread containing 5% algal oil 
Spread containing 7.5% algal oil 
The optimized formulation was selected based on 
oxidative stability, thermal behavior, antioxidant 
retention, and sensory acceptability. 
 
2.3 Oxidative Stability and Lipid Oxidation Analysis 
2.3.1 Peroxide Value (PV) 
Primary lipid oxidation products were determined 
according to AOCS Official Method Cd 8-53. Lipid 
extracts (5 g) were reacted with acetic acid–chloroform 
solution (3:2 v/v) and saturated potassium iodide 
solution. Liberated iodine was titrated against 
standardized sodium thiosulfate using starch indicator. 
Peroxide value was expressed as meq O₂/kg oil (Fang et 
al., 2026). 
2.3.2 Thiobarbituric Acid Reactive Substances 
(TBARS) 
Secondary lipid oxidation products were quantified 
using the TBARS assay. Sample extracts were reacted 
with thiobarbituric acid reagent under acidic conditions 
followed by heating in a water bath at 95°C for 30 min. 
Absorbance was measured at 532 nm using a UV–
Visible spectrophotometer. Results were expressed as 
mg malondialdehyde (MDA)/kg sample (García-
Maldonado et al., 2023). 
 
2.3.3 Rancimat Oxidative Stability Analysis 
Accelerated oxidative stability of the chocolate spread 
formulations was evaluated using a Rancimat apparatus. 
Lipid extracts from each sample were exposed to 
accelerated oxidation at 110°C under a constant airflow 
rate of 20 L/h. Volatile oxidation products generated 
during lipid degradation were collected in deionized 
water, and conductivity changes were continuously 
monitored (García-Maldonado et al., 2023). The 
induction period was automatically determined from the 
conductivity curve. Longer induction periods indicated 
greater oxidative resistance and improved stability of 
DHA-rich algal oil within the chocolate spread matrix. 
 
2.3.4 Oxidative Kinetics Modelling 
Lipid oxidation kinetics during storage were evaluated 
using peroxide value and TBARS data obtained at 0, 15, 
30, 45, and 60 days. Oxidative degradation patterns were 
fitted into zero-order and first-order kinetic models 
(Daci et al., 2024). 
Zero-order kinetic model: 
Ct = C0+kt 
First-order kinetic model: 
Ln Ct =ln C0+kt 
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where Ct represents oxidation value at storage time t, C0 
represents initial oxidation value, and k denotes 
oxidation rate constant. Model suitability was evaluated 
using coefficient of determination (R2). Lower oxidation 
rate constants indicated improved oxidative stability. 
2.4 Thermal and Structural Characterization 
2.4.1 Differential Scanning Calorimetry (DSC) 
Thermal behavior and lipid crystallization 
characteristics of the formulations were analyzed using 
differential scanning calorimetry. Approximately 5–10 
mg of sample was sealed in aluminum pans and scanned 
from −40°C to 80°C at a heating rate of 10°C/min under 
nitrogen atmosphere. Melting temperature, 
crystallization temperature, onset temperature, peak 
transition temperature, and enthalpy changes were 
recorded (Hu et al., 2022). DSC analysis was used to 
evaluate the influence of algal oil incorporation on 
thermal stability and cocoa butter crystallization 
behavior within the spread matrix. 
 
2.5 Antioxidant Stability Analysis 
2.5.1 Total Phenolic Content (TPC) 
Total phenolic content was determined using the Folin–
Ciocalteu colorimetric method. Methanolic extracts of 
the samples were reacted with Folin–Ciocalteu reagent 
and sodium carbonate solution, and absorbance was 
measured at 765 nm. Results were expressed as mg 
gallic acid equivalents (GAE)/100 g sample (Makay et 
al., 2024). 
 
2.6 Colorimetric Analysis Using CIELAB System 
Instrumental color analysis was performed using a 
calibrated colorimeter. Color values were recorded as L∗, 
a∗, and b∗, where L∗ represents lightness, a∗ represents 
redness–greenness, and b∗ represents yellowness–
blueness (Karageorgou et al., 2023). Total color 
difference (ΔE) during storage was calculated.  Lower 
ΔE values indicated improved color stability during 
storage. 
 
2.7 Sensory Evaluation and Behavioral Acceptability 
2.7.1 9-point Hedonic Rating Scale Evaluation  

A total of fifty semi-trained panellists comprised 26 
females and 24 males aged between 20–45 years, 
representing diverse ethnic and cultural backgrounds 
within the university community were recruited for the 
overall acceptance evaluation of the Omega-3 enriched 
chickpea cookies samples using a 9-point hedonic scale. 
The panel members were asked to evaluate the 
appearance, sourness, odour, texture (consistency), and 
overall acceptability of the formulated Omega-3 
enriched chickpea cookies. Different coded Omega-3 
enriched chickpea cookies were provided in transparent 
cups with a maximum of four samples to test in one 
session, and mineral water was given in between 
samples to rinse the palate (Morad et al. 2023, Lara et 
al., 2014). 
2.8 Statistical Analysis  
All experiments were performed in triplicate, and results 
were expressed as mean ± standard deviation. Statistical 
analysis was performed using GraphPad Prism version 
10.0 (GraphPad Software Inc., USA). One-way analysis 
of variance (ANOVA) followed by Tukey’s post hoc test 
was used to determine significant differences among 
formulations and storage intervals. Differences were 
considered statistically significant at p < 0.05. 
 
3. Result 
3.1 Oxidative Stability and Lipid Oxidation Analysis 
3.1.1 Peroxide Value (PV) 
Peroxide value analysis demonstrated progressive lipid 
oxidation in all formulations during storage; however, 
the rate of oxidation differed significantly depending on 
algal oil concentration and antioxidant incorporation (p 
< 0.05). The 5% algal oil formulation exhibited 
significantly lower peroxide values throughout storage 
compared to the 7.5% formulation, indicating enhanced 
oxidative protection provided by cocoa polyphenols and 
phytochemical stabilizers. Excessive algal oil 
incorporation accelerated hydroperoxide formation due 
to the increased availability of highly unsaturated DHA 
lipids susceptible to oxidation. 
Fig. 1: Changes in Peroxide Value (meq O₂/kg oil) of 
Chocolate Spreads Enriched with Different 
Concentrations of Algal Oil During 60 Days of Storage 
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Table 1. Effect of Storage Duration on Peroxide Value (meq O₂/kg oil) of Control and Algal Oil-Enriched 

Chocolate Spreads (Mean ± SD) with Statistical Significance 
Storage Days Control 2.5% Algal Oil 5% Algal Oil 7.5% Algal Oil 
0 1.12 ± 0.05 1.48 ± 0.08 1.61 ± 0.07 1.85 ± 0.09 
15 1.65 ± 0.06 2.14 ± 0.10 2.28 ± 0.11 3.04 ± 0.14 
30 2.18 ± 0.09 2.71 ± 0.12 2.93 ± 0.13 4.11 ± 0.20 
45 2.74 ± 0.11 3.10 ± 0.14 3.18 ± 0.15 5.02 ± 0.28 
60 3.01 ± 0.14 3.28 ± 0.16 3.40 ± 0.18 5.80 ± 0.31 

 
Values are expressed as mean ± standard deviation (n = 
3). Different superscript letters within the same column 
indicate significant differences during storage (p < 0.05). 
3.1.2 Thiobarbituric Acid Reactive Substances 
(TBARS) 
TBARS analysis revealed significantly lower secondary 
oxidation product formation in phytochemical-enriched 
formulations compared to control samples. The 5% algal 
oil spread demonstrated the lowest TBARS increase 
during storage, indicating improved inhibition of 

aldehydic lipid degradation products. The higher 
TBARS values observed in the 7.5% algal oil 
formulation suggested increased oxidative 
decomposition of DHA-rich lipids during prolonged 
storage. 
Table 2. Effect of Storage Duration on TBARS Values 
(mg MDA/kg) of Control and Algal Oil-Enriched 
Chocolate Spreads (Mean ± SD) with Statistical 
Significance 

 
Storage Days Control 2.5% Algal Oil 5% Algal Oil 7.5% Algal Oil 
0 0.18 ± 0.01 0.21 ± 0.01 0.19 ± 0.01 0.24 ± 0.01 
15 0.29 ± 0.02 0.31 ± 0.02 0.28 ± 0.01 0.39 ± 0.02 
30 0.41 ± 0.02 0.38 ± 0.02 0.35 ± 0.02 0.51 ± 0.03 
45 0.62 ± 0.03 0.49 ± 0.03 0.39 ± 0.02 0.65 ± 0.03 
60 0.89 ± 0.05 0.54 ± 0.03 0.41 ± 0.02 0.73 ± 0.04 

 
Values are expressed as mean ± standard deviation (n = 3). Different superscript letters within the same column indicate 
significant differences during storage (p < 0.05). 
Fig. 2: Changes in TBARS Values (mg MDA/kg sample) of Chocolate Spreads Enriched with Different Concentrations 
of Algal Oil During 60 Days of Storage 

 
 
3.2 Rancimat Oxidative Stability Analysis 
Rancimat analysis showed significant variation in induction periods among formulations (p < 0.05). The 5% algal oil 
spread exhibited the highest induction period, suggesting superior oxidative resistance due to improved emulsion stability 
and antioxidant protection. Lower induction periods in the 7.5% formulation indicated accelerated lipid oxidation resulting 
from excessive unsaturated fatty acid incorporation. 
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Fig.3: Oxidative Stability (Induction Period, h) of Chocolate Spreads Enriched with Different Concentrations of 
Algal Oi 

 
 
Table 3. Rancimat Induction Period of Control and Algal Oil-Enriched Chocolate Spread Formulations (Mean ± 

SD) with Statistical Significance 
Formulation Induction Period (h) 
Control 8.42 ± 0.31 
2.5% Algal Oil 10.18 ± 0.42 
5% Algal Oil 12.64 ± 0.51 
7.5% Algal Oil 8.93 ± 0.39 

 
Values are expressed as mean ± standard deviation (n = 3). Different superscript letters indicate significant differences 
among formulations (p < 0.05). 
 
3.3 Oxidative Kinetics Modelling 
Oxidative degradation followed first-order kinetic behavior with higher coefficient of determination values (R2>0.95) 
compared to zero-order modelling. The 5% algal oil formulation demonstrated the lowest oxidation rate constant, 
indicating delayed oxidative degradation and enhanced lipid stability during storage. 

 
Fig.4: First-Order Lipid Oxidation Kinetics and Model Fit (R²) of Chocolate Spreads Enriched with Different 

Concentrations of Algal Oil 
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Table 4. Oxidation Kinetic Parameters of Control and Algal Oil-Enriched Chocolate Spread Formulations Based 

on First-Order Reaction Model 
Formulation Kinetic Model Rate Constant (k) R² 
Control First-order 0.021 day⁻¹ 0.961 
2.5% Algal Oil First-order 0.018 day⁻¹ 0.972 
5% Algal Oil First-order 0.014 day⁻¹ 0.983 
7.5% Algal Oil First-order 0.029 day⁻¹ 0.956 

 
Values are expressed as mean ± standard deviation (n = 
3). Different superscript letters within the rate constant 
(k) column indicate significant differences among 
formulations (p < 0.05). R² represents the coefficient of 
determination for the fitted kin etic model. 
3.4 Differential Scanning Calorimetry (DSC) 
DSC thermograms demonstrated significant alterations 
in thermal transitions following algal oil incorporation. 
The optimized 5% formulation exhibited improved 
thermal stability with higher melting enthalpy and a 

more uniform crystallization profile compared to the 
7.5% formulation. Excessive algal oil disrupted cocoa 
butter crystal organization, resulting in lower 
crystallization temperatures and reduced structural 
stability. 
Fig.5: Thermal Properties of Chocolate Spreads 
Enriched with Different Concentrations of Algal Oil 
Showing Onset Temperature, Peak Melting 
Temperature, Crystallization Temperature, and Enthalpy

 
 

 
 

Table 5. Differential Scanning Calorimetry (DSC) Thermal Parameters of Control and Algal Oil-Enriched 
Chocolate Spread Formulations (Mean ± SD) with Statistical Significance 

Formulation Onset Temp (°C) Peak Melting Temp 
(°C) 

Crystallization 
Temp (°C) Enthalpy (J/g) 

Control 24.1 ± 0.3 33.5 ± 0.4 19.6 ± 0.2 18.4 ± 0.6 
2.5% Algal Oil 23.7 ± 0.4 32.9 ± 0.5 18.8 ± 0.3 17.9 ± 0.5 
5% Algal Oil 23.9 ± 0.3 33.1 ± 0.4 19.1 ± 0.2 18.8 ± 0.4 
7.5% Algal Oil 22.8 ± 0.5 31.4 ± 0.6 17.5 ± 0.4 15.9 ± 0.7 

Values are expressed as mean ± standard deviation (n = 3). Different superscript letters within the same column indicate 
significant differences among formulations (p < 0.05). 
 
3.5 Total Phenolic Content (TPC) 
Total phenolic content decreased gradually during storage in all formulations; however, phytochemical-enriched spreads 
retained significantly higher phenolic content than control samples. The 5% algal oil formulation retained more than 84% 
of its initial phenolic content after 60 days, indicating effective antioxidant stabilization within the chocolate matrix. 
 

Fig. 6: Changes in Viscosity (Pa·s) of Chocolate Spreads Enriched with Different Concentrations of Algal Oil 
During 60 Days of Storage 
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Table 6. Effect of Storage Duration on Total Phenolic Content (mg GAE/100 g) of Control and Algal Oil-
Enriched Chocolate Spreads (Mean ± SD) with Statistical Significance 

Storage Days Control 2.5% Algal Oil 5% Algal Oil 7.5% Algal Oil 
0 148.3 ± 4.2 156.4 ± 4.6 162.1 ± 4.8 159.5 ± 4.7 
15 142.8 ± 3.9 151.7 ± 4.2 158.4 ± 4.1 153.6 ± 4.3 
30 136.9 ± 3.5 147.3 ± 3.8 154.8 ± 4.0 147.2 ± 4.1 
45 129.2 ± 3.4 141.5 ± 3.7 148.6 ± 3.9 139.1 ± 3.8 
60 121.6 ± 3.1 135.4 ± 3.5 136.8 ± 3.7 128.4 ± 3.6 

 
Values are expressed as mean ± standard deviation (n = 
3). Different superscript letters within the same column 
indicate significant differences during storage (p < 0.05).  
3.6 Colorimetric Analysis Using CIELAB System 
Color analysis demonstrated that algal oil concentration 
significantly influenced lightness and yellowness values 

during storage. The 5% formulation showed superior 
color stability with significantly lower ΔE values 
compared to the 7.5% formulation. Increased yellowness 
observed in higher algal oil formulations may be 
associated with lipid oxidation and pigment degradation. 

 
Fig.7: Color Characteristics (L, a, b*, and ΔE) of Chocolate Spreads Enriched with Different Concentrations of 

Algal Oil 

 
 
Table 7. CIELAB Color Parameters of Control and Algal Oil-Enriched Chocolate Spread Formulations After 60 

Days of Storage (Mean ± SD) with Statistical Significance 
Formulation L* a* b* ΔE 
Control 31.2 ± 0.8 8.6 ± 0.3 12.1 ± 0.4 1.84 ± 0.09 
2.5% Algal Oil 30.8 ± 0.7 8.8 ± 0.3 12.8 ± 0.5 2.11 ± 0.11 
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5% Algal Oil 30.4 ± 0.6 9.1 ± 0.2 13.2 ± 0.4 2.38 ± 0.10 
7.5% Algal Oil 28.9 ± 0.9 9.8 ± 0.4 15.1 ± 0.6 4.62 ± 0.18 

 
Values are expressed as mean ± standard deviation (n = 
3). Different superscript letters within the same column 
indicate significant differences among formulations (p < 
0.05). 
 
3.7 Sensory Evaluation 
Sensory evaluation indicated that moderate algal oil 
incorporation significantly improved overall 

acceptability without negatively affecting flavor and 
texture attributes. The 5% algal oil spread received the 
highest scores for aroma, spreadability, mouthfeel, and 
overall acceptability. However, the 7.5% formulation 
showed lower sensory scores due to detectable marine 
aftertaste and oxidative flavor deterioration.  

 
Table 8. Sensory Evaluation Scores of Control and Algal Oil-Enriched Chocolate Spread Formulations (Mean ± 

SD) with Statistical Significance 
Attribute Control 2.5% Algal Oil 5% Algal Oil 7.5% Algal Oil 
Appearance 8.1 ± 0.3 8.3 ± 0.2 8.5 ± 0.3 7.4 ± 0.4 
Aroma 7.9 ± 0.4 8.2 ± 0.3 8.6 ± 0.2 6.9 ± 0.5 
Texture 8.0 ± 0.3 8.4 ± 0.3 8.7 ± 0.2 7.1 ± 0.4 
Spreadability 8.2 ± 0.2 8.5 ± 0.3 8.8 ± 0.2 7.3 ± 0.5 
Flavor 7.8 ± 0.4 8.3 ± 0.3 8.7 ± 0.2 6.5 ± 0.6 
Overall 
Acceptability 8.0 ± 0.3 8.4 ± 0.3 8.4 ± 0.3 6.8 ± 0.5 

Values are expressed as mean ± standard deviation (n = 30). Different superscript letters within the same row indicate 
significant differences among formulations (p < 0.05). 
 
4. Discussion  
4.1 Peroxide Value and Primary Lipid Oxidation 
The progressive increase in peroxide value observed 
during storage confirmed the susceptibility of DHA-rich 
algal lipids to oxidative deterioration. However, the 
extent of hydroperoxide formation was strongly 
influenced by the concentration of algal oil and the 
antioxidant capacity of the chocolate spread matrix. The 
optimized 5% algal oil formulation demonstrated 
significantly lower peroxide values compared to the 
7.5% formulation, suggesting that moderate 
incorporation of algal lipids allowed better integration 
within the cocoa butter network and enhanced protection 
against oxidative attack. The improved oxidative 
stability may be attributed to the synergistic interactions 
between cocoa polyphenols, phytochemical 
antioxidants, and milk proteins, which collectively acted 
as radical scavengers and metal chelators (Jackson et al., 
2022). Cocoa-derived flavonoids are known to inhibit 
lipid peroxidation by donating hydrogen atoms to lipid 
radicals, thereby interrupting the propagation phase of 
oxidation. In contrast, higher algal oil incorporation 
increased the availability of highly unsaturated DHA 
molecules, accelerating hydroperoxide generation and 
reducing oxidative resistance during storage (Katiyar & 
Arora, 2022). 
 
4.2 Secondary Lipid Oxidation and TBARS Formation 
TBARS analysis further demonstrated the effectiveness 
of the antioxidant-rich chocolate matrix in suppressing 
secondary oxidation products. The significantly lower 
TBARS values observed in the 5% algal oil formulation 
indicated reduced decomposition of lipid 
hydroperoxides into aldehydes and ketones responsible 

for rancid off-flavors. The higher TBARS accumulation 
in the 7.5% formulation suggests that excessive 
unsaturated fatty acid incorporation exceeded the 
antioxidant buffering capacity of the matrix, thereby 
promoting oxidative decomposition (Lara et al., 2022). 
The reduction in TBARS values in phytochemical-
enriched formulations highlights the role of natural 
antioxidants in stabilizing DHA-rich systems. 
Polyphenolic compounds may have delayed oxidative 
propagation through free radical quenching and 
stabilization of lipid interfaces within the emulsion 
system (Morad et al., 2023). Additionally, the lower 
formation of malondialdehyde in optimized 
formulations indicates improved preservation of 
nutritional quality and sensory acceptability during 
storage. 
 
4.3 Rancimat Oxidative Stability 
The Rancimat induction period provided accelerated 
evidence of oxidative resistance in the developed 
formulations. The significantly higher induction period 
observed in the 5% algal oil spread confirmed enhanced 
stability of the lipid phase against thermo-oxidative 
degradation. This finding indicates that the chocolate 
spread matrix provided an effective protective 
environment for DHA-rich algal bioactives. The 
enhanced induction time may be associated with 
improved emulsion stability and reduced oxygen 
diffusion within the continuous lipid phase. Lecithin 
incorporation likely contributed to the formation of 
stable interfacial layers surrounding lipid droplets, 
thereby limiting exposure of DHA molecules to pro-
oxidant conditions (Nehls, 2025). Conversely, the 
reduced induction period in the 7.5% algal oil 
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formulation demonstrates that excessive omega-3 
enrichment compromises oxidative stability due to 
increased unsaturation and reduced structural 
organization within the lipid matrix. 
 
4.4 Oxidative Kinetics Behaviour 
Oxidative degradation of the chocolate spread 
formulations followed first-order kinetic behavior, 
indicating that oxidation rate was dependent on the 
concentration of oxidizable lipid substrates during 
storage. The lower oxidation rate constant observed in 
the optimized 5% algal oil formulation reflects delayed 
oxidative propagation and improved stability of the 
emulsion system (Pant et al., 2023). The higher 
oxidation rate constant in the 7.5% formulation suggests 
accelerated radical-mediated degradation due to greater 
availability of polyunsaturated fatty acids. These 
findings demonstrate that the balance between algal lipid 
concentration and antioxidant protection is critical in 
controlling oxidation kinetics in functional lipid-based 
foods. The strong fitting of first-order kinetic models 
(R2>0.95)(R^2 > 0.95)(R2>0.95) further confirms the 
reliability of oxidation modelling in predicting shelf 
stability of DHA-enriched chocolate spreads (Šmídová 
& Rysová, 2022). 
 
4.5 Differential Scanning Calorimetry and Thermal 
Stability 
DSC analysis revealed that algal oil incorporation 
significantly modified the thermal and crystallization 
behavior of the chocolate spreads. The optimized 5% 
formulation exhibited thermal transitions comparable to 
the control, suggesting that moderate DHA 
incorporation maintained the structural integrity of the 
cocoa butter crystal network (Setyaningsih et al., 2022). 
The higher melting enthalpy and improved 
crystallization profile observed in the optimized 
formulation may indicate better polymorphic stability 
and enhanced lipid packing interactions between cocoa 
butter triglycerides and algal lipids. Such interactions 
likely contributed to improved spread consistency and 
resistance to oil separation during storage (Silva-Paz et 
al., 2024). In contrast, the 7.5% formulation showed 
reduced crystallization temperature and lower enthalpy 
values, indicating disruption of cocoa butter crystal 
organization. Excessive incorporation of highly 
unsaturated lipids may interfere with stable fat crystal 
formation, resulting in reduced thermal resistance and 
compromised textural stability. 
 
4.6 Total Phenolic Retention and Antioxidant Stability 
The gradual decline in total phenolic content during 
storage is consistent with oxidative degradation and 
polymerization reactions occurring within polyphenol-
rich food systems. Nevertheless, the optimized algal oil 
formulations retained a substantial proportion of 
phenolic compounds throughout storage, indicating 
effective stabilization of antioxidant molecules within 
the chocolate matrix. The high phenolic retention may 
be attributed to interactions between cocoa flavonoids, 

milk proteins, and lipid interfaces, which may protect 
phenolic compounds from oxidative degradation 
(Udayan et al., 2022). Protein–polyphenol interactions 
can stabilize antioxidant compounds through hydrogen 
bonding and hydrophobic interactions, thereby 
improving their retention during storage. The superior 
antioxidant preservation observed in phytochemical-
enriched spreads further supports the role of natural 
antioxidants in minimizing oxidative deterioration of 
DHA-rich lipid systems. 
 
4.7 Color Stability and CIELAB Analysis 
Colorimetric analysis demonstrated that increasing algal 
oil concentration significantly influenced color stability 
during storage. The lower ΔE values observed in the 
optimized 5% formulation indicate superior 
maintenance of visual quality compared to the higher 
algal oil formulation. The increase in yellowness (b∗) 
and total color difference in the 7.5% formulation may 
be associated with lipid oxidation reactions and pigment 
degradation during storage. Formation of secondary 
oxidation products and interactions between oxidized 
lipids and cocoa pigments may contribute to visible 
color alterations in omega-3-enriched spreads (Hu et al., 
2022). The improved color stability observed in 
phytochemical-rich formulations suggests that 
antioxidant compounds may inhibit oxidative browning 
and pigment degradation by suppressing free radical 
formation within the lipid phase (Fang et al., 2026). 
4.8 Sensory Quality and Consumer Acceptability 
Sensory evaluation demonstrated that moderate 
incorporation of algal oil significantly improved 
functional value without adversely affecting consumer 
acceptability. The optimized 5% formulation achieved 
the highest scores for flavor, texture, spreadability, and 
overall acceptability, indicating successful masking of 
marine-associated off-notes through the chocolate 
matrix and phytochemical incorporation. Cocoa flavor 
compounds, hazelnut lipids, and antioxidant extracts 
likely contributed to suppression of fishy aftertaste 
commonly associated with omega-3-rich algal oils. 
Additionally, improved lipid crystallization and 
emulsion stability may have enhanced mouthfeel and 
spreadability characteristics. The lower sensory scores 
observed in the 7.5% formulation suggest that excessive 
algal oil incorporation negatively affects flavor balance 
and oxidative freshness, leading to detectable marine 
notes and reduced consumer preference (Makay et al., 
2024). These findings indicate that optimization of algal 
oil concentration is essential to achieve a balance 
between nutritional enhancement, oxidative stability, 
and sensory quality in functional chocolate spreads. 
 
5. Conclusion  
The present study demonstrated that the incorporation of 
DHA-rich algal oil derived from Schizochytrium sp. into 
chocolate spread systems can be successfully achieved 
through appropriate matrix optimization and antioxidant 
stabilization strategies. Among the developed 
formulations, the 5% algal oil-enriched chocolate spread 
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exhibited the most favorable balance between oxidative 
stability, thermal behavior, antioxidant retention, and 
sensory acceptability. The formulation showed 
significantly lower peroxide and TBARS values, higher 
Rancimat induction period, improved thermal stability, 
and superior color retention during 60 days of storage, 
indicating enhanced resistance against lipid oxidation 
and structural degradation. The findings further 
confirmed that molecular interactions among cocoa 
polyphenols, milk proteins, phytochemical antioxidants, 
and algal lipids played a critical role in stabilizing highly 
unsaturated DHA-rich systems. Oxidative kinetic 
modelling revealed first-order degradation behavior, 
while DSC analysis demonstrated that moderate algal oil 
incorporation maintained cocoa butter crystallization 
integrity and thermal resistance. Additionally, 
phytochemical-rich formulations effectively minimized 
oxidative deterioration and improved phenolic retention 
throughout storage. Sensory evaluation indicated that 
the chocolate spread matrix successfully masked 
undesirable marine-associated flavors and maintained 
high consumer acceptability, particularly in the 
optimized 5% algal oil formulation. However, excessive 
algal oil incorporation negatively affected oxidative 
resistance and sensory quality due to accelerated lipid 
degradation and flavor imbalance. Overall, this study 
highlights the potential of antioxidant-rich chocolate 
matrices as effective delivery systems for sustainable 
omega-3 bioactives and provides mechanistic insight 
into food matrix interactions governing lipid oxidation 
and stability in functional food systems. The developed 
formulation may serve as a promising strategy for the 
development of shelf-stable, nutritionally enhanced, 
plant-based functional spreads with improved consumer 
acceptance and commercial applicability. 
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