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ABSTRACT

Background: Wheat is a major dietary staple and an important source of phenolic bioactive compounds with antioxidant
and cytoprotective properties. However, environmental stress and conventional farming methods can limit the
accumulation of these beneficial compounds and affect their functional quality. A promising strategy to enhance the
natural synthesis of bioactive compounds is still under investigation. The functional relevance of laser-induced phenolic

enrichment in human cell systems remains largely unexplored.

Objective: To determine the effect of CO, laser seed priming on wheat phenolic content and functional (antioxidant and

cytoprotective) activity.

Methods: This study assessed the effects of continuous-wave CO, laser seed priming in the wheat cultivar “Red Doly” at
three developmental stages: grain, germination, and green sprouts. Total free and bound phenolics, as well as phenolic
profiles, were determined using High-Performance Liquid Chromatography (HPLC). Antioxidant capacity was evaluated
through radical-scavenging assays. Cytoprotective activity was examined in Jurkat T lymphocytes under oxidative stress

induced by hydrogen peroxide.
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Results: Laser priming enhanced germination and early growth (5—25% increase vs. control). Total free phenolic content
increased significantly, particularly in green sprouts (p < 0.01). The antioxidant capacity increased at all developmental
stages and correlated strongly with phenolic content (r =0.81, p = 0.0004). Caffeic acid was most abundant in the free
fractions, while ferulic acid dominated in the bound fractions. Phenolic extracts from laser-treated sprouts significantly
improoved Jurkat cell viability and reduced oxidative cytotoxicity (p < 0.001), with more pronounced effects observed

for free-phenolic—enriched fractions.

Conclusions: This study establishes a functional connection between laser-induced metabolic activation and the
protection of human cells by integrating compound identification, biomarker validation, and preclinical cellular efficacy
testing (Steps 1, 2, 5, 6, and 8 of the Functional Food Development Model). CO; laser priming offers a scalable, chemical-
free approach to producing phenolic-enriched functional wheat ingredients. Notably, this research is one of the first to
demonstrate that phenolic enrichment induced by CO, laser priming results in measurable cytoprotective effects in a

human cell-based model.

Novelty: This study is one of the first to establish a connection between CO: laser priming-induced phenolic enrichment
in wheat and a functional biological outcome. It demonstrates significant cytoprotection of human Jurkat T lymphocytes
under oxidative stress. The research also includes detailed phenolic profiling using HPLC and validation of antioxidant

biomarkers.

Keywords: CO, laser seed priming; Wheat phenolics; Antioxidant capacity; Cytoprotective activity; Functional foods;

Wheat sprouts; Oxidative stress
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Graphical Abstract: Effect of laser priming on quantity and quality of phenolic compounds of wheat.
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INTRODUCTION important crops. Wheat is a rich source of complex
Cereals are crucial commodities in global agriculture, carbohydrates, dietary fiber, and plant-based protein. It

with wheat (Triticum spp.) being one of the most also contains essential micronutrients, including
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magnesium, zinc, selenium, and B-group vitamins. The
health benefits of wheat are largely attributed to
bioactive compounds, including phenolic acids,
flavonoids, tocopherols, carotenoids, and bioactive
peptides. These compounds exhibit antioxidant, anti-
inflammatory, and antimicrobial properties [1-6], which
can help reduce risks of cardiovascular disease and
type 2 diabetes, colorectal cancer and diverticular
disease, as well as improve gut microbiota
composition [7-8]. Additionally, phenolic
compounds  and other phytochemicals found in
cereal products act as functional bioactive components
with antioxidant properties that may positively
influence health outcomes [9].

Wheat is highly susceptible to environmental
stresses, which can be categorized as abiotic (such as
drought, heat, salinity, nutrient deficiency, and
waterlogging) and biotic (including fungal diseases,
bacterial infections, and insect pests). These stresses
can disrupt membrane integrity and
photosynthetic efficiency, impair root development,
reduce grain filling, and decrease grain weight.
Additionally, they can alter ionic balance, enzyme
activity, and germination capacity, severely hindering
growth and vyield while contributing to production
instability.

These challenges highlight the urgent need
for climate-resilient wheat varieties. [10].

Agronomicand chemical strategiesinclude targeted
fertilization, micronutrient supplementation, and
integrated disease-management practices, all of which
help mitigate stress and pest damage. Genetic
advances, such as genomic selection, accelerate
breeding for drought- and heat-tolerant cultivars.
Additionally, seed priming techniques - that is, physical
methods involving electromagnetic and laser/light-
based treatments - enhance germination and

improve  stress  resistance [11-12]. Therefore,

integrated strategies that combine
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agronomy, breeding, and precision priming technologies
are essential for sustainable wheat production.

Laser-assisted seed priming enhances seed
metabolism and improves tolerance to environmental
stress by reprogramming metabolic pathways within
seeds at three interconnected levels: activating primary
metabolism, reinforcing redox homeostasis, and
stimulating secondary metabolite biosynthesis [13].
Consequently, laser priming boosts energy production,
nutrient allocation, and stress adaptation.

The rapid activation of a-amylaseis essential for the
early response to laser priming by accelerating starch
hydrolysis. This process increases glucose availability,
enhances mitochondrial activation, raises mitochondrial
membrane potential, and boosts ATP synthesis,
providing a critical energy source for germination [13].
Additionally, laser priming stimulates cyclic AMP (cAMP)
signaling, promoting root elongation and improving
nutrient uptake.

Moreover, it affects gene regulation through the
mitogen-activated protein kinase (MAPK) signaling
cascade. This cascade activates transcription factors that
enhance the antioxidant defense enzymatic system,
including superoxide dismutase (SOD), catalase (CAT),
and ascorbate peroxidase (APX). Consequently, laser
priming improves the detoxification of reactive oxygen
species (ROS) and offers cellular protection against lipid
peroxidation [14].

Furthermore, laser priming enhances ion transport
efficiency and regulates ionic balance, which is vital for
achieving an optimal hormonal balance. This entire
process supports germination and promotes early
seedling growth [15].

Laser irradiation not only stimulates secondary
metabolism but also enhances nitrogen assimilation and
its conversion into amino acids, which contributes to

vigorous early growth. These metabolic changes lead to
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structural and molecular modifications, such as increased
seed coat permeability, improved water uptake, and the
upregulation of heat-shock proteins, metal transporters,
and drought-responsive genes.

The current study explored the effects of laser-
based seed priming on the physiological, biochemical,
and quality characteristics of wheat seeds. The aim was
to uncover new mechanistic insights into the stress
resilience induced by lasers in wheat and to increase the

levels of nutritionally important compounds.

MATERIALS AND METHODS
Plant Material: The study was conducted on the
commonly cultivated Georgian wheat variety Red Doly

(Triticum carthlicum Nevski).

Laser Irradiation of wheat seeds: Seeds were irradiated
using a continuous-wave CO; laser (Laser 6040ER-100;
10.6 um, max 100 W) equipped with a 12 mm focusing
lens (focal length 50.6 mm). The irradiation was
conducted at two angles under low-defocusing
conditions (AF = 120-210 mm), with power settings of
25-35 W and beam speeds of 25-55 mm/s.

The seeds were placed on the laser platform, and
both beam movement and defocusing were controlled by
software. After irradiation, both treated and intact
(control) seeds were sown, and germinated sprouts were

used for subsequent analyses.

Extraction of free and bound phenolic compounds:
Phenolic compounds (free and bound) were extracted
from dried; ground germinates and sprouts following

modified methods of Martin-Diana et al. [16, 17].

Free Phenolics: One gram of sample was extracted with
20 mL of One gram of the sample was extracted using 20
mL of an ethanol/water mixture (80:20, v/v) through
magnetic stirring for 10 minutes at room temperature.

The mixture was then centrifuged at 2500 x g for 10
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minutes at 25 °C. The supernatant was filtered, and the
residue was re-extracted under the same conditions. The
combined extracts were evaporated at 40 °C, re-
dissolved in a methanol/water mixture (80:20), filtered

through a 0.22 um filter, and stored at -20 °C.

Bound Phenolics: The remaining residue was subjected
to alkaline hydrolysis with 10 M NaOH overnight at room
temperature. Afterwards, the solution was acidified to
pH 2 and extracted three times with ethyl acetate.
Following centrifugation, acid hydrolysis was carried out
with concentrated hydrochloric acid (HCI) at 85 °C for 30
minutes. This was followed by additional extraction with
ethyl acetate. The organic phases were combined,
evaporated at 40 °C, and then re-dissolved in methanol.
The solution was filtered through a 0.22 um filter and

stored at -20 °C.

High-performance liquid chromatograph (HPLC)
Analysis of Phenolic Compounds: Free and bound
phenolics were analyzed using an Agilent 1260 Infinity
HPLC system with aSupelco C18 column (25 cm x 4.6 mm,
5 um) at 35 °C. Injection volume was 20 pL [18].

Mobile phases:

e A: 1% acetic acid in water

e B: acetonitrile

Flow rate: 1 mL/mi. Gradient: 5%—60% B (37 min),
60%—98% B (3 min), re-equilibration to 5% B (5 min).

Compounds were identified at 290 and 320 nm.

Total Antioxidant Capacity (TAC): TAC of free and bound
fractions was evaluated using 2,2-diphenyl-1-
picrylhydrazyl{DPPH) radical scavenging and oxygen

radical absorbance capacity assays.

DPPH Assay: Antioxidant activity was measured at 515
nm following a modified Brand-Williams method [19].
Extract (1 mL) was mixed with 2 mL DPPH solution and

incubated for 30 min.
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Radical scavenging activity (%) was calculated as:
%R =[(C-S)/C]x 100
where C is the control absorbance, and S is the

sample absorbance.

Cell Culture and Oxidative Stress Model: JurkathumanT
leukemia cells (DSMZ) were cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum, 4
mM L-glutamine, penicillin (100 U/mL), and streptomycin
(100 U/mL) at 37 °Cin 5% COs.

Oxidative stress was induced with 50 uM H,0, for
24 h (4 x 10° cells/mL). Extracts were added to intact and

stressed cells for 24 h.

Cell Viability (MTT Assay): Cells (2 x 108 cells/mL) were
treated as described, centrifuged, washed with PBS, and
incubated with MTT (8 mg/mL) for 4 h at 37 °C. Formazan
crystals were dissolved in DMSO, and absorbance was
measured at 570 nm.

Cell viability (%) was calculated as:

K= (Asample / Acontrol) x 100

Statistical Analysis: Experiments were conducted in a

completely randomized design with three biological
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replicates. Results are expressed as mean * SD. Data
were analyzed using one-way ANOVA followed by
Tukey’s HSD test (p < 0.05). The relationships between
phenolic content and antioxidant activity were assessed
using Pearson correlation analysis and linear regression

techniques. Statistical significance was set at p < 0.05.

RESULTS

Total Free Phenols and Antioxidant Capacity: Laser
irradiation significantly increased the total phenolic
content (TPC) in “Red Doly” wheat at all developmental
stages—grain, germinates, and green sprouts—
compared to the respective control samples (Figure 1). In
both grains and germinates, the laser-treated samples
exhibited significantly higher phenolic levels than the
untreated samples (p < 0.05). The most pronounced
effect occurred at the green-sprout stage, where the laser
treatment resulted in the highest TPC among all samples
(p < 0.01). These findings indicate that phenolic
accumulation becomes more responsive to laser
stimulation during later developmental stages, especially

in metabolically active green tissues.
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Figure 1. TPCin grains, germinates, and green sprouts of “Red Doly” wheat under control and CO, laser-treated conditions.
The values are reported as mean + standard deviation (SD) (n = 3). Asterisks indicate significant differences between the controland laser-
treated samples at the same developmental stage (* p < 0.05; ** p < 0.01). The samples include: (1-2) grains (control, laser-treated), (3—4) germinates

(control, laser-treated), (5—6) green sprouts (control, laser-treated).

TAC, measured by DPPH radical scavenging activity, and germinates showed significant increases in TAC

exhibited a similar pattern (Figure 2). Laser-treated grains compared with controls (p < 0.05), while green sprouts
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showed the greatest enhancement (p < 0.01). The

parallel increase in TPC and TAC indicates that laser
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treatment enhances antioxidant potential throughout

development.
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Figure 2. The TAC, measured by DPPH radical-scavenging activity, of extracts from "Red Doly" wheat at various developmental
stages, under control and CO, laser-treated conditions. The bars represent the mean + standard deviation (n = 3). Asterisks indicate

significant differences between control and laser-treated samples at the same developmental stage (* p < 0.05; ** p < 0.01). The samples include: (1)

control grain, (2) laser-treated grain, (3) control germinates, (4) laser-treated germinates, (5) control green sprouts, and (6) laser-treated green sprouts.

Correlation analysis showed a strong positive link
between phenolic content and TAC, with a Pearson
correlation coefficient of r = 0.81 (p = 0.0004; see Figure
3). Antioxidant activity consistently rose with higher
levels of phenolics, particularly in green sprouts. This

suggests that phenolic compounds significantly

contribute to boosting the antioxidant capacity of “Red
Doly” wheat.

Overall, these findings demonstrate that laser
irradiation progressively stimulates phenolic biosynthesis
and antioxidant activity, with the most pronounced

effects observed in green sprouts.

Pearson correlation (Red Doly)
r=0.81, p =0.0004
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Figure 3. Relationship between TPC and TAC of wheat phenolic fractions. Pearson’s correlation coefficient ® and p-value are

shown. The solid line indicates linear regression. A significant positive correlation was observed (r=0.81, p = 0.0004).


https://www.ffhdj.com/

Bioactive Compounds in Health and Disease. 2026; 9(2): 73-88 BCHD

Phenolic Acid Composition and Quantitative Changes:
Chromatographic  profiling  demonstrated clear
qualitativeand quantitative differences between the free
and bound phenolic fractions in wheat sprouts (Figures 4
and 5). The free phenolic fraction comprised 4-
hydroxybenzoic, caffeic, vanillic, syringic, ferulic, sinapic,
and p-coumaric acids, with caffeic acid identified as the
predominant compound.

In contrast, the bound fraction—released following

sequential alkaline and acid hydrolysis—displayed a

a
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comparable range of phenolic acids but was 79
compartmental by a marked predominance of ferulic
acid.

This distribution pattern reflects the well-
established compartmentalization of phenolic acids in
cereal matrices, where hydroxycinnamic acids,

particularly ferulic acid, are predominantly esterified or

ether-linked to cell wall polysaccharides and structural

components [21, 25-26, 33].
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Figure 4. Chromatographic profile of the sprout extract showing free phenolic compounds. Rt (min): 4-hydroxybenzoic acid
(8.38), caffeic acid (11.24), vanillic acid (14.25), syringic acid (14.56), ferulic acid (15.51), sinapic acid (16.15), and p-coumaric acid (16.93).

Detection at 290 nm.
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Figure 5. Chromatographic profile of the sprout extract after alkaline and acid hydrolysis. The bound phenolic fraction
includes gallic acid (Rt = 3.28), 4-hydroxybenzoic acid (8.37), caffeic acid (11.21), vanillic acid (14.23), syringic acid (14.98), ferulic acid

(15.48), sinapic acid (16.15), and p-coumaric acid (16.93). Detection at 290 nm.
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Quantitative analysis revealed that laser treatment
significantly altered the phenolic acid profile of wheat
sprouts (Figure 6). Following irradiation, the total
phenolic acid content increased by approximately 11%.
The most pronounced relative enhancement was
observed in the free phenolic fraction (~17%), with
statistically significantincreases in gallic, vanillic, ferulic,
and sinapic acids (p < 0.05). Although certain compounds

were

present at comparatively low absolute

concentrations, their proportional increases were
considerable.

The bound phenolicfraction, which represented the
mmm Control

(A) Gallic acid
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predominant portion of total phenolic acids, also
exhibited a significant increase after laser exposure. In
particular, bound ferulic acid increased by approximately
10%, accompanied by significant elevations in bound
vanillic and sinapic acids. These changes contributed
substantially to the overall rise in total phenolic content.

Collectively, the results indicate that laser
irradiation promotes the accumulation of both soluble
and cell wall-associated phenolic compounds [20—22] in
wheat sprouts. This effect may reflect stimulation of
phenolic biosynthesis and/or enhanced liberation of

structurally bound phenolics.
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Figure 6. Effect of CO, laser treatment on individual phenolic compounds: (A) gallic acid, (B) 4-hydroxybenzoic acid, (C)

vanillic acid, (D) caffeicacid, (E) syringic acid, (F) ferulic acid, (G) sinapic acid, (H) p-coumaric acid, and (1) total phenolic acids. Bars represent

mean % SD (n = 3). Asterisks (*) indicate significant differences between control and laser-treated samples (p < 0.05).
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Effects of Phenolic Fractions on Jurkat Cell Viability:
Phenolic fractions derived from “Red Doly” wheat
sprouts influenced the viability of Jurkat T lymphocytes
under both normal and oxidative stress conditions
(Figure 7).

In intact cells, treatment with the total phenolic
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fraction resulted in approximately 32% viability, whereas
fractions enriched in free and bound phenolic
compounds increased viability to approximately 58% and
47%, respectively. These findings suggest a stimulatory
effect of phenolicfractions—particularly free phenolics—

on cell viability in the absence of oxidative stress.

Cell viability (%)
[ " - T R
e © © © © o
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Figure 7. Effects of different phenolicfractions derived from “Red Doly” wheat sprouts on theviability of Jurkat T lymphocytes

under oxidative stress.

Experimental groups: (a) untreated (intact) Jurkat
cells; (b) Jurkat cells exposed to H,0,; (c) Jurkat cells
exposed to H,0, and supplemented with phenolic
fractions obtained from “Red Doly” wheat sprouts.
Phenolic treatments: (1) total phenolic fraction; (2)
fraction enriched in free phenolic acids; (3) fraction
enriched in bound phenolic compounds. Data are
presented as mean + standard deviation (SD). Asterisks
(*) denote statistically significant differences compared
with H,0,-treated cells (p < 0.05). The concentration of
H,0; and exposure duration are specified in the Methods
section.

Exposure to H,0, significantly reduced Jurkat cell
viability, confirming the induction of oxidative damage.
However, supplementation with wheat sprout-derived
phenolic fractions significantly attenuated H,0,-induced
cytotoxicity (p < 0.05). The total phenolic fraction
produced a moderate protective effect, whereas the

fractions enriched in free and bound phenolic

compounds exhibited more pronounced cytoprotective
activity, restoring cell viability toward control levels.
These results demonstrate that phenolic
compounds from “Red Doly” wheat sprouts, particularly
the free and bound fractions, effectively protect Jurkat T
lymphocytes against oxidative stress, thereby supporting

their functional antioxidant capacity

DISCUSSION
The current study provides integrated mechanistic,
biochemical, and functional evidence that CO, laser—
based seed priming activates phenylpropanoid
metabolism and enhances the antioxidant and
cytoprotective capacity of “Red Doly” wheat. Laser
irradiation significantly increased phenolic accumulation,
antioxidant activity, and cellular protective effects in a
developmentally regulated manner, with green sprouts
exhibiting the most pronounced responses.

These findings are consistent with the structured

functional food development model proposed by
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Martirosyan D.M. and Stratton S. [23], particularly
through the integration of functional goal definition,
mechanistic validation, biomarker assessment, and
preclinical cellular efficacy testing. To our knowledge, this
study is among the first to associate CO; laser priming—
induced phenolic enhancement  with direct
cytoprotective effects demonstrated in a human cell-
based model.

Importantly, this study advances the field of laser
seed priming beyond its traditional scope. Previous
investigations have primarily focused on agronomic
performance, germination rate, biomass accumulation,
stress tolerance, or general compositional changes in
plant tissues [12-13]. Although some studies reported
increases in total phenolic content or antioxidant
capacity, thesefindings werelargely confined to chemical
assays and compositional profiling and do not determine
whether such biochemical alterations translated into
measurable biological effects in human-relevant
experimental systems. In contrast, the present study
moves beyond descriptive compositional analysis by
establishing a direct functional link between CO, laser—
induced phenolic enrichment and cytoprotective efficacy
in a human T-lymphocyte oxidative stress model. This
study is one of the first to show that priming with CO,
laser stimulation enhances phenolic metabolism, leading
to measurable protection of human cells against
oxidative stress. By integrating chromatographic
profiling, antioxidant biomarker assessment, and cellular
validation within a unified experimental framework, this
work provides translational evidence of biological
relevance that has not previously been demonstrated in
laser-priming research. This integrative strategy
substantially strengthens the causal continuum between
physical seed stimulation, metabolic activation, bioactive
compound accumulation, and functional cellular
outcomes.

Laser irradiation significantly increased total free

phenolic content and antioxidant activity at all
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developmental stages of “Red Doly” wheat, with the
most pronounced effects observed in green sprouts.
Wheat sprouts are increasingly recognized as valuable
functional food ingredients due to their high
concentrations of bioactive phytochemicals, including
phenolic acids and antioxidant enzymes [10, 24—-26]. The
enhanced responsiveness of green sprouts suggests that
this developmental stage represents an optimal target
for  producing  phenolic-enriched  sprout-based
ingredients with enhanced health-promoting potential
[27]. Within the structured functional food development
framework, this fulfils Step 1, in which a clearly defined
functional objective—enhanced antioxidant and
cytoprotective performance—is experimentally
validated.

At the mechanistic level, the observed increases in
free and bound phenolic compounds strongly suggest
activation of the phenylpropanoid pathway. Phenolic
biosynthesis in cereals is regulated by phenylalanine
ammonia-lyase (PAL), cinnamic acid 4-hydroxylase (C4H),
and 4-coumarate CoA ligase (4CL), enzymes known to
respond to photo stimulation [13,28-31]. Laser-induced
photo biomodulation likely alters the cellular redox
balance and Ca?* signaling, thereby activating
transcriptional regulators of secondary metabolism and
consequently  enhancing  phenolic  biosynthesis.
Comparable upregulation of phenylpropanoid-related
enzymes has been reported under exposure to red and
UV radiation [11,31]. Thus, this study provides
mechanistic insight into how a precisely controlled
physical stimulus can modulate defined metabolic
pathways responsible for the production of functional
bioactive compounds (Step 5 of the functional food
development model).

The preferential enhancement of free phenolic
fractions has important functional implications. Free
phenolic acids, such as caffeic, gallic, and sinapic acids,
exhibit higher solubility and greater radical-scavenging

efficiency compared with their bound counterparts
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[25,32]. The strong positive correlation between total
phenolic content and antioxidant activity (r = 0.81, p =
0.0004) provides direct evidence that the laser-induced
increase in antioxidant capacity is largely attributable to
elevated phenolic concentrations. Similar correlations
have been reported in cereal sprouts [21,25,26],
confirming phenolics as principal determinants of
antioxidant functionality. Within the functional
development framework, this corresponds to Step 6,
where biomarker-based validation (TAC and cell viability
assays) substantiates the biological relevance of the
identified bioactive compounds.

From a formulation and quality-control perspective,
antioxidant capacity is widely recognized as a functional
indicator of nutritional value and shelf-life stability in
cereal-based foods [21,33]. The present findings
demonstrate that laser priming not only increases
phenolic concentrations but also significantly enhances
overall antioxidant functionality, thereby supporting
phenolic content as a reliable biochemical marker for
assessing the functional quality of laser-primed wheat
ingredients.

Chromatographic analysis revealed a coordinated
enhancement of both free and bound phenolic fractions,
with caffeic acid predominating in the free fraction and
ferulic acid in the bound fraction [6, 34, 35]. Through
detailed compound profiling (Step 2 of the functional
development process), specific bioactive molecules
responsible for functional activity were characterized,
thereby strengthening the scientific rationale for
phenolic-enriched wheat sprouts as targeted functional
ingredients.

From a nutritional standpoint, the distinction
between free and bound phenolics is particularly
significant. Free phenolics are generally more bio
accessible and readily absorbed in the upper
gastrointestinal tract, whereas bound phenolics may
reach the colon, where they are released via microbial

fermentation and exert localized antioxidant and anti-
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inflammatory effects [5,10,32,36]. Accordingly, laser
priming enhances not only total phenolic levels but also
phenolic diversity and potential bioavailability [37]. The
observed increase in bound ferulic acid may additionally
influence cell wall integrity, lignification, texture, and
water-holding capacity, suggesting added technological
advantages for cereal processing applications [6, 34, 35].
Collectively, thesefindingsindicatethat laser priming can
simultaneouslyimprove the nutritional functionality and
technological performance of wheat-based ingredients.

Beyond conventional chemical antioxidant assays,
this study provides direct cellular validation of functional
efficacy. Phenolic fractions derived from laser-treated
“Red Doly” wheat significantly protected Jurkat T
lymphocytes against H,0,-induced oxidative stress. In
particular, the free phenolic fractions restored cell
viability to approximately 80%, indicating robust
cytoprotectiveactivity. The underlying mechanisms likely
involve a combination of direct ROS scavenging,
stabilization of mitochondrial function, and modulation
of redox-sensitive signaling pathways, including NF-kB
and MAPK [5,21,38]. Bound phenolic fractions also
conferred protection, albeit to a lesser extent, likely
reflecting their comparatively lower immediate bio
accessibility. These findings correspond to Step 8
(preclinical efficacy validation), providing controlled
human cell-based evidence of biological activity beforein
vivo investigation.

Notably, phenolic fractions also enhanced the
viability of intact Jurkat cells in the absence of oxidative
stress, particularly the free fractions. This observation
suggests a potential trophic or metabolic-supportive
effect, possibly mediated through modulation of basal
redox homeostasis or improved mitochondrial efficiency.
Similar stimulatory effects of cereal-derived phenolics
have been documented in immune and epithelial cell
systems [5,21,38-39]. From an applied perspective, these
results reinforce concept that phenolic-enriched wheat

sprouts function not merely as passive antioxidant
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sources but as biologically active ingredients capable of
enhancing cellular resilience and functional stability.

From a sustainability and agricultural innovation
perspective, laser-assisted seed priming represents a
chemical-free, energy-efficient, and scalable technology
[12]. As climate change intensifies oxidative stress
pressures on crops, strategies that stimulate intrinsic
antioxidant defense systems without chemical inputs are
becoming increasingly valuable [24,31,40,42,43].
Moreover, laser priming aligns with consumer demand
for minimally processed, clean-label functional foods
enhanced through physical rather than chemical
interventions.

Collectively, this study advances multiple stages of
structured functional food development by integrating
functional objective definition, compound identification,
mechanistic elucidation, biomarker validation, and
preclinical cellular efficacy testing. It establishes a clear
link between laser-induced metabolic activation in plants
and observable cytoprotective effects in human cells,
marking a significant advancement compared to earlier
laser-priming studies.

From a broader sustainability perspective, laser-
assisted seed priming offers a strategy to enhance crops'
intrinsic antioxidant systems without the need for
additional chemical treatments [24,39-40]. By
systematically integrating functional goal definition,
compound characterization, mechanistic validation,
biomarker assessment, and preclinical testing within a
unified framework [23], this study offers a
comprehensive and translational model for the
development of next-generation functional cereal
ingredients.

The findings identify laser-primed “Red Doly” wheat
sprouts as a promising and functionally enhanced raw
material for the development of cereal-based functional
foods, sprout powders, nutraceutical formulations, and
dietary supplements with improved antioxidant and

cytoprotective properties [41-42,44,45].
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By demonstrating mechanistic pathway activation,
targeted compositional enrichment, and human cell-
level functional validation within a unified experimental
framework, this work delivers a comprehensive and
distinctly novel contribution to both laser-priming

research and functional food science [46,47].

CONCLUSIONS

This study demonstrates that CO, laser—based seed
priming is an effective, non-chemical strategy for
enhancing phenylpropanoid metabolism and improving
the functional quality of “Red Doly” wheat. Laser
irradiation significantly increased total phenolic content,
antioxidant capacity, and cytoprotective activity across
developmental stages, with the most pronounced effects
observed at the green-sprout stage.

Importantly, this work advances laser seed-priming
research beyond descriptive compositional
characterization by establishing a direct functional
relationship between laser-induced phenolic enrichment
and quantifiable biological efficacy demonstrated in a
human cell-based model. By integrating compound
profiling, biomarker-based antioxidant assessment, and
preclinical cellular validation within a unified
experimental framework, the study provides robust
translational evidence supporting the biological
relevance of laser-stimulated metabolic modulation.

Within the 17-step Functional Food Development
Model [23], the present investigation fulfils several
foundational stages, including:

e Functional objective definition (Step 1),

e Bioactive compound identification (Step 2),

e  Mechanistic pathway interpretation (Step 5),

e Biomarker-based validation (Step 6),

e Preclinical cellular efficacy testing (Step 8).

Collectively, these findings position laser-primed

“Red Doly” wheat sprouts as a phenolic-enriched

functional ingredient with experimentally validated
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cytoprotective potential. The scalability, sustainability,
and chemical-free nature of CO, laser priming further
support its practical integration into functional cereal
production systems, aimed at enhancing both nutritional

value and health-promoting properties.

Limitations: Despite demonstrating significant phenolic
enrichment and cytoprotective efficacy, several
limitations should be acknowledged:

(a) Biological validation was performed in a single
human T-lymphocyte model under controlled in vitro
conditions. Although this provides preclinical functional
evidence (Step 8), it does not fully replicate the

complexity of systemic physiological responses in vivo.

(b) Dose—response relationships and potential
synergistic interactions among individual phenolic
compounds were not systematically investigated. Such
analyses would help clarify the relative contributions of
specific bioactive constituents versus collective matrix
effects.

(c) Activation of the phenylpropanoid pathway was
inferred from metabolite accumulation rather than
directly verified through gene expression profiling,
enzyme activity measurements, or transcriptomic
analysis. Future studies incorporating molecular and
regulatory pathway assessments would strengthen the
mechanistic interpretation.

(d) Subsequent translational stages of the
Functional Food Development Model—including
gastrointestinal bioavailability assessment, in vivo
efficacy studies, safety evaluation, and randomized
human clinical trials—remain to be completed to
establish clinical functionality and substantiate
potential health claims.

Future research integrating molecular pathway
analysis, simulated gastrointestinal digestion models,
animal studies, and controlled human interventions will
be essential to comprehensively validate the health-
promoting potential of laser-primed wheat sprouts as a

functional food ingredient.
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