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ABSTRACT 
Sustainable and environmentally friendly technologies are increasingly required to improve the nutritional 
quality of plant resources while supporting sustainable food systems. Moringa oleifera seeds are a nutrient-
dense resource with considerable potential for food and nutraceutical applications; however, their utiliza-
tion remains limited by the presence of antinutritional compounds. This study aimed to compare the ef-
fectiveness of three seed priming techniques hydropriming (distilled water, HG), chemopriming (ascorbic 
acid, CG), and biopriming (M. oleifera leaf extract, MG) to identify the most effective treatment for si-
multaneously improving the nutritional composition, monosaccharide profile, bioactive compound content, 
and antioxidant capacity while reducing antinutritional factors in germinated M. oleifera seed flour. Treated 
seeds were evaluated for proximate composition, monosaccharide profile, antinutritional factors, extraction 
yield, phenolic compounds, and antioxidant activity. Our results demonstrate a significant improvement (p < 
0.05) in both nutritive and bioactive features. MG produced the greatest increases in protein (+7.62%), fiber 
(+11.52%), ash (+14.41%), total phenolics (+82.62%), and flavonols (+103%), while markedly reducing al-
kaloids (−29.03%), oxalates (−55.97%), saponins (−41.18%), and phytates (−61.78%). Concurrently, priming 
treatments altered the monosaccharide composition by introducing additional sugars and increasing soluble 
sugar concentrations. Furthermore, antioxidant capacity was significantly enhanced in all treated samples, 
with CG exhibiting the strongest DPPH, ABTS, and FRAP scavenging activities. These findings demonstrate 
that eco-friendly priming-assisted germination represents an effective green biotechnological strategy for 
upgrading the nutritional and functional value of M. oleifera seeds. The proposed approach contributes to the 
sustainable valorization of plant resources and supports the development of functional ingredients for envi-
ronmentally responsible food and nutraceutical systems.
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INTRODUCTION 

In contemporary society, the shift toward 
health-conscious dietary habits has stimulated a 
growing demand for functional foods rich in bio-
active compounds (Carović-Stanko et al., 2016). 
Moringa oleifera stands as a prime example, as 
nearly every part of the plant holds nutritional, 
medicinal, and industrial value (Ijarotimi et al., 
2013). Due to its notable climatic adaptability, 
this species, originally from the sub-Himalayan 
region, is now widely distributed and cultivat-
ed throughout tropical and subtropical regions 
(León-López et al., 2019). This plant offers a 
strategic alternative to address nutritional defi-
ciencies and sustainably improve food security 
amid worldwide cereal shortages (El-Anoos et 
al., 2022). Despite their richness, Moringa seeds 
require further processing, as raw flour lacks the 
functional and nutritional properties needed by 
the food industry (Chinma et al., 2017). 

Nutritional properties can be modulated 
through technological and biotechnological pro-
cesses, with germination representing a sustain-
able biotechnological strategy to reduce antinutri-
tional factors while enhancing the bioavailability 
of health-promoting metabolites (León-López et 
al., 2019; Santos et al., 2020). Over the past de-
cade, sprout-based foods have gained growing 
attention, driven by plant-based dietary trends 
and health awareness (Frimpong et al., 2025). 
Germination can be enhanced through seed pre-
treatments such as priming, a widely adopted 
technique for improving seed vigor and germi-
nation performance (Duary, 2020). Depending 
on the desired outcome, different priming meth-
ods, including hydropriming, chemopriming, and 
other approaches, may be employed (Koushal et 
al., 2024). While hydropriming remains the sim-
plest method, chemical priming, using natural or 
synthetic protective compounds, more effectively 
accelerates germination and enhances seed tol-
erance to environmental stresses (Duary, 2020; 
Frimpong et al., 2025). Ascorbic acid is a promis-
ing priming agent that mitigates oxidative stress 
and regulates plant growth via phytohormone bio-
synthesis (Soares et al., 2023). Biological prim-
ing successfully stimulates plant development by 
using naturally occurring nourishing compounds 
(Soares et al., 2023). Moringa leaf extract (MLE) 
is a notable eco-friendly example, readily appli-
cable by farmers (Nouman et al., 2014). Its rich 
content of antioxidants, vitamins, minerals, and 

phytohormones enhances seed biochemical prop-
erties and promotes plant growth under both nor-
mal and stress conditions (Khan et al., 2017).

Although seed priming has been extensively 
investigated as a strategy to improve germina-
tion, seedling establishment, and subsequent 
plant growth and productivity (Khan et al., 2022; 
Soares et al., 2023), its potential to enhance the 
nutritional and functional quality of seeds in-
tended for human consumption has received far 
less attention. In M. oleifera, previous food-ori-
ented studies have mainly focused on germina-
tion or conventional hydropriming (Matthew et 
al., 2022; Ndife et al., 2020; Rayan and Embaby, 
2016; Saa et al., 2022), whereas the effects of oth-
er environmentally friendly priming techniques 
on the biochemical and functional quality of ger-
minated seeds remain largely unexplored. The 
physiological changes induced by seed priming, 
including de novo protein and nucleic acid syn-
thesis, may improve seed quality and offer prom-
ising opportunities for food applications (Ellouzi 
et al., 2021). In this regard, combining different 
priming techniques with germination represents 
a sustainable strategy for producing protein-rich 
flours with lower levels of antinutritional com-
pounds (Frimpong et al., 2025).The present study 
addresses this gap by systematically comparing 
hydropriming, chemopriming, and plant-based 
biopriming combined with germination, focusing 
on the nutritional and phytochemical quality of 
M. oleifera seeds rather than plant growth per-
formance. This work highlights seed priming as 
a sustainable metabolic strategy to enhance seed 
nutritional value for food applications.

MATERIAL AND METHODS

Plant material and seed collection

Fully matured Moringa oleifera Lam. seeds 
were collected in January 2024 from healthy, lo-
cally grown trees in the Blida region, Algeria. Af-
ter harvest, seeds were manually separated from 
the pods and carefully cleaned to remove dust, 
plant debris, damaged seeds, and other foreign 
materials. Only healthy, fully developed seeds 
of uniform maturity were selected for the experi-
ments. The cleaned seeds were sealed in airtight 
polyethylene bags and stored at 4 °C until use to 
preserve their viability, minimize moisture up-
take, and prevent microbial contamination.
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Preparation and processing of M. oleifera 
seeds

Seed dehulling and constitution of 
experimental batches

M. oleifera seeds were manually dehulled, 
retaining only the kernels for all experimental 
treatments, while the hulls were retained for sub-
sequent valorization. Kernels were then carefully 
sorted and cleaned to eliminate impurities, includ-
ing sand, plant debris, damaged kernels, and for-
eign particles. Only healthy, intact, and uniformly 
sized kernels were selected for the experiments. 
The overall experimental workflow, including 
seed dehulling, priming treatments, germination, 
drying, milling, and flour production, is outlined 
in Figure 1. To minimize experimental variability, 
kernels were randomly assigned to the four treat-
ment groups, ensuring comparable seed size and 
visual quality among batches:
	• (UG): Raw, untreated, and ungerminated ker-

nels used as the control. 
	• (HG): Kernels subjected to hydropriming by 

soaking in distilled water prior to germination. 
	• (CG): Kernels subjected to chemopriming by 

soaking in an aqueous ascorbic acid solution 
prior to germination. 

	• (MG): Kernels subjected to biopriming by 
soaking in an aqueous M. oleifera leaf extract 
prior to germination. 

Priming treatment of samples

For each treatment, 100 g of dehulled kernels 
were surface sterilized by immersion in 1 L (1:10 
w/v) of 0.5% sodium hypochlorite solution for 
10 min to inhibit microbial contamination and 
mold growth. The kernels were then thoroughly 
rinsed three times with distilled water to remove 
residual sodium hypochlorite (León-López et 
al., 2019). The control kernels (UG) were dried 
at 40 °C for 24 h to determine their initial dry 
weight, then ground.

Prior to the main experiment, preliminary 
germination trials were conducted to determine 
the optimal concentration of ascorbic acid for 
chemopriming. Three concentrations (20, 50, and 
80 mg/L) were evaluated based on germination 
percentage and germination capacity. The con-
centration of 50 mg/L was selected for the subse-
quent experiments because it provided the high-
est germination performance, whereas the high-
est concentration (80 mg/L) resulted in a slight 
reduction in germination capacity, suggesting a 
concentration-dependent inhibitory effect.

Figure 1. Integrated experimental design and processing workflow for priming treatments and germination
of M. oleifera seeds toward functional flour production
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	• Hydropriming (HG) was carried out following 
Matthew et al. (2022), with minor modifica-
tions. The kernels were soaked in distilled wa-
ter. Hydropriming was chosen because it is a 
simple, cost-effective technique whose efficacy 
in stimulating seed vigor has been widely dem-
onstrated in the literature (Koushal et al., 2024).

	• Chemopriming (CG) was adapted from Soares 
et al. (2023). An aqueous ascorbic acid (AsA) 
solution of 50 mg/L was prepared, based on 
preliminary trials. AsA was chosen for its an-
tioxidant and protective properties, which en-
hance seed tolerance and physiological perfor-
mance (Duary, 2020).

	• Biopriming (MG) was adapted from Soares et 
al. (2023). An aqueous M. oleifera leaf extract 
(MLE) was prepared according to Basra et al. 
(2011). Briefly, young fresh leaves were frozen 
overnight, ground using a laboratory blender, 
filtered through muslin cloth, and the filtrate 
was diluted 30-fold (1:30, v/v) with distilled wa-
ter before use. MLE was chosen for its nutrient 
richness, bioactive compounds, and eco-friend-
ly, cost-effective nature (Soares et al., 2023).

For each treatment, the kernels were soaked 
in their respective priming solutions at a seed-to-
solution ratio of 1:10 (w/v) for 24 h at 25 ± 1 °C 
in the dark. Following priming, the kernels were 
drained, rinsed with distilled water, and immedi-
ately subjected to the germination process.

Germination of pretreated kernels

After soaking, the kernels were drained and 
evenly distributed in a single layer on moist-
ened standard filter paper placed in three in-
dependent plastic trays per treatment (Kacem, 
2024). Germination was carried out for 72 h at 
30 ± 1 °C in the dark. Moisture was maintained 
throughout the germination period by spraying 
the kernels with distilled water every 24 h to 
keep the filter paper uniformly moist while pre-
venting waterlogging. At the end of the germi-
nation period, the germinated kernels were im-
mediately collected for subsequent drying and 
flour preparation. The germination conditions 
were adapted from León-López et al. (2019), 
with minor modifications.

Figure 2. M. oleifera seed flour obtained from different priming treatments: UG – raw, ungerminated seeds;
HG – hydropriming; CG – chemopriming; MG – biopriming
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Drying and flour production

Following germination, the kernels were 
dried in a forced-air convection oven at 40 ± 
1 °C for 24 h. The dried kernels were then cooled 
to room temperature in a desiccator to prevent 
moisture reabsorption before being ground us-
ing a laboratory knife mill and sieved through 
an 80-mesh (180 µm) sieve to obtain homo-
geneous flour samples, as illustrated in Figure 
2 (Servín de la Mora-López et al., 2018). The 
resulting flours were immediately sealed in air-
tight polyethylene bags and stored at 4 °C until 
subsequent physicochemical, phytochemical, 
and antioxidant analyses.

Proximate chemical composition analysis

Moisture, ash, crude protein, crude fat, and 
crude fiber contents were determined according 
to the official methods of AOAC International 
(2019). Moisture was determined using Method 
925.10, ash using Method 923.03, crude protein 
by the Kjeldahl method (Method 979.09), crude 
fat by Soxhlet extraction (Method 920.39), and 
crude fiber using Method 962.09. Total carbohy-
drate content was calculated by difference. The 
Atwater general factors were used to determine 
the samples’ energy value, with proteins and 
carbs contributing 4 kcal/g and lipids contribut-
ing 9 kcal/g (FAO, 2003).

Analysis and identification 			 
of monosaccharides

Extraction and hydrolysis of polysaccharides 

Polysaccharides from M. oleifera flour sam-
ples were extracted using hot water and ethanol 
precipitation, then purified and lyophilized. For 
monosaccharide analysis, they were acid-hydro-
lyzed with TFA under nitrogen, centrifuged, and 
vacuum-dried (Lv et al., 2009). 

HPLC equipment and analytical conditions

Carbohydrate separation was performed us-
ing a Thermo Dionex Ultimate 3000 UHPLC sys-
tem coupled with an RID refractometer (ERC Re-
fractoMax 520 Refractive Index Detector), with 
a Thermo Scientific™ HyperREZ™ XP Carbo-
hydrate H+ column, length 300 mm, diameter 7.7 
mm, particle size 8 μm. The mobile phase was 
ultrapure H₂O, flow rate 0.4 mL/min in isocratic 

mode, separation temperature 30 °C, separation 
time: 45 min, 35 °C at the RID at 5 Hz. Before 
HPLC analysis, all extracts were filtered through 
a 0.22 µm filter and transferred to 2 mL HPLC 
vials. The injection volume was 20 µl. Peak iden-
tification was performed using Chromeleon soft-
ware with a standard curve ranging from 0.01 to 
1 mg/mL of the following carbohydrates: ribose, 
arabinose, fructose, glucose, galactose, mannose, 
and sucrose (with R2 > 0.98). 

Identification of antinutritional factors 

Determination of alkaloid content

Total alkaloid content was determined ac-
cording to Waseem et al. (2022). Briefly, 5 g of 
the sample was extracted with 10% (v/v) acetic 
acid in ethanol, filtered, and treated with am-
monium hydroxide to precipitate alkaloids. The 
precipitate was collected, oven-dried, and quan-
tified gravimetrically. Results were expressed as 
mg/100 g DW.

Determination of oxalate content

Oxalate content was determined by titration 
(Adeleke et al., 2017). Dry samples were acid-
digested in HCl, centrifuged, and filtered. The 
filtrate was treated with ammonia, precipitated 
with CaCl2, dissolved in H₂SO₄, and titrated with 
0.1 M KMnO4. The results were expressed as 
mg/100 g DW.

Determination of total saponins 

Total saponin content was determined follow-
ing Ejikeme et al. (2014) as adapted by Ibraheem 
et al. (2019). Samples were extracted with aque-
ous ethanol, purified by organic solvent extrac-
tion and salting-out, and dried. Results were ex-
pressed in g/100 g DW.

Determination of phytates

Phytate content was determined spectrophoto-
metrically according to Haug and Lantzsch (1983) 
Haug and Lantzsch (1983), as described by Was-
eem et al. (2022). Briefly, 1 g of the sample was 
extracted with 10 mL of 0.2 N HCl. The extract was 
reacted with ferric solution, centrifuged, and the su-
pernatant was mixed with 2,2′-bipyridine reagent. 
Absorbance was measured at 519 nm, and phytate 
content was quantified using a phytic acid standard 
curve. Results were expressed as mg/100 g DW.
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Extraction and quantification of bioactive 
compounds

Preparation of extracts

M. oleifera flour samples (03 g) were extract-
ed twice with 70% ethanol, sonicated, and centri-
fuged. Rotary evaporation was used to concentrate 
the mixed supernatants at 40 °C, and they were 
then chilled until analysis (Owon et al., 2021). 

Extraction yield

According to Falleh et al. (2008), the extrac-
tion yield (%) was estimated as the ratio of the 
dry weight of the evaporated extract to the dry 
weight of the sample, then multiplied by 100.

Total phenolic content (TPC)

The Folin-Ciocalteu technique was used to cal-
culate the total phenolic content (Singleton et al., 
1999). After mixing the extract with diluted Folin 
reagent, it was incubated, treated with Na2CO3, and 
measured at 725 nm. The results were given in mil-
ligrams of gallic acid equivalents per one hundred 
grams of dry matter (mg GAE/100 g DM).

Total flavonoid content (TFC)

The AlCl3 technique was used to figure out 
the total flavonoid content (Woisky and Salatino, 
1998). The absorbance was measured at 430 nm 
after the extract and 2% methanolic AlCl3 were 
combined and incubated for 15 min. The results 
were given in milligrams of quercetin equiva-
lents per one hundred grams of dry matter (mg 
QE/100 g DM).

Total flavonols content (TFLC)

The corresponding method was used to cal-
culate the total flavonol content (Mbaebie et al., 
2012). After mixing the extract with sodium ac-
etate and AlCl3 and incubating it for 2.5 h, the 
absorbance at 440 nm was measured. The results 
were given in milligrams of quercetin equiva-
lents per one hundred grams of dry matter (mg 
QE/100 g DM).

Hydrolysable tannin content (HTC)

The FeCl3 method (Mole and Waterman, 1987) 
was used to determine the amount of hydrolysable 
tannin. After the extract and FeCl3 solution were 
combined, the absorbance was observed at 660 

nm, and the results were reported in milligrams of 
tannic acid equivalents per one hundred grams of 
dry matter (mg TAE/100 g DM).

Evaluation of antioxidant activity

DPPH radical scavenging activity
According to Afify et al. (2012), the DPPH 

radical-scavenging capacity (RSC) was assessed. 
After combining the extract with DPPH metha-
nolic solution and letting it sit in the dark for 30 
minutes, the absorbance at 515 nm was measured. 

	 RSC (%) = (Acontrol − Asample) /
	 / Acontrol × 100	

(1)

ABTS radical scavenging activity
ABTS radical scavenging activity was evalu-

ated in line with (Afify et al., 2012). ABTS•+ was 
generated with potassium persulfate, diluted to 
A734₇ = 0.70 ± 0.02, and reacted with the extract 
for 30 min in the dark. 

	 AA (%) = (Acontrol − Asample) /
	 / Acontrol × 100	

(2)

Ferric reducing antioxidant power (FRAP)
The reducing power was determined accord-

ing to Tesfay et al. (2016). FRAP reagent (acetate 
buffer, Fe (II)-TPTZ, FeCl3) was freshly prepared. 
A sample (30 µL) was mixed with 900 µL FRAP 
reagent, and absorbance was read at 593 nm after 
10 min. The results were expressed as mg ascor-
bic acid equivalents per one hundred grams of dry 
matter (mg AAE/100 g DM). 

Statistical analysis

All experiments were conducted using three 
independent biological replicates, and the results 
are expressed as mean ± standard deviation (SD). 
Statistical analyses were performed using XL-
STAT 2016. Differences among treatments were 
assessed by one-way analysis of variance (ANO-
VA), followed by Tukey’s honestly significant 
difference (HSD) post hoc test for multiple com-
parisons. Differences were considered statisti-
cally significant at p < 0.05. To investigate the re-
lationships among treatments and measured vari-
ables, principal component analysis (PCA) was 
performed using the Pearson correlation matrix 
in XLSTAT 2016. In addition, hierarchical cluster 
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analysis (HCA) and the corresponding heatmap 
were generated from mean-centered and stan-
dardized (z-score) data using Euclidean distance 
and Ward’s hierarchical agglomerative clustering 
method to evaluate similarities among treatments 
and clustering patterns of the analyzed variables.

RESULTS AND DISCUSSION

Effects of priming treatments on the nutri-
tional composition of M. oleifera seed flour

The chemical composition of M. oleifera seed 
flour was evaluated to assess how various prim-
ing strategies combined with germination influ-
ence nutritional quality. Results are summarized 
in Table 1.

Moisture content

Priming treatments induced a slight but sta-
tistically significant reduction in moisture content 
(p < 0.05) compared to raw seeds (UG). This de-
crease may be attributed to the activation of pre-
germinative metabolism during priming, which 
facilitates water removal during drying (Liu et al., 
2025). All values fall within the moisture range 
(3.5–10.6%) reported for M. oleifera seeds (Saa 
et al., 2019). The downward trend after process-
ing is consistent with Ijarotimi et al. (2013), who 
reported lower moisture content in germinated 

flours (9.43%) compared to ungerminated ones 
(10.60%). Similarly, Matthew et al. (2022) report-
ed that priming followed by drying contributes 
to reducing the free water fraction in processed 
seeds. This reduction is beneficial for shelf-life, 
as moisture levels below 10% inhibit microbial 
growth and enhance physicochemical stability 
during storage (Matthew et al., 2022; Saa et al., 
2022), thereby improving the technological sta-
bility and storage potential of the resulting flour.

Ash content

Ash content varied significantly among treat-
ments (p < 0.05). Hydropriming (HG) led to a 
13.51% decrease, likely reflecting the leaching of 
water-soluble minerals into the soaking medium 
(Lemmens et al., 2019). In contrast, bioprim-
ing (MG) significantly increased ash content 
(+14.41%), suggesting an enrichment effect from 
the Moringa oleifera leaf extract, whose mineral 
constituents may have contributed to increasing 
the mineral fraction of the treated kernels (Khan 
et al., 2022; Yasmeen et al., 2013). Chemoprim-
ing also resulted in a slight increase in ash content 
compared with the untreated control, indicating 
that the nature of the priming solution influences 
mineral retention during seed processing. Chinma 
et al. (2017) reported increased ash content in ger-
minated Moringa seeds, from 3.85% to 4.92%, 
supporting the mineral enrichment observed in the 
MG and CG treatments. Overall, these findings 

Table 1. Chemical composition, monosaccharide content, and energy value of M. oleifera seed flour under different 
treatment conditions (UG – raw, ungerminated seeds; HG – hydropriming; CG – chemopriming; MG – biopriming)

Parameter (%) UG HG CG MG

Moisture 5.19 ± 0.03a 4.45 ± 0.04c 4.52 ± 0.02c 4.80 ± 0.02b

Ash 3.33 ± 0.12b 2.88 ± 0.08c 3.49 ± 0.13ab 3.81 ± 0.09a

Crude fiber 3.56 ± 0.12b 3.59 ± 0.04b 3.65 ± 0.09ab 3.97 ± 0.14a

Crude protein 36.96 ± 0.47c 38.16 ± 0.26b 39.20 ± 0.24ab 39.77 ± 0.13a

Crude fat 39.87 ± 0.11a 39.38 ± 0.46a 38.31 ± 0.09b 37.17 ± 0.15c

Carbohydrates 11.09 ± 0.76a 11.54 ± 0.72a 10.83 ± 0.27a 10.49 ± 0.52a

Energy (Kcal/100 g DW) 558.16 ± 0.96a 560.38 ± 2.37a 552.22 ± 0.58b 543.49 ± 0.75c

Monosaccharides (g/100g DW); n.d.

Sucrose ND 0.36 ± 0.00 0.22 ± 0.00 0.75 ± 0.04

D+ Glucose 0.35 ± 0.05 0.52 ± 0.02 0.46 ± 0.01 0.57 ± 0.01

D+ Fructose 0.45 ± 0.00 0.65 ± 0.01 0.53 ± 0.02 ND

Xylose ND ND ND 0.36 ± 0.01

Ribose ND ND 0.03 ± 0.03 ND

Note: Values are expressed as mean ± standard deviation (n = 3); values with different letters within the same row 
are significantly different (p < 0.05) according to Tukey’s test. ND – not detected.
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support biopriming-assisted germination as an ef-
fective strategy to improve the mineral quality of 
M. oleifera seed flour for functional food devel-
opment (Calizaya-Milla et al., 2022). 

Fiber content
The different types of priming caused chang-

es in fiber content compared to raw, ungerminated 
seeds (UG). HG and CG showed a slight increase, 
at 0.84% and 2.53%, respectively, while MG ex-
hibited the highest content (+11.52%) compared 
to UG (p < 0.05). These variations are attribut-
ed to cell wall remodeling during germination, 
which increases structural polysaccharide syn-
thesis and the relative proportion of dietary fiber 
through starch reserve degradation (Servín de la 
Mora-López et al., 2018). The greater increase in 
MG may reflect the growth-promoting activity of 
phytohormones present in M. oleifera leaf extract, 
which stimulate cell division (Soares et al., 2023). 
Our results are consistent with those of Saa et al. 
(2022), who reported increased crude and total 
dietary fiber in Moringa seeds after soaking and 
germination. Similarly, Servín de la Mora-López 
et al. (2018) reported an approximately 12% in-
crease in total dietary fiber following optimized 
germination, closely matching the improvement 
observed in the MG treatment. The observed in-
crease confirms the positive effect of priming, 
particularly biopriming, on fiber enrichment and 
the improvement of the seeds’ functional proper-
ties, suggesting beneficial health effects, includ-
ing a reduced risk of type 2 diabetes, obesity, and 
cardiovascular disease (Coello et al., 2020).

Protein content
All priming treatments promoted a significant 

increase in protein content, reaching a maximum 
of 39.77 % in MG (+7.62% vs UG). This increase 
may result from the metabolic activation induced 
by priming-assisted germination, which promotes 
protein synthesis and the depletion of carbohy-
drate and lipid reserves, thereby increasing the 
relative protein concentration (Liu et al., 2025; 
Abdalla et al., 2019). This enrichment is consis-
tent with the metabolic stimulation triggered by 
phytohormones and nutrients present in leaf ex-
tracts, which enhance protein synthesis during the 
early stages of germination (Soares et al., 2023; 
Yasmeen et al., 2013). Matthew et al. (2022) re-
ported higher protein content in germinated Mo-
ringa seed flour (32.13%) than in raw flour, and 

although our initial value is higher, the same en-
richment trend is confirmed. Similarly, Frimpong 
et al. (2025) reported an approximately 9% in-
crease in crude protein following hydropriming-
assisted germination, supporting the beneficial ef-
fect of priming on seed protein content. Overall, 
biopriming with M. oleifera leaf extract further 
enhanced the nutritional value of the seed flour, 
highlighting its potential as a protein-rich func-
tional ingredient for food fortification.

Fat content
The fat content decreased progressively fol-

lowing the applied treatments compared to raw, 
UG. A non-significant reduction was observed 
with HG (−1.23%), followed by a significant de-
crease for CG (−3.91%), with the greatest reduc-
tion for MG (−6.78%). This decline reflects the 
enhanced mobilization of triacylglycerol reserves 
during priming-assisted germination, providing 
energy and carbon skeletons required for seedling 
development (Liu et al., 2025; Servín de la Mora-
López et al., 2018). Our findings agree with those 
of León-López et al. (2019) and Calizaya-Milla 
et al. (2022), who likewise reported significant 
reductions in lipid content during Moringa seed 
germination, confirming the preferential mobili-
zation of lipid reserves. The present findings sug-
gest that lipids, rather than carbohydrates, served 
as the primary energy substrate during Moringa 
seed germination, consistent with observations 
reported for other oil-rich seeds (Servín de la 
Mora-López et al., 2018). Although fatty acid 
composition was not determined in the present 
study, previous studies have shown that germina-
tion may increase the relative proportion of ben-
eficial polyunsaturated fatty acids despite a re-
duction in total lipid content, thereby enhancing 
the nutritional value of germinated seeds (Liu et 
al., 2025). From a technological perspective, the 
lower lipid content may also improve flour oxida-
tive stability, thereby reducing the risk of rancid-
ity during storage (Ndife et al., 2020).

Carbohydrate content
Carbohydrate content remained generally 

stable following priming treatments, although 
slight, non-significant variations suggest that car-
bohydrate metabolism was modulated according 
to the priming strategy applied. Starch, the major 
carbohydrate reserve in Moringa seeds, is hydro-
lyzed by α-amylase into soluble sugars such as 
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glucose and sucrose to support embryo growth 
(Lemmens et al., 2019). The slight increase af-
ter hydropriming may reflect transient sugar ac-
cumulation, whereas the slight decreases after 
chemo- and biopriming suggest enhanced car-
bohydrate utilization to support seedling growth 
(Gul et al., 2025; Liu et al., 2025; Yasmeen et 
al., 2013). Baltazar et al. (2023) demonstrated 
that hydro- and nutripriming significantly reduce 
total starch content through enhanced starch-de-
grading enzyme activity. This carbohydrate sta-
bility enhances the potential of these flours for 
use in the formulation of healthy food products 
with controlled energy release (Liu et al., 2025; 
Saa et al., 2019). 

Energy content
The energy content of M. oleifera seeds was 

influenced by priming treatments, with an over-
all downward trend following chemopriming and 
biopriming, reflecting changes in the caloric bal-
ance of the samples. This decrease is consistent 
with the observed depletion of lipid reserves, 
which serve as the primary energy reserve in 
oil-rich seeds. During germination, reserve com-
pounds are mobilized to sustain the metabolic 
processes required for embryo development and 
seedling growth (Servín de la Mora-López et 
al., 2018). Priming, particularly biopriming, ap-
pears to accelerate reserve mobilization, resulting 
in lower energy density (Frimpong et al., 2025). 
Accordingly, the greater decrease observed in the 
MG treatment is consistent with its more pro-
nounced reduction in lipid content. Our findings 
agree with the mechanism proposed by León-
López et al. (2019), who reported that intensive 
germination preferentially mobilizes storage lip-
ids, thereby reducing the overall caloric value of 
Morinwga seeds.

Monosaccharides
The monosaccharide profile underwent sig-

nificant qualitative and quantitative shifts. The 
emergence of sucrose and the increase in D-glu-
cose across all treatments reflect the hydrolysis of 
reserve polysaccharides by α-amylase to support 
embryo respiration. The detection of xylose and 
ribose specifically in primed samples (MG and 
CG) provides biochemical evidence of active cell 
wall remodeling and accelerated RNA synthe-
sis, confirming that priming activates metabolic 
pathways earlier than in dormant seeds (Liu et 

al., 2025; Saa et al., 2022). Tesfay et al. (2016) 
reported increased amylase activity after 24 h of 
imbibition, leading to higher simple sugars for 
radicle respiration, consistent with our observed 
increase in free sugars compared to the dormant 
control. Also, Frimpong et al. (2025) identified a 
similar HPLC profile in Moringa, with glucose as 
the dominant monosaccharide and variations in 
xylose and arabinose. These results are generally 
significant and indicate a change in the simple 
carbohydrate profile of M. oleifera seeds, char-
acterized by the emergence of new sugars and a 
redistribution of monosaccharides under the in-
fluence of priming and germination treatments.

Effects of priming treatments on certain 
antinutritional factors 

Alkaloids
Alkaloid content in raw seeds (8.34 ± 0.19 

mg/100 g DM) significantly decreased after 
priming (Figure 3a), with reductions of 10.79% 
(CG), 19.90% (HG), and 29.03% (MG), indi-
cating a progressive effect of priming on alka-
loid reduction. This result is comparable to that 
of Frimpong et al. (2025), who observed a 33% 
decline in M. oleifera seeds after hydropriming 
and germination. Seed soaking promotes alka-
loid leaching, while germination further reduces 
their levels through enzymatic degradation and 
their utilization for new tissue synthesis (Liu et 
al., 2025). The greater reduction after biopriming 
may be attributed to the enhanced germination-
related metabolism stimulated by phytohormones 
and bioactive compounds in Moringa leaf extract 
(Khan et al., 2022). 

Oxalates 
Priming treatments led to a significant de-

crease in oxalate content compared to control 
seeds (1.91 ± 0.15 mg/100 g DM). While HG 
and CG showed comparable reductions (34.55% 
and 38.22%, respectively), MG proved most ef-
fective, lowering the content by 55.95% (0.84 ± 
0.12 mg/100 g DM) (Figure 3b). These results re-
inforce the observations of Matthew et al. (2022), 
who also reported a significant decline in oxalate 
content following germination of M. oleifera 
seeds, confirming that biological treatments sig-
nificantly improve the nutritional profile of seeds 
by mitigating oxalate levels. Germination trig-
gers metabolic reactivation that promotes reserve 



293

Ecological Engineering & Environmental Technology 2026, 27(9), 284–302

mobilization and the degradation of antinutri-
tional factors, while biopriming further enhances 
these processes through the action of phytohor-
mones present in Moringa leaf extract (Liu et al., 
2025; Soares et al., 2023).

Saponins
Saponin reduction showed high sensitivity to 

the type of priming agent (Figure 3c). While hy-
dropriming (HG) and biopriming (MG) induced 
significant decreases (reaching 2.01 ± 0.13 g/100 
g DM and1.20 ± 0.14 g/100 g DM, respectively), 
chemopriming (CG) resulted in a marginal, non-
significant decrease (−1.47%). As suggested by 
El-Anoos et al. (2022), the primary mechanism 
for this reduction is the leaching of saponins into 
the soaking medium. Our results are consistent 
with Saa et al. (2022), who highlighted the syner-
gistic effect of soaking and germination on sapo-
nin depletion in Moringa flour.

Phytates
Phytate levels varied significantly across all 

treatments (p < 0.05), with a distinct dependency 
on the priming method (Figure 3d). The stron-
gest reduction was observed under biopriming 
(61.78%), followed by CG (50.13%) and HG 
(31.84%). This trend suggests that biopriming 
may further enhance the phytate degradation 
induced by germination, possibly through the 

stimulatory effects of phytohormones present in 
Moringa leaf extract on early metabolic activity 
(Liu et al., 2025; Soares et al., 2023). These find-
ings corroborate previous research (Frimpong et 
al., 2025; Saa et al., 2022) identifying soaking 
and sprouting as a robust method for antinutrient 
degradation. From a nutritional perspective, re-
ducing phytate content may improve mineral bio-
availability by limiting mineral chelation, thereby 
enhancing the nutritional quality of M. oleifera 
seed flour (Ebert, 2022).

Effects of priming treatments on the 
extraction yield and profile of bioactive 
phenolic compounds

Extraction yield
Priming treatments significantly enhanced 

the extraction yield (p ≤ 0.05). Compared to 
the ungerminated control (UG), hydropriming 
(HG) induced a moderate, non-significant in-
crease (+9.93%), whereas chemopriming (CG) 
showed a more pronounced effect (+26.36%). 
The highest yield was observed in biopriming 
(MG: 14.99 ± 0.56%, +43.17%), underscoring 
the superior efficacy of this treatment in pro-
moting the release of extractable compounds 
(Figure 4). These results align with Owon et 
al. (2021), who emphasized that the extraction 
yield in M. oleifera seeds is highly dependent 

Figure 3. Antinutritional factors in various M. oleifera seed flours, including (A) Alkaloids, (B) oxalates,
(C) saponins, (D) phytates. UG: ungerminated seeds; HG: hydropriming; CG: chemopriming;

MG: biopriming. Values are expressed as mean ± standard deviation (n = 3);
values with different letters are significantly different (p ≤ 0.05) according to Tukey’s test.
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on pre-treatment conditions. The substantial 
increase observed in MG confirms the poten-
tial of priming and germination to synergisti-
cally enhance compound extractability. This 
improvement likely stems from a synergistic 
mechanism: germination activates endogenous 
hydrolytic enzymes that degrade the cell matrix 
(Liu et al., 2025); hydropriming optimizes this 
process through controlled hydration and cell 
wall remodeling (Frimpong et al., 2025); and 
biopriming with Moringa leaf extract further 
accelerates nutrient reserve mobilization and 
tissue structural changes (Yasmeen et al., 2013).

Total phenolic compounds
Priming treatments significantly enhanced 

the total phenolic content (TPC) compared to 
raw seeds (Figure 5a). A progressive increase 
was observed from hydropriming (HG) to che-
mopriming (CG) and biopriming (MG), with 
the latter achieving the highest value (388.13 ± 
11.82 mg GAE/100 g DM, an 82.62% increase). 
This suggests a priming-dependent stimula-
tion of phenolic biosynthesis. The increase may 
be attributed to the release of bound phenolics 
during germination, which is further promoted 
by hydropriming through enhanced water up-
take and hydrolytic enzyme activity (Frimpong 
et al., 2025; Liu et al., 2025). The superior per-
formance of biopriming may reflect the stimula-
tory effect of bioactive compounds and phyto-
hormones in Moringa leaf extract on secondary 
metabolite accumulation during germination 
(Mashamaite et al., 2021; Soares et al., 2023). 

Similarly, León-López et al. (2019), reported a 
significant increase in TPC during germination 
of Moringa seeds, confirming that germination 
promotes phenolic accumulation. While Servín 
de la Mora-López et al. (2018) reported a 64% 
increase in TPC in germinated Moringa seeds, 
the 82.62% increase obtained with MG indicates 
that biopriming further enhances this response 
beyond germination alone. Given the established 
role of phenolics in mitigating oxidative stress, 
cardiovascular diseases, and metabolic disorders, 
these findings underscore the potential of MG-
primed Moringa seeds as high-value functional 
food ingredients (Liu et al., 2025).

Flavonoids
Priming induced a significant rise in flavo-

noid content compared to raw seeds, particularly 
under CG and MG treatments (Figure 5b). The 
comparable performance of CG and MG sug-
gests that biological elicitation can be as effec-
tive as chemical priming. The increase in flavo-
noids is mainly attributed to enhanced de novo 
biosynthesis via the phenylpropanoid pathway 
during germination (Miyahira et al., 2021). The 
higher flavonoid levels after biopriming may re-
flect the stimulatory effect of phytohormones and 
bioactive compounds in Moringa leaf extract on 
flavonoid biosynthesis (Soares et al., 2023; Yas-
meen et al., 2013). Our findings align with Gu 
et al. (2020), confirming the extractable poten-
tial of Moringa flavonoids. Furthermore, Soares 
et al. (2023) demonstrated that Moringa leaf 
extract is rich in flavonoids and other bioactive 

Figure. 4. Variation in extraction yield (%) of M. oleifera seed flour as a function of priming treatments:
UG: raw, ungerminated seeds; HG: hydropriming; CG: chemopriming; MG: biopriming.

Values are expressed as mean ± standard deviation (n = 3); values with different letters are significantly
different (p ≤ 0.05) according to Tukey’s test
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compounds, supporting the greater flavonoid 
accumulation observed after biopriming. Given 
their recognized antioxidant properties, the in-
creased flavonoid content further supports the 
use of primed germinated Moringa seeds as 
functional food ingredients (Liu et al., 2025).

Flavonols
Flavonol content increased significantly 

across all priming treatments compared to raw 
seeds (50.99 ± 3.91 mg QE/100 g DM). The 
highest accumulation was observed in MG-
treated seeds (103.62 ± 3.62 mg QE/100 g DM, 
+103%), followed by CG (+83.50%) and HG 
(+37.46%) (Figure 5c). This highlights the effec-
tiveness of MLE-based biopriming in enhancing 
flavonol biosynthesis, likely through activation 
of the phenylpropanoid pathway and phenylala-
nine ammonia-lyase (PAL) activity (Frimpong 
et al., 2025). The greater accumulation after 
biopriming may reflect the stimulatory effect 
of phytohormones and bioactive compounds in 
Moringa leaf extract on secondary metabolism 
(Soares et al., 2023; Yasmeen et al., 2013). This 
observation is consistent with Król et al. (2015), 
who highlighted that elicitor-based priming in-
duces systemic defense mechanisms, resulting in 
the upregulation of secondary metabolites. Simi-
larly, Márton et al. (2010) reported that flavonol 

accumulation in sprouts is strongly influenced 
by germination conditions, supporting the pres-
ent findings that optimizing priming conditions 
further enhances flavonol biosynthesis. Because 
flavonols are among the most potent antioxi-
dant flavonoids, their marked increase further 
strengthens the functional and nutraceutical 
value of primed germinated Moringa seed flour 
(Liu et al., 2025). 

Hydrolysable tannins
Priming treatments promoted the accumula-

tion of hydrolysable tannins (Figure 5d). Specifi-
cally, HG (+45.43%) and MG (+67.52%) showed 
significant increases, whereas CG elicited the 
highest content (165.45 ± 8.75 mg TAE/100 g 
DM). The superior performance of chemoprim-
ing may be attributed to the regulatory role of 
ascorbic acid during germination, promoting the 
accumulation of bioactive phytochemicals (Zrig 
et al., 2023). These results are in close agreement 
with León-López et al. (2019), who observed a 
similar range (169.98 ± 6.98 mg TAE/100 g DM) 
in germinated Moringa seeds. The observed in-
crease suggests that, unlike some antinutrients, 
tannins may be synthesized or released during 
metabolic reactivation to bolster antioxidant 
defense. However, because tannins can form 
complexes with proteins (Matthew et al., 2022), 

Figure 5. Effects of priming treatments on the bioactive phenolic compounds in M. oleifera seed flour,
including (A) total phenolic compounds, (B) flavonoids, (C) flavonols, and (D) hydrolysable tannins.

UG: ungerminated seeds; HG: hydropriming; CG: chemopriming; MG: biopriming.Values are expressed
as mean ± standard deviation (n = 3); values with different letters are significantly different (p ≤ 0.05)

according to Tukey’s test
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further studies are needed to evaluate the nutri-
tional balance between increased antioxidant ca-
pacity and antinutritional potential (León-López 
et al., 2019; Saa et al., 2022). Nevertheless, the 
marked accumulation of hydrolysable tannins 
may substantially contribute to the enhanced an-
tioxidant capacity and functional value of primed 
Moringa seed flour.

Effect of priming treatments on antioxidant 
activity

Priming treatments significantly enhanced 
the antioxidant activity of M. oleifera seed flour 
across all assessed assays (DPPH, ABTS, and 
FRAP; Figure 6). Chemopriming (CG) proved 
the most effective, yielding the highest values 
in every assay. Notably, CG nearly doubled the 
DPPH (+94.11%) and FRAP (+101.35%) activi-
ties compared with the control, while also pro-
ducing the highest ABTS scavenging activity 
(40.90 ± 0.44%). Biopriming (MG) displayed 
intermediate effects, while hydropriming (HG) 
showed the least impact, establishing an ef-
ficacy order of HG < MG < CG. This superior 
antioxidant performance is consistent with the 
marked accumulation of flavonoids and hydro-
lysable tannins observed in CG-treated seeds, 
indicating that antioxidant activity depends not 

only on the total amount of phenolic compounds 
but also on their composition and reducing ca-
pacity. Beyond its intrinsic radical-scavenging 
properties, ascorbic acid maintains cellular redox 
homeostasis during germination and promotes 
the biosynthesis of antioxidant metabolites and 
enzymes, thereby contributing to the preserva-
tion and accumulation of phenolic compounds 
and enhancing the overall antioxidant capacity 
of germinated seeds (Soares et al., 2023; Zrig 
et al., 2023). These findings agree with Zrig et 
al. (2023), who demonstrated that ascorbic acid 
priming improves the antioxidant potential of 
germinated seeds through redox regulation and 
stimulation of secondary metabolism.

Principal component analysis, hierarchical 
clustering heatmap, a nd hierarchical 
cluster analysis of M. oleifera seed flours

To obtain an integrated overview of the physi-
cochemical, nutritional, antinutritional, and anti-
oxidant changes induced by the different priming 
treatments, multivariate analyses including PCA, 
hierarchical clustering heatmap, and hierarchi-
cal cluster analysis (HCA) were performed (Fig-
ures 7–9). The PCA biplot (Figure 7) explained 
81.01% of the total variance on the first two prin-
cipal components (F1 = 68.39%; F2 = 12.62%), 

Figure 6. Effects of priming treatments on the antioxidant activity of M. oleifera seed flour, as assessed
by three methods: (A) DPPH radical scavenging activity, (B) ABTS radical scavenging activity,

and (C) FRAP reducing power. UG: raw, ungerminated seeds; HG: hydropriming;
CG: chemopriming; MG: biopriming. Values are expressed as mean ± standard deviation (n = 3);

values with different letters are significantly different (p ≤ 0.05) according to Tukey’s test
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indicating that the principal plane adequately 
represented the relationships among variables 
and treatments. The first principal component 
(F1) clearly separated two contrasting groups of 
variables. On the positive side, fat, energy value, 
carbohydrates, and antinutritional compounds 
(phytates, oxalates, alkaloids, and saponins) were 
closely associated with the ungerminated control 
(UG). Conversely, protein, fiber, ash, extraction 
yield, total phenolics, flavonoids, flavonols, hy-
drolysable tannins, and antioxidant activities 
(DPPH, ABTS, and FRAP) were negatively cor-
related with F1 and associated with primed and 
germinated samples. The score plot revealed a 
progressive discrimination of treatments along 
F1 following the sequence UG → HG → CG → 
MG, suggesting a gradual metabolic shift induced 
by priming and germination. The second compo-
nent (F2) accounted for 12.62% of the total vari-
ance and was mainly influenced by moisture, ash, 
and fiber, providing additional discrimination be-
tween HG and the remaining treatments.

The hierarchical clustering heatmap (Figure 8) 
confirmed the PCA results by revealing two well-
defined clusters of variables. The first cluster com-
prised fat, energy value, carbohydrates, and an-
tinutritional factors, whereas the second grouped 
protein, fiber, ash, extraction yield, phenolic com-
pounds, and antioxidant activities. Accordingly, 
UG exhibited higher standardized levels of lipids, 
energy-related components, and antinutritional 
compounds but lower levels of phenolic com-
pounds and antioxidant activity. In contrast, MG 

displayed the opposite profile, characterized by 
enhanced protein, fiber, extraction yield, and phe-
nolic compounds together with reduced antinutri-
tional factors. CG was primarily associated with 
superior antioxidant activity, while HG showed 
an intermediate profile between the ungerminated 
control and the two advanced priming treatments. 
The HCA dendrogram (Figure 9) further support-
ed these observations by clearly separating the 
samples into four clusters corresponding to UG, 
HG, CG, and MG, with all biological replicates 
clustering tightly within their respective treat-
ments. Moreover, the dendrogram revealed two 
major branches: one grouping CG and MG, and 
the other HG and UG, indicating that chemoprim-
ing and biopriming induced more pronounced 
biochemical modifications than hydropriming. 
The close clustering of biological replicates also 
demonstrates the high reproducibility and robust-
ness of the experimental data.

The strong agreement among the PCA, heat-
map, and HCA revealed a treatment-dependent 
metabolic gradient extending from the UG to 
the primed treatments, with MG representing 
the most advanced stage of this transition. The 
progressive decrease in fat, energy value, and 
antinutritional factors, together with the increase 
in protein, phenolic compounds, and antioxidant 
activities, reflects the metabolic reprogramming 
associated with germination, characterized by 
reserve mobilization and the activation of hydro-
lytic enzymes (Liu et al., 2025). Similar respons-
es have been reported in several germinated 

Figure 7. Principal component analysis (PCA) biplot of M. oleifera seed flours subjected
to different priming treatments. Arrows represent the contribution and direction of the variables,

whereas points correspond to the biological replicates of each treatment
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cereals and legumes, including substantial reduc-
tions in phytates (up to approximately 75%) and 
concomitant increases in phenolic compounds 
and antioxidant capacity (Yılmaz Tuncel et al., 
2025). The superior performance of MG is likely 
attributable to the biostimulant properties of M. 
oleifera leaf extract, which is rich in phytohor-
mones, antioxidants, minerals, amino acids, and 
soluble sugars capable of stimulating seed me-
tabolism and secondary metabolite biosynthesis 
(Khan et al., 2022). Similar improvements in 
the nutritional quality and antioxidant potential 
of bioprimed seeds have also been reported by 

Nawaz et al. 2024), supporting the effectiveness 
of Moringa leaf extract as a natural priming agent. 
In contrast, CG showed the strongest association 
with antioxidant activity, particularly DPPH, 
ABTS and FRAP, which is consistent with the 
regulatory role of ascorbic acid in the ascorbate–
glutathione cycle and its ability to stimulate an-
tioxidant metabolism and defense enzymes such 
as superoxide dismutase, catalase and peroxidase 
(Han et al., 2025; Mi et al., 2025). Hydroprim-
ing (HG) exhibited intermediate characteristics, 
reflecting the activation of early germination me-
tabolism through water uptake alone, without the 

Figure 9. Hierarchical cluster analysis (HCA) dendrogram of M. oleifera different seed flours
based on nutritional composition, antinutritional factors, bioactive compounds, and antioxidant activities. 

Samples were clustered according to their similarity, allowing discrimination of the four treatments

Figure 8. Hierarchical clustering heatmap of M. oleifera seed flours subjected t
 different priming treatments. Columns represent the biological replicates of the four treatments

(UG, HG, CG, and MG), whereas rows correspond to the analyzed variables. The color scale
represents standardized values (z-scores), illustrating similarities and differences among treatments
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additional hormonal and antioxidant stimulation 
provided by biopriming or chemopriming.

Overall, the three complementary multivariate 
approaches consistently demonstrate that priming 
substantially modifies the biochemical profile of M. 
oleifera seed flour. Their combined interpretation 
confirms that Moringa leaf extract biopriming is 
the most effective strategy for improving nutrition-
al quality, phenolic composition, and reducing an-
tinutritional factors. In contrast, ascorbic acid prim-
ing provides the greatest enhancement of in vitro 
antioxidant capacity. These findings are consistent 
with previous chemometric studies on germinated 
seeds, in which the combined use of PCA, heatmap 
and HCA has proven effective for discriminating 
treatments and characterizing biochemical changes 
during germination (Guo et al., 2021). 

CONCLUSIONS

This study demonstrated that hydro-, chemo-, 
and biopriming treatments combined with germi-
nation constitute effective eco-friendly strategies 
for improving the nutritional, phytochemical, and 
antioxidant profiles of M. oleifera seeds while 
reducing their antinutritional factors. Among the 
treatments evaluated, biopriming was the most 
effective for enhancing the accumulation of bio-
active compounds, whereas chemopriming pro-
duced the greatest improvement in antioxidant 
activity. Beyond confirming the benefits of ger-
mination, this comparative study highlights the 
value of selecting specific priming strategies to 
tailor the nutritional and functional quality of M. 
oleifera seeds. These findings highlight the po-
tential of priming-assisted germination as a sus-
tainable biotechnological approach for valorizing 
M. oleifera seeds and promoting their application 
in functional foods and nutraceutical products. 
Further studies should investigate the bioacces-
sibility of key bioactive compounds together with 
the techno-functional and sensory properties of 
primed germinated flours in real food systems to 
support their industrial application.
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