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Tisochrysis lutea is a marine microalga of the Haptophyta family, widely 

exploited in aquaculture due to its diverse chemical composition and potential 

in bioactive compounds, including its antioxidant activity. In this study, the 

antioxidant potential of T. lutea culture enriched with different urea-based 

nanonutrients (urea, methylurea, tetramethylurea, cyanoguanidine, and 

diurethane dimethacrylate) was evaluated using DPPH, FRAP and ICA methods 

revealing a general benefit from using urea-based nanonutrients. Chemical 

profiles indicated increased contents of total carotenoids and polyphenols. 

Correlations between antioxidant profile, chemical composition, and molecular 

descriptors were determined using statistical approaches such as principal 

component analysis (PCA) and multiple linear regression (MLR). Molecular 

docking confirmed specific and stable interactions between urea and its 

derivatives with key proteins in nitrogen management. The results demonstrated 

that urea-based nanonutrients significantly enhance the production of bioactive 

metabolites in T. lutea, thus offering promising prospects for biotechnological 

applications. 
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descriptors; molecular docking; Tisochrysis lutea. 

 

1. Introduction 

Microalgae constitute a valuable renewable resource with the potential to replace 

conventional industrial production of fossil fuel-derived chemicals [1]. The microalgae 

cultivation industry provides significant and high-quality added value, meeting the demands 

of industrial applications, particularly in agri-food and pharmaceutical technologies [2-3]. 

Microalgae biomass contains carotenoids, polyphenols, and other biomolecules widely used 

as dietary supplements [4-6].  

Secondary metabolites of microalgae, such as carotenoids, polyphenols, and polysaccharides, 

are attracting increasing interest in scientific and industrial fields [7]. Carotenoids, notably 

fucoxanthin, and astaxanthin, have powerful antioxidant properties, contributing to 

photoprotection and the prevention of chronic diseases, which makes them valuable in 

nutraceuticals and cosmetics [8-9]. Polyphenols, known for their antioxidant and 

antimicrobial effects, are being explored for pharmaceutical and food applications [10]. They 

protect cells from oxidative damage and have therapeutic potential for various diseases. 

Polysaccharides, conversely, have immune-stimulating and thickening properties, making 

them useful in the pharmaceutical and food industries [11]. They can improve the texture of 

foods, act as controlled release agents in pharmaceutical formulations, and strengthen the 

immune system. However, microalgae biomass production, cultivation methods, variations 

in culture media composition, and protocols for chronological monitoring of nutrient 

contents constitute the main obstacles to the large-scale commercialization of this emerging 

bio-industry [12-13]. 

Optimization of microalgae metabolic pathways through modification of the culture medium 

and/or nutrients represents a powerful tool for physiological control, generally more feasible 

than direct metabolic modification [14]. Visions for adjusting nutrient-driven biomass 

composition are typically cost-effective, environmentally friendly, broadly applicable, and 

adaptable to various microalgae species of industrial interest. Processes such as nutrient 

limitation or starvation can be easily programmed and optimized to achieve high 

productivity levels for desired target compounds. These strategies are currently used to 

induce the overproduction of metabolites such as lipids, polysaccharides, and pigments [15]. 

To this end, microalgae, particularly Tisochrysis lutea of the Haptophytes division, occupy 

an essential place in algal biotechnology, particularly as food for vertebrate larvae [16]. This 

species stands out as the most promising producer of the dominant carotenoid, fucoxanthin, 

which accounts for up to 98% of its total carotenoid content [17]. Furthermore, T. lutea is a 

significant producer of various secondary metabolites, thus reinforcing its industrial interest. 

The development of culture conditions is fundamental for biotechnological processes, 

particularly for T. lutea. Although this species is cultivated on a small scale, it is more often 

exploited on a large scale. Various modifications of culture media have been developed, 

particularly concerning nutrient compositions, thereby improving biomass yield and 

promoting a high content of active biomolecules [18]. 

On the other hand, several studies highlight the importance of nitrogen as an essential 

nutrient for microalgae growth [19-20]. Nitrogen promotes increased biomass production, as 
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well as a notable increase in chlorophyll and carotenoid contents [21]. As a primary 

macronutrient, nitrogen plays a central role in synthesizing proteins, lipids, and 

carbohydrates in microalgae. The nitrogen concentration significantly influences the growth 

of microalgae and their biochemical composition [22]. Concomitantly, nitrogen depletion in 

the culture medium results in reduced growth but a concomitant increase in lipid 

productivity. Microalgae can assimilate nitrogen in the form of nitrate, nitrite, urea, and 

ammonium. Nitrate is generally preferred for microalgae cultivation over ammonium salts 

because it is more stable and has less chance of pH fluctuation. Additionally, ammonium 

(NH4
+) concentrations above 25 μM are toxic to microalgae, which explains why nitrate 

(NO3
−) is commonly used. However, limiting nitrogen in the culture medium could reduce 

biomass production while increasing lipid production [23-25]. 

The impact of urea on microalgae cultivation has been further explored in several recent 

studies, highlighting its effects on secondary metabolite production. As a nutrient source, 

urea has several significant advantages for microalgae cultivation. Its use is economically 

beneficial by reducing process costs while providing ecological benefits by reducing 

environmental impacts related to nitrates and ammonium. It thus constitutes a sustainable 

alternative for the production of valuable metabolites. Research by Nwoye Eze et al. (2020) 

[26] showed that adding urea to a mixotrophic Desmodesmus subspicatus medium 

significantly increased the simultaneous production of carotenoids and lipids. Urea 

optimization increased carotenoid concentration and lipid yields, illustrating its effectiveness 

in producing high-value bioproducts. Similarly, Minyuk et al. (2020) [27] observed that urea 

can replace nitrate in the cultivation of carotenogenic microalgae without negatively 

affecting carotenoid production. Urea substantially increased lipid yields while maintaining 

the levels of valuable carotenoids, such as astaxanthin and canthaxanthin. Furthermore, 

Molina-Miras et al. (2023) [28] revealed that urea can replace nitrate and ammonium in the 

cultivation of Amphidinium carterae, promoting growth equivalent to that observed with 

nitrate. Furthermore, urea enhanced the production of some secondary metabolites, such as 

amphidinol, and enhanced the antiphytopathogenic activity. Also, Martins Rosa et al. (2023) 

[29] demonstrated that urea, as a carbon and nitrogen source, enhances the photosynthesis 

and growth of Chlamydomonas reinhardtii under mixotrophic conditions, leading to 

enhanced biomass production and increased photosynthetic rates. 

This work, aimed at treating T. lutea cultures enriched with nitrogen compounds, in 

particular urea-based nanonutrients such as urea, methylurea, tetramethylurea, 

cyanoguanidine, and diurethane dimethacrylate, by in vitro and in silico evaluation of the 

antioxidant potential and its correlation with secondary metabolites and computational 

descriptors, aims to: 

(1) Evaluate the antioxidant potential of T. lutea cultures enriched with urea-based 

nanonutrients. 

(2) Determine the chemical composition in secondary metabolites of T. lutea cultures 

enriched with urea-based nanonutrients. 

(3) Establish correlations between antioxidant activities and secondary metabolites of T. 

lutea. 
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(4) Analyze correlations with computational descriptors via in vivo and in silico 

experiments. 

(5) Use statistical tools such as principal component analysis (PCA) and multiple linear 

regression (MLR) to identify significant relationships. 

(6) Confirm by molecular docking the specific and stable interactions between urea and 

its derivatives with proteins essential for nitrogen management. 

 

2. Material and methods 

2.1. Algal growth 

The microalgae studied, T. lutea, were provided by the strain library of the Institut de 

Recherche Médicinale (CERD, Djibouti), with an initial origin from Tadjoura, Djibouti 

(N1°46'58.084'', E42°53'1.667''). The culture medium used was the f/2 medium of Guillard 

and Ryther (1962), prepared from filtered and sterilized seawater. Six culture conditions 

were set up: a control condition and five others with the addition of molecules at a 

concentration of 250 nM, namely urea A, methylurea B, tetramethylurea C, cyanoguanidine 

D, and diurethane dimethacrylate E (Figure S1), hence, all compounds used were of high 

quality. The cultures were carried out in 2-liter glass Schott bottles, with a culture volume of 

2 liters for each bottle. Light intensity was maintained at 50 μmol m⁻² s⁻¹ using LED panels, 

and a 12h:12h light-dark cycle was applied. The temperature was controlled at 20 ± 1 °C, 

and aeration of 0.2 L min⁻¹ with filtered air (0.22 μm) was ensured. As inoculum, initial 

cultures of 50–100 mL in exponential growth phase were used, with an initial density of 5.0 

× 10⁵ cells mL⁻¹ for T. lutea. The experiment was conducted for a period of 15 days. Cell 

abundance was determined using a CytoFLEX flow cytometer (Beckman Coulter, USA), and 

cultures were performed in triplicate for each experimental condition [30-32]. 

2.2. Extraction procedure 

The extraction process was carried out using the maceration method. To do this, 1 gram of  

T. lutea microalgae was extracted with 100 mL of a solvent composed of hexane, methanol, 

and chloroform, in a volumetric ratio of 1:2:2. This operation was carried out overnight at 

room temperature, protected from light. The extraction was repeated in triplicate to ensure 

complete extraction, and all obtained extracts were amalgamated. The combined extracts 

were filtered through Whatman No. 4 filter paper to remove solid particles. The 

concentration of the extracts was carried out by vacuum evaporation using a rotary 

evaporator, allowing the removal of residual solvents. The concentrated extracts were 

preserved in amber glass vials and stored at -20 °C until further use. This procedure ensures 

the preservation of the bioactive compounds in the microalgae, thus facilitating their analysis 

and use in subsequent studies [33]. 

2.3. Antioxidant activity 

Several specific methods were used to evaluate the antioxidant activity, including the 1,1-

diphenyl-2-picrylhydrazyl (DPPH) radical decolorization assay, the ferric reducing 

antioxidant power (FRAP) assay, and the iron chelating activity (ICA) assay. 
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The DPPH radical test was used to quantify the free radical scavenging activity [34]. To do 

this, 25 μL of the sample or Trolox standard solution was placed in an ELISA microplate 

reader (Thermo Scientific, Multiskan 60, Waltham, MA, USA). Then, 75 μL of a 4 mM 

methanolic DPPH solution was added. The plate was kept in the dark at room temperature 

for half an hour, and then the absorbance was measured at 540 nm. Trolox was used as a 

reference in this assay. Antioxidant activity was determined by the percentage of radical 

scavenging using the following equation: 

%RSA = (Ablank −
Asample − Acontrol

Ablank
) × 100 (1) 

Based on the Trolox calibration curve, the results were expressed as mg Trolox equivalent 

per gram of dry biomass (mg TE .g⁻¹ DW).  

The FRAP assay was performed to measure the ability of antioxidants to reduce the 2,4,6-

tripyridyl-s-triazine-Fe3+ complex ([Fe(TPTZ)₂]³⁺) to its ferrous equivalent [Fe(TPTZ)₂]²⁺ 

[35]. For this purpose, 20 μL of the sample (or Trolox standard solution) was added to an 

ELISA microplate reader, followed by the incorporation of 180 μL of FRAP reagent. This 

reagent was freshly prepared with 300 mM sodium acetate/acetic acid buffer, 10 mM TPTZ 

in 40 mM HCl, and 20 mM ferrous chloride hexahydrate in a ratio of 10:1:1, respectively. 

The plate was incubated at 37 °C for 5 minutes, after which the absorbance was measured at 

595 nm. Referring to the Trolox calibration curve, the results were expressed as mg Trolox 

equivalents (TE) per gram dry biomass (DW). 

The iron chelating activity (ICA) assay was performed by adapting a recognized method 

with some adjustments [36]. For this analysis, 120 μL of the sample was placed in a 96-well 

microtiter plate, followed by the addition of 60 μL of 2 mM iron (II) chloride. Incorporation 

of 40 μL of 5 mM ferrozine solution initiated the reaction, forming a ferrozine-Fe²⁺ complex 

responsible for the magenta coloration. The color produced was measured after 30 minutes at 

540 nm. EDTA-Na₂ was used as a positive standard. The results were expressed as 

percentage of ICA and calculated according to the following equation: 

%ICA = (Ablank −
Asample − Acontrol

Ablank
) × 100 (2) 

2.4. Secondary metabolite quantification 

Quantification of secondary metabolites was performed using four distinct analytical 

methods, thus allowing a comprehensive assessment of the composition of the microalgae 

obtained after each culture in terms of carotenoid, total phenolic, and total carbohydrate 

content. This multidimensional approach ensured a detailed characterization of the 

metabolites essential for the study while providing valuable information on their antioxidant 

potential. 

Carotenoid content was determined using an adapted method, as described by Liang et al. 

(2023) [37]. Samples were extracted with methanol, and filtered, and the filtrate was 

separated with petroleum ether. After the removal of residual water, the volume was adjusted 

with ethanol, and the absorbance was measured at 450 nm to quantify carotenoids. 

Total phenolic compound (TPC) content was assessed using a modified Folin-Ciocalteu 
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method described by Sanou et al. (2023) [38]. Gallic acid was used as a standard, and 

calibration curves were established with concentrations ranging from 0 to 500 mg/L. 

Samples were mixed with Folin-Ciocalteu solution and sodium carbonate, and then 

incubated in the dark for one hour. Absorbance measured at 765 nm allowed quantification 

of TPC, expressed as milligrams of gallic acid equivalent per gram of dry matter. 

Finally, the free carbohydrate content was determined following a modified method for the 

quantification of sugars, as described by Rašeta et al. (2024) [39]. To do this, 50 µL of a 4% 

phenol solution and 250 µL of concentrated sulfuric acid were added to 100 µL of sample or 

standard solution. After a 10-minute incubation at room temperature, the absorbance was 

measured at 490 nm. Based on a glucose standard curve, total carbohydrate concentration 

was calculated and expressed as milligrams of glucose equivalent (GluE) per gram of dry 

matter. 

2.5. Bioinformatics modeling 

In this study, bioinformatics modeling was performed using two distinct analytical 

approaches to gain an in-depth understanding of the mechanisms involved in the antioxidant 

potential of the compounds and their interactions with key proteins in nitrogen metabolism. 

2.5.1. Quantitative Analysis of Structure and Antioxidant Potential 

The first approach was to establish a quantitative relationship between the chemical structure 

of compounds A, B, C, D, and E and their antioxidant potentials using QSAR (Quantitative 

Structure-Activity Relationship) modeling [40-41]. This method involved using various 

molecular descriptors to characterize the properties of the compounds and understand the 

mechanisms underlying their antioxidant activity [42]. 

The molecular descriptors were classified as follows: 

• Physicochemical descriptors: They include the molecular formula, molecular weight, 

and the percentages of elements such as carbon (C%), hydrogen (H%), nitrogen (N%), and 

oxygen (O%). These parameters, such as molar volume, molar refractive power, density, 

surface tension, and polarizability, provide information about molecules' size, shape, and 

potential interactions. 

• Topological Descriptors: Including the Balaban index, cluster count, and topological 

indices such as the Wiener Index and topological diameter. These descriptors assess the 

connectivity and structure of molecules, helping to understand their complexity and overall 

properties. 

• Electronic descriptors: They include EHOMO, ELUMO and EGAP which are respectively 

the energy of the highest occupied molecular orbital, the energy of the lowest unoccupied 

molecular orbital and the energy gap. These descriptors provide essential information on the 

chemical reactivity and electronic stability of molecules. From these parameters, other 

properties such as chemical hardness (η), electronegativity (χ) and electrophilicity index (ω) 

have been determined. 
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• Molecular Dynamics Descriptors: These include molecular flexibility (S) and shape 

coefficient, which help to understand the dynamics of molecules and their ability to adopt 

different conformations. 

The chemical structures of the compounds were drawn with ChemBiodraw Ultra, and energy 

was minimized using the MMFF94 model in ChemDraw 3D. The descriptors were 

calculated and were presented in Table S2 [43].  

2.5.2. Molecular Screening of Protein-Ligand Interactions 

The second approach consisted of a molecular screen to evaluate the interactions between the 

five compounds and proteins essential for nitrogen management and fixation in various 

organisms, including microalgae. Three selected proteins, available in the RCSB database 

(PDB identifiers: 1LLW, 2MH7, 7U6O), were chosen for their relevance in the study of 

interactions with antioxidant compounds. Protein structures were prepared using BIOVIA 

Discovery Studio Visualizer to remove heteroatoms, cocrystallized ligands, and solvents to 

perform this analysis. Autodock 4 and Autogrid 4 tools were used to assign polar charges 

and generate optimized pdbqt files. Compounds were drawn with ChemDraw Ultra, 

energetically minimized with Chem 3D Pro, and then converted to pdbqt format via 

OpenBabel. Virtual screening was performed with Autodock 4, and ligand-protein 

interactions were visualized and analyzed with BIOVIA Discovery Studio Visualizer. Ligand 

poses were validated by calculating the root mean square deviation (RMSD), ensuring values 

below 2.0 for ligands re-docked by co-crystallization. This approach allowed us to determine 

the specific interactions between compounds and proteins, contributing to a detailed 

understanding of the potential effects of these compounds in the targeted metabolic 

processes [44-45]. 

2.6. Statistical studies  

Statistical approaches were employed in this study to model and understand the complex 

relationships between the biological properties of the compounds and their molecular 

characteristics, thus providing an in-depth view of their antioxidant potential as well as their 

interaction with various experimental factors, both in vivo and in silico. 

In the first, values were obtained from three replicates for each assay to ensure the accuracy 

of the results. Statistical analysis of numerical data was performed using Type A uncertainty 

assessment, and tests were subjected to Student's t-test (p < 0.05) to determine their 

significance. 

An analysis of variance (ANOVA) was applied to identify significant differences between 

groups of samples, followed by Tukey's test. This multiple test detected significant variations 

between groups and provided a detailed assessment of the differences. 

Correlations between variables were examined using principal component analysis (PCA) 

and multiple linear regression (MLR). These methods were used to establish relationships 

between the antioxidant profile and two sets of variables: on the one hand, the composition 

of the biomolecules (such as the content of carotenoids, phenolic compounds, and 

carbohydrates) and, on the other hand, the calculated descriptors. PCA allowed the reduction 

of the dimensionality of the data by keeping only the most relevant factors and eliminating 
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those that are highly correlated with each other, thus simplifying the correlation matrix. 

MLR was used to establish a mathematical relationship between the antioxidant profile and 

the factors studied, whether they are the metabolite composition or the molecular descriptors. 

This method assumes a linear relationship between the dependent variable (the antioxidant 

properties) and the independent variables (the metabolite compositions or the descriptors). 

 

3. Results 

3.1. Microalgae growth 

The cultures of Tisochrysis lutea microalgae were carried out in different culture media 

containing nanonutrients (A: Urea, B: Methylurea, C: Tetramethylurea, D: Cyanoguanidine, 

E: Diurethane dimethacrylate) with a concentration of 250 mM. Table 1 presents the 

evolution of the number of microalgae cells in these different culture media, as well as a 

control, over 15 days. All media with urea-based nanonutrients showed an effect on the 

growth of the strains, which allowed to classify the growth as follows: Urea > Methylurea > 

Cyanoguanidine > Tetramethylurea > Diurethane dimethacrylate. 

Media containing urea and methylurea showed greater growth and reached a higher number 

of microalgae cells compared to the other media and the control, with 10×10⁶ cells/mL and 

9×10⁶ cells/mL, respectively. The media with nanonutrients cyanoguanidine and 

tetramethylurea showed moderate growth, with cell numbers ranging from 7×10⁶ cells/mL to 

8×10⁶ cells/mL. The medium with nanonutrient E showed slightly lower growth compared to 

the control, with 5×10⁶ cells/mL. 

The overall results proved the effect of nitrogen-based nanonutrients on the growth of the 

microalgal strain T. lutea. 

Figure 1 Growth curves of T. lutea cultured with different urea-based nanonutrients. 

 

  

0

2

4

6

8

10

12

0 3 6 9 12 15

×1
06

C
el
ls
.m

L
-1

days

Temoi

n

A



317 Ayoub Ainane et al. Antioxidant Potential of Tisochrysis lutea....                                          
 

Nanotechnology Perceptions Vol. 20 No.4 (2024) 

3.2. Antioxidant activity and chemical profiles 

A series of maceration extractions were performed after cultivating T. lutea microalgae in 

media enriched with different urea-based nanonutrients. First, the antioxidant activity was 

measured using three methods (DPPH radical decolorization, FRAP, and ICA). Table 1 

presents the results obtained for these antioxidant activities. According to the three methods, 

all the extracts of the cultures with nanonutrients revealed higher antioxidant activities than 

the control. The culture extract with urea presented higher values (1.37 mg TE.g-1 DW 

according to DPPH, 7.12 mg GAE·g⁻¹ DW according to FRAP, and 17.41 mg EDTA·g⁻¹ 

DW according to ICA). In addition, the extracts from other cultures also showed significant 

values. 

On the other hand, the chemical profiles were established by the quantification of the 

essential secondary metabolites: total carotenoid content (TCD), total polyphenols content 

(TPC), and total carbohydrates content (TCC). Table 2 presents the results obtained during 

the quantification of these secondary metabolites. All microalgae extracts presented higher 

total carotenoid and polyphenol contents compared to the control, with values ranging from 

26.21 mg g⁻¹ DW to 44.15 mg g⁻¹ DW for total carotenoids, and from 13.82 mg GAE g⁻¹ 

DW to 19.10 mg GAE g⁻¹ DW for total polyphenols. In contrast, the total carbohydrate 

content of all microalgae extracts was lower compared to the control, with all values below 

31.12 mg GluE·g⁻¹ DW. 

Table 1 Antioxidant activities of T. lutea microalgae cultured with different urea-based 

nanonutrients according to three methods: DPPH radical decolorization assay, the FRAP 

assay, and the ICA. 
Culture  Y1 : DPPH  

(mg TE .g−1 DW) 

Y2 : FRAP  

(mg GAE .g−1 DW) 

Y3 : ICA  

(mg EDTA. g−1 DW) 

Control culture 0.55 ± 0.06 a 1.31 ± 0.05 a 14.80 ± 0.24 a 

A 1.37 ± 0.14 d 7.12 ± 0.85 d 17.41 ± 0.81 b,c  

B 0.92 ± 0.08 c 5.44 ± 0.55 d 16.75 ± 0.70 b 

C 0.70 ± 0.06 b 2.18 ± 0.15 c 15.98 ± 0.33 b 

D 0.86 ± 0.09 c 2.15 ± 0.15 c 16.20 ± 0.74 b,c 

E 0.63 ± 0.05 a,b 1.88 ± 0.05 b 15.03 ± 0.38 a 

Different letters in the same row indicate significant differences according to Tukey's test 

(p < 0.05). * Values are significant at p < 0.05. (-): Not tested. 

Abbreviation : DPPH, 1,1-diphenyl-2-picrylhydrazil ; FRAP, ferric reducing antioxidant 

power ; ICA, iron chemation assay 

Table 2 Secondary metabolite composition of T. lutea microalgae cultured with different 

urea-based nanonutrients. 
Culture X1 : TCD  

(mg .g−1 DW) 

X2: TPC   

(mg GAE .g−1  DW) 

X3 :TCC  

(mg GluE . −1  dw) 

Control culture 25.20 ± 1.48 a 12.77 ± 0.82 a 31.12 ± 0.90 a 

A 44.15 ± 2.48 d 19.10 ± 0.84 d 24.36 ± 0.30 f 

B 31.25 ± 1.35 c 15.45 ± 0.66 c 25.00 ± 0.24 e 

C 28.32± 1.48 b 14.29 ± 0.65 b 27.12 ± 0.32 d 

D 28.44 ± 1.17 b 14.30 ± 0.60 b 26.15 ± 0.44 c 

E 26.21 ± 1.22 a 13.82 ± 0.60 a,b 29.01 ± 0.82 b 
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Different letters in the same row indicate significant differences according to Tukey's test 

(p < 0.05). * Values are significant at p < 0.05. (-): Not tested. 

Abbreviation : TCD, Total carotenoid: TPC, Total Phenolic content ; TCC, total 

carbohydrate content 

3.3. Correlation of antioxidant activities with chemical profiles 

Correlations between antioxidant activities and chemical profiles were established using two 

statistical methods: principal component analysis (PCA) and multiple linear regression 

(MLR) (Table S3 and Table S4). The principal component analysis, presented in Figure 2, 

showed that the antioxidant activity measured by the three methods (DPPH, FRAP, and ICA) 

is well correlated with the TCD and TPC. In contrast, the antioxidant activity did not show a 

significant relationship with TCC. Following the PCA results, a multiple linear regression 

was performed for the antioxidant activity using the two essential parameters: TCD and 

TPC. Table 3 presents the model equations coefficients of determination (R²), as well as the 

mean square errors (MSE) and root mean square errors (RMSE). According to the RLM 

results, the regression models for DPPH and FRAP perform very well, with coefficients of 

determination of 0.95 for DPPH and 0.96 for FRAP. On the other hand, the model for ICA, 

with a coefficient of determination of 0.74, does not show such a strong correlation. In 

general, both statistical tools PCA and RLM have allowed us to highlight significant 

correlations between the antioxidant activities of microalgae extracts and some chemical 

profiles. TCD and TPC contents are reliable indicators of antioxidant activity, especially for 

DPPH and FRAP methods. TCC, however, does not show a significant correlation with 

antioxidant activity [46-48].  

Figure 2 Correlations between antioxidant activities and chemical profiles according to PCA. 
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Table 3 Correlations between antioxidant activities and chemical profiles according to MLR. 
Y1 : DPPH Equation Y1 = -0.317 + (0.041×X1) – (0.004×X2) 

R² 0.95 

MSE 0.008 

RMSE 0.092 

Y2 : FRAP  Equation Y2  = -48.708 – (1.876×X1) + (7.269×X2) 

R² 0.96 

MSE 0.416 

RMSE 0.645 

Y3 : ICA  Equation Y3  = 11.095 + (0.014×X1) + (0.308×X2) 

R² 0.74 

MSE 0.409 

RMSE 0.640 

3.4. Correlation of antioxidant activities with molecular descriptors 

Correlations between antioxidant activities and the 28 descriptors were established using two 

statistical methods: PCA and MLR (Table S5). The principal component analysis, presented 

in Figure 3, showed that the antioxidant activity measured by the three methods (DPPH, 

FRAP, and ICA) is well correlated with the six descriptors Z4 (N%), Z18 (Shape 

Coefficient), Z20 (Total Connectivity), Z23 (ELUMO), Z24 (Energy gap EGAP) and Z25 

(Chemical hardness η). On the other hand, the antioxidant activity did not show any 

significant relationship with the other molecular descriptors. Following these PCA results, a 

multiple linear regression was performed for the antioxidant activity using the five essential 

descriptors: Z4, Z18, Z20, Z23, Z24, and Z25. Table 4 presents the model equations 

coefficients of determination (R²) and the MSE and RMSE. According to the RLM results, 

the multiple linear regression models for the DPPH, FRAP, and ICA variables perfectly 

explain the data variance (with R2 of 1 for each), and the prediction errors are extremely 

small. This may suggest that the model is very well adapted to the training data used. 

The relationship between the antioxidant profile and chemical descriptors such as nitrogen 

percentage (N%), shape coefficient, total connectivity, energy of the highest occupied 

molecular orbital (ELUMO), EGAP, and chemical hardness (η) can be interpreted by their 

influences on the structure and reactivity of molecules: 

• The nitrogen percentage (N%) influences the formation of hydrogen bonds and the 

electron distribution, thus affecting the antioxidant activity [49]. 

• The shape coefficient evaluates the molecular geometry, where a specific shape can 

enhance the interaction with free radicals [50]. 

• Total connectivity is associated with structural complexity, where higher 

connectivity can stabilize free radicals via resonance mechanisms [51]. 

• The energy of the lowest unoccupied molecular orbital (ELUMO) reflects the ability of 

the molecule to accept electrons, which is essential for antioxidant reactions [52]. 

• The energy gap (EGAP) between occupied and unoccupied molecular orbitals 

indicates stability and reactivity, with a smaller EGAP favoring easy interaction with free 

radicals (Figure 4) [53]. 
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• Finally, chemical hardness (η) measures the resistance of a molecule to changing its 

electron density, with a lower hardness making the molecule more reactive and effective as 

an antioxidant [54]. 

Figure 3 Correlations between antioxidant activities and molecular descriptors according to 

PCA. 

 

Table 4 Correlations between antioxidant activities and molecular descriptors according to 

MLR. 
Y1 : DPPH Equation Y1 = −1.9764 – (0.0128⋅Z4) + (0.2194×Z18) + (0.0538×Z20) – 

(0.1892×Z23) + (0.2037×Z24) + (0.1018×Z25) 

R² 1 

MSE 1.378×10−30 

RMSE 1.174×10−15 

Y2 : FRAP  

 

Equation Y2 = −18.3791 – (0.1269×Z4) + (0.0924×Z18) + (0.3448×Z20) – 

(1.3669×Z23) + (1.6479×Z24) + (0.8240×Z25) 

R² 1 

MSE 3.179×10−29 

RMSE 5.638×10−15 

Y3 : ICA  

 

Equation Y3 = 10.1280 – (0.0241×Z4) + (0.2123×Z18) + (0.0907×Z20) – 

(0.2930×Z23) + (0.4116×Z24) + (0.2058×Z25) 

R² 1 

MSE 3.787×10−30 

RMSE 1.946×10−15 
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Figure 4. Distribution of molecular orbitals of different molecules of urea derivatives 

 

3.5. Molecular Docking Study 

For molecular docking, urea and its derivatives (A, B, C, D, and E) as nitrogen ligands were 

studied with three proteins: 1LLW, 2MH7, and 7U6O. These proteins are essential for 

nitrogen management and fixation in various organisms, including microalgae: 

• Protein 2MH7 represents an iron-sulfur protein, acting as an electron carrier in many 

metabolic processes, including nitrogen fixation. This protein is important for transferring 

electrons to nitrogenase and other enzymes essential for nitrogen fixation [55]. 

• Protein 1LLW corresponds to Glutamate Synthase (GOGAT), an enzyme involved 

in the glutamic acid cycle. GOGAT synthesizes glutamine from glutamate and ammonia, 

playing an essential role in nitrogen metabolism in microalgae. This enzyme is essential for 

nitrogen metabolism, allowing cells to produce nitrogen compounds necessary for their 

growth and function [56]. 

• The 7U6O protein represents Glutamine Synthetase (GS), a key enzyme in nitrogen 

metabolism. GS catalyzes the synthesis of glutamine from glutamate and ammonia. It is 

involved in ammonia assimilation and regulation of nitrogen concentration in cells, playing a 

vital role in maintaining nitrogen balance and providing glutamine for various biosynthetic 

pathways [57]. 

Figure 5 presents the 2D images of the molecular docking of urea and its derivatives with the 

proteins 1LLW, 2MH7, and 7U6O involved in the mechanism of antioxidant activity. 

Preliminary analysis of this figure showed that conventional hydrogen bonding is indeed 

involved in most of the interactions between ligands and proteins. This proves the 

contribution to stability, specificity, orientation, and affinity of the interactions between 

ligands and their targets. These interactions are essential to accurately predict the complexes 



                                                Antioxidant Potential of Tisochrysis lutea…. Ayoub Ainane et al. 322  
 

Nanotechnology Perceptions Vol. 20 No.4 (2024) 

formed and to design efficient ligands to develop new nitrogen-based nanonutrients, 

especially urea synthesis derivatives. 

Figure 5 2D docked views of urea and its derivatives with proteins 1LLW, 2MH7, 7U6O 

involved in the mechanism of antioxidant activity. 
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Binding Free Energy data for molecular dockings have been grouped in Table 5, and their 

correlations with urea and its derivatives are presented in Figure 5. PCA of molecular 

docking data revealed a significant correlation between most binding free energies of urea 

and its derivatives, particularly methylurea, tetramethylurea, and cyanoguanidine. These 

correlation results suggest uniformity and consistency in the molecular interactions studied. 

This can be interpreted as a positive sign indicating that ligands and targets have similar 

features that influence their binding energies [58]. 

Table 5 Binding Free Energy for molecular dockings. 
Compounds 1LLW 2MH7 7U6O 

A -3.9 -17.5 -3.3 

B -3.9 -20.5 -3.7 

C -3.6 -25.4 -3.8 

D -4.1 -21.3 -3.7 

E -7.2 -48.9 -6.8 
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Figure 5 Correlations with PCA of all binding free energies for molecular dockings. 

 

 

4. Discussion 

T. lutea culture enriched with urea-based nanonutrients was examined to assess its 

antioxidant potential and establish correlations with secondary metabolites as well as 

computational descriptors. This research explored the benefits of urea-based nanonutrients in 

enhancing the production of bioactive metabolites in microalgae using in vitro and in silico 

methods. T. lutea, marine microalgae known for their advanced biotechnological 

applications, were cultured in media containing different nanonutrients such as urea, 

methylurea, tetramethylurea, cyanoguanidine, and diurethane dimethacrylate at a 

concentration of 250 mM. A control without nanonutrients was also maintained for 

comparison. After cultivation, a series of maceration extractions were performed to isolate 

the bioactive compounds from the microalgae. 

The antioxidant activity of the extracts was measured using three methods: DPPH, FRAP, 

and ICA. All extracts from nanonutrient-enriched cultures showed high antioxidant activities 

compared to the control. In addition, all extracts from nanonutrient-enriched cultures had 

higher total carotenoid and polyphenol contents compared to the control. On the other hand, 

the total carbohydrate content of all microalgae extracts decreased compared to the control, 

proving the positive effect of urea and its derivatives on antioxidant activity, carotenoids, 

and polyphenols, and the negative effect on carbohydrates [59]. 
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Correlations between antioxidant activities and chemical profiles were established using two 

statistical methods: principal component analysis (PCA) and multiple linear regression 

(MLR). PCA showed that the antioxidant activity measured by the three methods (DPPH, 

FRAP and ICA) was well correlated with total carotenoid content (TCD) and total 

polyphenols (TPC). In contrast, antioxidant activity did not show a significant relationship 

with total carbohydrates (TCC). Following the PCA results, an MLR was performed for 

antioxidant activity using the two essential parameters: total carotenoid content (TCD) and 

total polyphenols (TPC). The regression models for DPPH and FRAP performed very well, 

while the model for ICA did not show such a strong correlation [60]. 

In addition, correlations between antioxidant activities and the 28 molecular descriptors were 

established using the same statistical methods. PCA showed that antioxidant activity 

measured by the three methods (DPPH, FRAP, and ICA) was well correlated with six 

descriptors: Z4 (N%), Z18 (Shape coefficient), Z20 (Total connectivity), Z23 (ELUMO), 

Z24 (EGAP energy gap) and Z25 (Chemical hardness η). In contrast, antioxidant activity did 

not show any significant relationship with other molecular descriptors. Following these PCA 

results, an MLR was performed for antioxidant activity using the five essential descriptors: 

Z4, Z18, Z20, Z23, Z24, and Z25. The MLR results showed that multiple linear regression 

models for DPPH, FRAP, and ICA variables explained the variance of the data perfectly [61-

62]. 

For molecular docking, urea and its derivatives were used as nitrogen ligands. Three proteins 

were involved in this computational approach: 1LLW, 2MH7, and 7U6O, which are essential 

for nitrogen management and fixation in various organisms, including microalgae. Analysis 

of molecular docking images of urea and its derivatives with proteins showed that 

conventional hydrogen bonding was indeed involved in most of the interactions between 

ligands and proteins. This proved the contribution to stability, specificity, orientation, and 

affinity of interactions between ligands and their targets [63-65]. These interactions were 

essential to accurately predict the complexes formed and to design efficient ligands in the 

development of new nitrogen-based nanonutrients, especially urea synthesis derivatives. 

Binding Free Energy data for molecular dockings were analyzed and correlated. The results 

demonstrated uniformity and consistency in the molecular interactions studied, indicating 

that ligands and targets had common features that similarly influenced their binding energies 

[66-67]. 

Our study demonstrated a high antioxidant potential of T. lutea cultures enriched with urea-

based nanonutrients compared to the control, highlighting the effectiveness of nitrogen 

nanonutrients in improving the bioactive properties of microalgae. Statistical tools allowed 

to identify and quantify the relationships between antioxidant activities and chemical profiles 

as well as between molecular descriptors. Significant correlations were established between 

antioxidant activity and total carotenoid and total polyphenol contents, as well as with some 

molecular descriptors. In addition, the study of molecular docking of the interactions 

between urea and its derivatives with proteins essential for nitrogen management highlighted 

specific and stable interactions, confirming the relevance of these derivatives as effective 

nanonutrients. 

Comparatively, the research of Zarrinmehr et al. (2020) [68] investigated the effect of 
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nitrogen concentration on the growth and biochemical composition of the microalga 

Isochrysis galbana. They found that decreasing nitrogen concentration decreased cell growth, 

pigments, and protein content. However, carbohydrates showed the highest value under total 

nitrogen deprivation. Polyunsaturated fatty acids (PUFAs) increased under sufficient 

nitrogen concentrations, while saturated fatty acids (SFAs) were higher under nitrogen 

deprivation. These results show that nitrogen concentration significantly affects the growth 

and biochemical composition of I. galbana, directly influencing secondary metabolites such 

as carbohydrates and fatty acids. 

Coulombier et al. (2020) [69] investigated the effect of nitrogen availability on the 

antioxidant activity and carotenoid content of the microalga Nephroselmis sp. They observed 

increased carotenoid biosynthesis and higher antioxidant capacity under nitrogen-replete 

conditions. Pigment analyses revealed a specific photosynthetic system with siphonaxanthin-

type light-harvesting complexes and high lutein and xanthophyll cycle pigment content. 

Peroxyl radical scavenging activities and total carotenoids were higher under nitrogen-

replete conditions, while levels decreased under nitrogen-limiting or nitrogen-starved 

conditions. These results indicate that Nephroselmis sp. has significant potential as a natural 

source of antioxidants and pigments of interest, and that nitrogen availability plays a good 

role in the accumulation of these secondary metabolites. 

Şirin et al. (2024) [70] explored the effects of nitrogen starvation on the growth and 

biochemical composition of Dunaliella tertiolecta, Phaeodactylum tricornutum, and 

Nannochloropsis oculata. Nitrogen starvation caused significant changes in the carbohydrate, 

protein, lipid, and fatty acid compositions of these microalgae. Under nitrogen stress, the 

carbohydrate content of D. tertiolecta increased by 59%, while the lipid level increased by 

139% in P. tricornutum compared with the control groups. Nitrogen starvation also increased 

the oligosaccharide and polysaccharide contents of D. tertiolecta by a factor of 2.3 and 7.4 

times, respectively. This increase is essential for the use of these microalgae as biodiesel 

feedstocks. In addition, nitrogen deprivation increased the contents of eicosapentaenoic acid 

in N. oculata and docosahexaenoic acid in P. tricornutum. These results demonstrate that 

nitrogen deprivation can increase the amounts of polyunsaturated fatty acids (PUFAs), 

eicosapentaenoic acid, docosahexaenoic acid, oligosaccharides, and polysaccharides, thereby 

significantly influencing secondary metabolites. 

Manoyan et al. (2024) [71] investigated the effects of sulfur (S) and nitrogen (N) deprivation 

on photosynthetic pigments, polyphenols, photosystem activity, and hydrogen (H2) 

production in Chlorella vulgaris and Parachlorella kessleri. S and N deprivation decreased 

the growth of both cultures, accompanied by decreased photosynthetic pigments, PS II 

activity, and polyphenol synthesis. However, S and N deprivation increased H2 production, 

with P. kessleri generating more H2 than C. vulgaris under anaerobic conditions deprived of 

N and S. Inhibition of H2 production by DCMU confirmed the involvement of PS II in this 

process. These results show that nitrogen deprivation can also influence the production of 

secondary metabolites such as hydrogen, a potential biofuel. 

El-Sheekh et al. (2024) [72] studied the effects of salinity, nitrogen, and phosphorus 

deficiency on the growth and photosynthetic activity of the marine microalga Dunaliella 

parva. They found that nitrogen and phosphorus deficiency decreased the growth rate and 
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metabolic activities. Under salt stress combined with nitrogen deficiency, glycerin 

production increased, while glycerin synthesis decreased under 1 M NaCl salt stress and 

phosphorus deficiency. These results suggest that nitrogen deprivation, combined with other 

stresses, can modulate the production of secondary metabolites such as glycerin and 

antioxidant enzymes, playing a important role in the salinity tolerance mechanism of D. 

parva. 

In conclusion, the effect of nitrogen on microalgae cultures and their secondary metabolites 

varies depending on species and culture conditions. Our study and comparative work show 

that nitrogen plays an essential element in regulating growth, biochemical composition and 

production of secondary metabolites, thus directly influencing the potential biotechnological 

applications of microalgae. 

In conclusion, our study shows that nitrogen plays a fundamental role in microalgae 

cultivation, influencing their growth, biochemical composition and the production of 

bioactive molecules. For Tisochrysis lutea, the antioxidant potential is strongly correlated 

with the content of carotenoids and polyphenols, essential bioactive compounds in the 

neutralization of free radicals. In addition, some molecular descriptors, related to chemical 

and structural properties, have also shown a correlation with antioxidant activity, 

highlighting the importance of molecular composition in antioxidant efficacy. The use of 

urea-based nanonutrients enhances these effects by improving nitrogen management and 

increasing the production of carotenoids and polyphenols. These nanonutrients allow to 

stabilize key molecular interactions, which amplifies the antioxidant potential of Tisochrysis 

lutea. Thus, enriching cultures with these urea-based nanonutrients could not only optimize 

the antioxidant properties of this microalgae but also open new perspectives for its use in 

biotechnological applications. Our study highlights the importance of a thorough 

understanding of chemical interactions to maximize the bioactive capacities of microalgae 

(Figure 6). 

Figure 6 Correlation mechanism between chemical composition and antioxidant potential of 

Tisochrysis lutea grown with urea-based nanonutrients. 
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5. Conclusion 

T. lutea culture enriched with urea-based nanonutrients demonstrated remarkable antioxidant 

potential, with significant correlation with secondary metabolites, including carotenoids and 

polyphenols, as well as with molecular descriptors such as nitrogen percentage, shape 

coefficient, total connectivity, ELUMO, EGAP, and η. Molecular interactions, studied via 

molecular docking, revealed specific and stable interactions, suggesting the potential 

antioxidant efficacy of urea derivatives as nanonutrients. The results obtained encourage 

further investigations to optimize the use of nitrogen-based nanonutrients, especially urea 

synthesis derivatives, to maximize the production of high value-added bioactive compounds. 

This research contributed to a better understanding of the mechanisms underlying 

interactions between nanonutrients and microalgae, opening opportunities for the 

development of new strategies for enriching microalgae cultures for biotechnological 

purposes. By combining in vitro and in silico approaches, this study provided a solid 

foundation for the future development of advanced algal biotechnologies, exploring and 

validating the complex interactions between microalgae and nanonutrients. 
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