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He—Ne laser irradiation enhances
curcuminoid content in Curcuma
longa: a green strategy for
functional antioxidants and
antimicrobial ingredients

Munirah F. Aldayel*

Biological Sciences Department, College of Science, King Faisal University, Al-Ahsa, Saudi Arabia

Introduction: Curcuma longa rhizomes are rich in curcuminoids with strong
antioxidant and antimicrobial activities. Sustainable post-harvest strategies are
needed to enhance these bioactive metabolites for functional food applications.
Methods: Fresh rhizomes were irradiated with a He—Ne laser for 5, 10, or 15 min.
Ethanol extracts were analyzed by High Performance Liquid Chromatography
analysis (HPLC) to quantify curcuminoids. Antioxidant activity was evaluated
using 2,2-diphenyl-1-picrylhydrazyl (DPPH) assays, and antibacterial activity
tested against Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and
Streptococcus pyogenes (S. pyogenes).

Results: Laser treatment increased curcuminoid content in a time-dependent
manner, with 15-min exposure yielding the highest bisdemethoxycurcumin
enrichment. Antioxidant assays showed strong scavenging potential, with IC50
values of 0.71 (10-min) and 0.69 mg mL™ (15-min). Extracts exhibited enhanced
antibacterial activity, with 15-min exposure strongest against E. coli and S. aureus,
while 10-min treatment yielded higher inhibition of S. pyogenes.

Discussion: He—Ne laser irradiation is an effective green technique to improve
the antioxidant and antimicrobial properties of C. longa extracts, supporting their
use as natural functional ingredients.

KEYWORDS

antioxidant activity, Curcuma longa, curcuminoids, functional ingredients, He—Ne
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Highlights

o He-Ne laser irradiation enhances the bioactive metabolite profile of Curcuma longa
(C. longa) in a clean and non-thermal manner

Laser-treated extracts show stronger antibacterial activity against E. coli, S. aureus, S. pyo-
genes, and MRSA

 Curcuminoid and phenolic enrichment results in higher antioxidant capacity

« Extracts remain non-cytotoxic at effective MIC levels, supporting safe application

o The approach provides a sustainable method to develop potent natural antimicrobial and
antioxidant ingredients for functional foods and nutraceuticals
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1 Introduction

Globally known as a culinary spice and medicinal plant, turmeric
(Curcuma longa L.) is rich in curcuminoids, mainly curcumin, deme-
thoxycurcumin, and bisdemethoxycurcumin, which have antibacte-
rial, anti-inflammatory, and antioxidant properties (1, 2).
Nevertheless, the natural curcumin output from dried rhizomes is
still limited (usually less than 3% w/w), which restricts its effective
use in industrial applications and value-added functional ingredients
(3). A major obstacle to the scalable and economical manufacturing
of natural colorants, preservatives, and nutraceuticals is the extract-
able bioactive content bottleneck.

Clean-label preservation techniques are becoming more and
more necessary in the food sector to replace synthetic antioxidants
and antimicrobials like BHA, BHT, and nitrites, whose use is decreas-
ing as a result of consumer concerns and regulatory pressures (4, 5).
The need for natural antimicrobial compounds with broad activity
and low toxicity has been highlighted by the increasing prevalence of
multidrug-resistant (MDR) organisms in food systems (6, 7), such as
Staphylococcus aureus, methicillin-resistant S. aureus (MRSA), E. coli,
and Klebsiella pneumoniae (8, 9). Although curcuminoids are inter-
esting possibilities, their industrial viability is limited by their low
natural abundance and vulnerability to thermal degradation during
processing (10-12).

Non-thermal elicitation techniques have drawn interest as a way
to get around these limitations since they can promote the accumula-
tion of secondary metabolites without requiring a lot of energy or
chemical inputs (13). Helium-neon (He-Ne) laser irradiation is one
of the new methods that has been shown to alter metabolic pathways
in post-harvest tissues, possibly improving curcuminoid biosynthesis
while maintaining structural integrity (14-16). Turmeric may
become a more powerful ingredient in functional foods, nutraceuti-
cals, and natural antibacterial formulations thanks to such green pro-
cessing approaches, which also correspond with worldwide
aspirations for sustainable (17) residue-free augmentation of bioac-
tive chemicals (18).

Growing interest in “green processing” and “clean-label” tech-
nologies (19) to extract and valorize plant-derived bioactive com-
pounds has been observed in recent years. These technologies aim to
minimize energy consumption, solvent use, and environmental
impact while maintaining or improving bioactivity and suitability as
functional ingredients (20, 21).

These cutting-edge technologies include moderate or non-ther-
mal processing techniques as light irradiation, pulsed electric fields,
supercritical fluid extraction, and ultrasound-assisted extraction
(22-24). Of these, light-based post-harvest treatments—specifically,
UV, LED, or laser irradiation—have lately come to light as a viable,
environmentally friendly way to promote the buildup of bioactive
metabolites in foods or by-products derived from plants without
using harsh chemicals or high temperatures (25-27). For example,
it has been demonstrated that post-harvest light or UV treatments
increase antioxidant molecules and enhance the nutritional and
functional quality of fruits and vegetables while they are being stored
(28-30). More generally, the food industry is paying more attention
to laser technology because of its potential for processing, microbial
inactivation, surface sterilization, packaging, and improving the
extractability of bioactive compounds. It provides a contactless,
accurate, and non-thermal tool for sustainable food processing (31).
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In light of these developments, we hypothesized that post-harvest
irradiation of turmeric rhizomes with a low-power laser (He-Ne)
might be used as a “green processing” technique to increase cur-
cuminoid levels and thereby improve the functional antioxidant and
antimicrobial potential of turmeric extracts, opening the door for
their use as natural preservatives or clean-label functional ingredi-
ents in food or nutraceutical applications (32, 33). Laser pulse ther-
apy has the potential to greatly impact and improve the antibacterial
effectiveness of turmeric extracts (34). This integrated strategy
makes use of laser energy’s modifying effects as well as turmeric’s
natural antibacterial qualities (35, 36). However, to the best of our
knowledge, no prior research has examined the influence of He-Ne
laser irradiation on curcuminoid accumulation in turmeric rhi-
zomes or the ensuing effects on the extracts’ antioxidant and anti-
bacterial activity. Instead of focusing on secondary metabolite
increase for food-ingredient valorization, previous laser-based
research have mainly examined seed germination, plant growth, or
yield (16, 33, 37-39).

In order to ascertain if post-harvest He-Ne laser irradiation can
enhance important curcuminoids in C. longa rhizomes, this study
also examines the associated impacts on antioxidant capacity and
antibacterial activity against bacteria that are relevant to food and
MDR bacteria. This effort attempts to connect phytochemical
enhancement with real-world food business needs for safer, natural,
and sustainable preservation systems by connecting metabolite
enrichment with functional bioactivity outcomes.

The current work sought to determine if post-harvest He-Ne
laser irradiation may improve the bioactive metabolite content and
associated activities of Curcuma longa extracts, hence boosting their
functional value. In particular, the goals were to: Calculate the
changes in the main curcuminoids (curcumin, demethoxycurcumin,
and bisdemethoxycurcumin) after exposure to a He-Ne laser at vari-
ous irradiation times. Using DPPH radical scavenging experiments,
determine whether laser treatment increases the antioxidant capacity
of ethanolic turmeric extracts. Analyze the antibacterial activity of
laser-treated extracts against food-relevant and multidrug-resistant
(MDR) bacterial strains, such as MRSA, E. coli, S. aureus, and S. pyo-
genes. To confirm the bacteriostatic or bactericidal properties of
enriched extracts, calculate the minimal inhibitory and bactericidal
concentrations (MIC/MBC). Use scanning electron microscopy to
investigate the impact of cells on bacterial morphology in order to
establish a correlation between biochemical stimulation and struc-
tural damage. Examine the potential of laser-enhanced turmeric
extracts as clean-label functional additives for sustainable food applica-
tions and natural preservation.

2 Materials and methods

2.1 Plant material and post-harvest He—Ne
laser treatment

Fresh rhizomes of Curcuma longa (C. longa) were sourced from
SEKEM (Heliopolis, Cairo, Egypt). Air-dried rhizomes were exposed
to helium-neon (He-Ne) laser irradiation (4 = 632.8 nm) at a power
density of 5.5 mW mm™, with a fixed source-sample distance of
40 mm. Three exposure durations were applied: 5, 10, and 15 min.
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2.2 Greenhouse cultivation

Rhizomes from each treatment were grown in the Agriculture
& Veterinary Research Center (King Faisal University, Saudi
Arabia). Plants were maintained under controlled environmental
conditions (32-36 °C, 47-56% RH, 14 h photoperiod). After
8 months, rhizomes were harvested, air-dried, and ground for
extraction.

2.3 Preparation of ethanolic extracts

Dried rhizome powder (5 g) was extracted in 50 mL ethanol by
maceration for 4 days at room temperature with periodic shaking.
Extracts were filtered (0.22 pm) and concentrated under reduced pres-
sure at 40 °C.

2.4 High performance liquid
chromatography analysis (HPLC)
quantification of curcuminoids

Dried ethanolic residues were reconstituted in 5.0 mL of mobile
phase (acetonitrile: 0.1% trifluoroacetic acid in water, 1:1, v/v; TFA
present in both solvents). Reconstituted solutions were centrifuged
(3,000xg, 5 min) and filtered through 0.22 pm syringe filters prior to
injection. Chromatographical analysis were completed on a Waters
2,690 Alliance HPLC system, equipped with a photodiode array
detector (Waters 996). Separation was achieved on a C18 Inertsil
column (4.6 x 250 mm, 5 pm) with controlled temperature (25 °C)
by a mobile phase, delivered isocratically at 1.0-1.5 mL per minute.
The sample volume (10 pL) and/or standard was inserted, and detec-
tion was performed at 420 nm with full spectral acquisition (200-
600 nm) for peak confirmation. Standards of curcumin (>99.5%),
demethoxycurcumin (>98%) and bisdemethoxycurcumin (>98%)
were obtained from Sigma-Aldrich (St. Louis, United States). Stock
solution (1 mg mL™") was prepared in methanol and diluted to pro-
duce working concentrations (10, 20, 30, 40, 50 and 60 pg mL™")
whereas, standard solutions filtered through syringe filters (0.22 pm)
prior to injection were used. Calibration curves were constructed
from peak areas and used for quantification; linearity (R?), limits of
detection and quantification, and method precision were measured
during method validation. The mobile phase was filtered (0.45 pm)
and degassed under vacuum before use. System suitability (retention
time repeatability, theoretical plates, tailing factor and resolution) and
periodic quality control injections were performed throughout ana-
Iytical runs (19).

2.5 Characterization of laser irradiation
2.5.1 UV-visible spectroscopy

The color change was verified with UV-visible spectroscopy
(Shimadzu 8,400, Kyoto, Japan) between 300 and 700 nm wavelength
range was utilized for the analysis (20).
2.5.2 X-ray diffraction analysis

The EDX technique was used to determine the elemental makeup of

the synthesized silver nanoparticles. The test was conducted in an X-ray
diffractometer (Unisantis XMD-300, Swiss, Basel, Switzerland) (20).
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2.5.3 Fourier transform infrared spectroscopy
(FTIR)

This analysis was used to characterize the functional groups
involved in the formation and stabilization of the biosynthesized He-
Ne laser irradiation (40). The analysis was performed using an FTIR-
8400 spectrometer (Shimadzu, Kyoto, Japan), with measurements.

recorded in the range of 500-4,500 cm™". This allowed identifica-
tion of key chemical bonds and functional groups associated with the
He-Ne laser irradiation (21).

2.5.4 Energy dispersive X-ray spectroscopy (EDX)

The EDX technique was used to determine the elemental makeup
of the synthesized He-Ne laser irradiation. The collected dried He-Ne
laser irradiation synthesized from C.longa (previously described) were
analyzed using a scanning electron microscope integrated with an
EDX (Tescan, Brno, Czech Republic) (20).

2.5.5 Zeta potential

Zeta potential and particle size distribution measurements were
conducted using a spectrophotometer from Malvern Analytical,
Enigma Business Park, UK. using Zetasizer 7.01 software was used to
observe the surface charge of the He-Ne laser irradiation (22).

2.6 Bacterial strains and culture conditions

Clinical isolates (E. coli, S. aureus, MRSA, S. pyogenes) were obtained
from King Faisal University. Overnight cultures in nutrient broth (NB)
were adjusted to OD600 = 0.3 (~1 x 10* CFU-mL™" = 0.5 McFarland) (2).

2.7 Disc diffusion assay

Sterile 6-mm discs were loaded with extracts to achieve 5 mg-L™
curcuminoid equivalents per disc. Imipenem (10 pg/disc) served as
positive control; 1:1 DMSO: water served as negative control. Plates
were incubated at 37 °C for 18-24 h (2).

2.8 Minimum inhibitory concentration (MIC)
and minimum bactericidal concentration
(MBQ)

Serial dilutions of extracts (0.125-4 mg-mL™") were prepared in
NB. MIC was defined as the lowest concentration yielding no visible
growth after incubation at 37 °C. MBC was confirmed by plating MIC-
negative wells and observing colony absence after 24 h at 37 °C (2).

2.9 Scanning Electron microscopy

Cells treated with extract (MIC level) for 4 h were fixed in 2.5%
glutaraldehyde, dehydrated, dried, sputter-coated, and visualized at
20,000 x magnification (23).

2.10 Antioxidant activity: DPPH assay

Extracts were tested at 0.2-1.0 mg-mL™" against DPPH (517 nm),
with gallic acid as standard. ICs, values were derived from regression
analysis (2).
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2.11 Protein denaturation anti-inflammatory
assay

Egg albumin was incubated with extract (up to 500 pg-mL™") in
phosphate buffer and heated to 70 °C. Absorbance at 660 nm was used
to calculate inhibition (41).

2.12 Cytotoxicity assay

MCE-7 cells were treated with extract concentrations up to
200 pg-mL™" for 48 h, followed by Mean Transit Time (MTT) assay
(550 nm) (2).

2.13 Statistical analysis

Data were analyzed using one-way ANOVA with Tukey’s Honestly
Significant Difference (HSD) (p <0.05). Results reported as
mean + SD of biological triplicates.

3 Results

3.1 High performance liquid
chromatography analysis (HPLC)

After 3 months of cultivation, all plants derived from rhizomes
exposed to 5 min He-Ne laser irradiation consistently exhibited early
rhizome yellowing followed by complete plant death across two inde-
pendent planting seasons. As a result, no growth or HPLC data could
be obtained for this treatment. This reproducible response suggests
that short-duration laser exposure may induce acute photo stress or
transient oxidative imbalance sufficient to impair tissue viability as
has been reported for brief laser treatments in other plant systems
(42), without triggering adaptive metabolic responses observed at
longer irradiation durations. He-Ne laser irradiation significantly
altered curcuminoid composition in C. longa rhizomes (Table 1).
Bisdemethoxycurcumin increased by 42-43% following 10-15 min
exposure compared with control (p < 0.05). Demethoxycurcumin
decreased after 10 min irradiation and partially recovered at 15 min
but remained lower than control values (p < 0.05). Curcumin levels
were reduced at 10 min but maintained at levels statistically compa-
rable to control after 15 min irradiation (p < 0.05). Variability across
treatments exhibited structure-dependent responses to irradiation
duration.

Curcuminoid responses to laser irradiation were structure-depen-
dent and non-linear. Bisdemethoxycurcumin showed a consistent and
significant increase following 10-15 min irradiation, whereas cur-
cumin and demethoxycurcumin exhibited differential responses, likely
reflecting competing biosynthetic and photo-degradation processes.

10.3389/fnut.2026.1758942

3.2 He—Ne laser irradiation enhances
curcuminoid content in Curcuma longa:
physicochemical characterization (FTIR,
XRD, SEM-EDX, zeta potential) and
functional bioactivity

3.2.1 UV-visible spectral analysis

The formation of C. longa was determined by UV-visible spec-
troscopy, as shown in (Figure 1). The results reveal a higher absor-
bance at 335 nm in 10 min laser irradiation (Figure 1A) and 410 nm
in 15 min laser irradiation (Figure 1B), which is linked to the presence
of specific chromophores or formation of radiation induced defects
within materials. Additionally, a broad absorption band ranging from
400 to 500 nm was observed, which was not present in the UV-visible
spectrum of thel5 min laser irradiation (Figure 1B). This difference
indicates the successful synthesis of laser irradiation.

3.2.2 Fourier-transform infrared spectroscopy
(FTIR)

In order to verify the functional groups involved in the biosynthe-
sis of laser irradiation, we used the FTIR spectrum as a qualitative
instrument. Numerous functional groups, including as single, double,
and fingerprint bonds, are seen in the Figure 2.

After 10 min of laser irradiation, the FTIR spectrum showed con-
sistent and significant increase at 3368.625, 2152.771, 1990.714,
1636.703, 528.513, and 419.52 cm™, as well as 3367.390, 2123.677,
1636.974, 567.974, and 419.623 cm™". Polymeric hydroxyl compound
O-H stretching, C-C stretching from phenyl groups, C=0 stretching
vibration, C-N stretching, enhancement of C-H and C-C vibrations,
lipids, COO symmetric stretching, CH2 bending/stretching vibra-
tions, C-O of mono-, 1112 oligo-, ester carbonyl (COOR), and car-
boxylate ion stretching (-COO-)-/C-O stretching vibration (amide),
halo compounds, carbohydrates, and the pyranoid ring.

3.2.3 Zeta potential determination

Zeta potential was used to assess the 10, 15 min laser irradiation of
C. longa; surface charge (Figure 3). The bio-synthesized He-Ne laser-
treated Curcuma longa were stable, as they had a value 0of—22.2 mV in
10 min laser irradiation and —25.4 mV in 15 min laser irradiation.

3.2.4 Technical specifications of EDX

A high signal in the carbon and oxygen section of the EDX study
showed that carbon and oxygen were biosynthesized (Figure 4). In both
10- and 15-min laser irradiation of C. longa, the proportion of carbon
was 58%, followed by oxygen (33.5%) and chlorine (2.5%), which were
present at a lower percentage and 49.6% in oxygen, respectively.

TABLE 1 Curcuminoid concentrations (ug mL™%; mean + SD, n = 3) in C. longa extracts following He—Ne laser treatment.

Treatment Bisdemethoxycurcumin Demethoxycurcumin Curcumin
Control 70.76 +2.1° 80.40 2.5 327.25 +5.3*
10 min Laser 100.50 + 3.2° 60.78 + 1.9° 220.85 + 4.1°
15 min Laser 101.19 £ 3.1° 70.68 £ 2.0° 380.80 + 6.2*

*Different superscript letters within a column indicate significant differences (p < 0.05, Fisher’s LSD).
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UV-Vis absorption spectrum of (A) 10 min laser irradiation of C. longa, (B) 15 min laser irradiation of C. longa.
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FTIR spectrum of (A) 10 min laser irradiation of C. longa, (B) 15 min laser irradiation of C. longa.

3.3 Impact of laser He—Ne laser treatments
o on the antimicrobial activity of Ethanolic
0 curcumin extracts
1
3 il
o el In vitro disc diffusion assay was performed with ethanolic extracts
£
3]§§+ of C. longa against the growth inhibition various bacterial strains
Y m (Table 2). The results revealed that He-Ne laser pretreatment of rhi-
% 0 \ [ | | zomes for 10 or 15 min modulated the antibacterial efficacy of the
o ] 0 ] il extracts. Extracts from untreated control plants exhibited activity
against all tested bacterial strains. Notably, extracts from rhizomes
exposed to 15-min laser irradiation demonstrated enhanced antibac-
- terial activity, particularly against E. coli, which corresponded with an
el syt
. B increase in curcumin content. The observed activity against E. coli was
i zg: nearly equivalent to that of 10 pg of imipenem, while activity against
EMS S. aureus, MRSA, and S. pyogenes remained similar to that of control
U tels extracts. In contrast, extracts from 10-min laser-treated rhizomes
g 01 L \ T ' showed considerable reduction as anti-E. coli activity followed by con-
w o ! K m trols but retained efficient antibacterial potential against other tested
FIGURE 3 _ _ _ _ strains (Figure 5, Table 2). These findings indicate that the duration of
Zeta potential determination: (A) 10 min laser irradiation of C. longa; 1 irradiati h h ib al . f
(B) 15 min laser irradiation of C. longa. He-Ne laser irradiation may enhance the antibacterial properties o
curcumin extracts, with a pronounced effect against E. coli.
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TABLE 2 Mean inhibition zone diameters (mm + SD, n = 12).

Bacterial Laser treatment  Inhibition zone
species (mm)
E. coli Laser 10 (a) 1.5+0.3"
Laser 15 (b) 2+0.3°
Control (curcumin) 1+0.2°
Imipenem, 10 pg/mL 1.5+0.2®
S. aureus Laser 10 0.9+0.2°
Laser 15 1.3+0.2°
Control (curcumin) 0.8+0.1¢
Imipenem, 10 pg/mL 1.5+0.3%
S. pyogenes Laser 10 12+0.3°
Laser 15 14+03°
Control (curcumin) 1+0.2¢
Imipenem, 10 pg/ml 1.5+0.2°
MRSA Laser 10 1.3+£0.2°
Laser 15 1.5+0.2°
Control (curcumin) 1.1+0.1¢
Imipenem, 10 pg/ml 14+03°

*Mean surface area of the inhibition zone (mm?) was calculated for each treatment after
determining the mean diameter. This was calculated for all species in the same manner.
Different letters within each row indicate significant differences (p < 0.05, Fisher’s LSD test).

3.4 Evaluation of minimum inhibitory
concentration and minimum bactericidal
concentration of curcumin extracts

MIC and MBC values are presented in Table 3. Growth inhibition
of MRSA, E. coli, and S. pyogenes occurred at 1 mg mL™" across treat-
ments. S. aureus displayed higher sensitivity with inhibition at
0.5 mg mL™". Complete eradication (MBC) corresponded to MIC
levels for all strains tested.

3.5 Morphological changes by scanning
Electron microscopy

Untreated E. coli cells maintained intact, smooth surfaces with
regular rod morphology. Extracts obtained from laser-treated
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rhizomes induced visible membrane disruption. Cells exposed to
10-min extracts showed surface deformation, while 15-min treatment
resulted in marked collapse and distortion of cell walls.

3.6 Antioxidant activity (DPPH assay)

Laser irradiation significantly enhanced radical scavenging capac-
ity relative to untreated control (p < 0.05). ICs, values were lowest for
15-min extracts (0.69 mgmL™), followed by 10-min extracts
(0.71 mgmL™"). Values
(0.15 mg mL™).

remained higher than gallic acid

3.7 Protein denaturation and
anti-inflammatory activity

Laser-treated extracts exhibited significantly higher inhibition of
protein denaturation than control at 500 pg mL™" (p <0.05).
Inhibition values reached 69 and 65% for 10- and 15-min treatments,
respectively, compared with 55% for control.

3.8 Cytotoxicity assessment

Extracts showed dose-dependent reductions in MCE-7 cell viabil-
ity at concentrations above 100 pg mL™". No significant reduction in
viability was observed at concentrations corresponding to MIC values.

4 Discussion

Post-harvest He-Ne laser irradiation significantly modified cur-
cuminoid composition and enhanced functional properties of C. longa
extracts. The most notable change was the increase in bisdemethoxyc-
urcumin after 10-15 min exposure (Table 1), accompanied by partial
recovery of demethoxycurcumin and stabilization of curcumin levels
at 15 min. These selective changes align with prior work indicating
that light-based elicitation can modulate secondary metabolite path-
ways in plant tissues (41-43). While underlying mechanisms were not
directly evaluated, previous studies suggest that light-responsive meta-
bolic regulation may involve photoreceptor signaling and downstream
phenylpropanoid pathway activation (2, 44). The activation of the
phenylpropanoid pathway is proposed here as a plausible mechanistic
hypothesis rather than a confirmed pathway. Transcriptomic and
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FIGURE 5

Inhibition zone diameters of curcuminoid extracts against tested bacterial strains. Data represent mean + SD (n = 12). Statistical differences among
treatments were analyzed using one-way ANOVA followed by Tukey's HSD test. Different letters indicate significant differences at p < 0.05.

TABLE 3 MIC and MBC values (mg mL™) of curcuminoid extracts against tested bacterial strains.

Treatment E. coli MIC/MBC S. aureus MIC/MBC S. pyogenes MIC/MBC MRSA MIC/MBC
Control /1 0.5/0.5 171 /1
10 min laser 1/1 0.5/0.5 11 171
15 min laser /1 0.5/0.5 171 11

MIC and MBC values represent lowest concentration inhibiting or eliminating growth after 24 h.

enzymatic analyses will be required to validate this mechanism in
Curcuma longa. Future work including transcriptomic or redox mea-
surements will be required to confirm these pathways in C. longa.
Laser irradiation also strengthened antibacterial activity, particu-
larly against E. coli, with extracts from 15-min exposure producing the
largest inhibition zones (Table 2, Figure 5). This enhancement paral-
lels the higher curcumin and bisdemethoxycurcumin levels measured
after 15 min (Table 1), consistent with reports linking curcuminoid
enrichment to improved antimicrobial effects (45-47). MIC and MBC
values remained similar across treatments for MRSA, S. pyogenes, and
E. coli (Table 3), indicating that irradiation enhanced potency without
altering bactericidal thresholds. SEM analysis confirmed visible mem-
brane disruption in E. coli following exposure to extracts from laser-
treated rhizomes (Figure 6), supporting the antimicrobial activity
observed. These structural changes are consistent with established
antibacterial mechanisms of curcuminoids, including membrane
destabilization and oxidative stress—mediated damage (33, 48, 49).
Laser-induced enrichment also increased antioxidant capacity,
reflected by reduced IC50 values for DPPH scavenging at both irradia-
tion durations (Figure 7). The IC50 values obtained (0.69-
0.71 mg mL™") fall within literature ranges for curcumin-rich extracts
but represent an improvement over typical untreated material, which
commonly shows IC50 values above 1 mg mL™" (50, 51). These find-
ings suggest that laser irradiation may enhance the value of turmeric
as a natural antioxidant source for functional food applications (85).
Anti-denaturation assays showed that extracts from laser-treated
rhizomes produced higher inhibition of protein degradation than
untreated extracts (Figure 8), indicating improved anti-inflammatory
potential at non-cytotoxic concentrations. Importantly, cytotoxicity
remained minimal at concentrations corresponding to MIC and anti-
oxidant testing (Figure 9), suggesting potential suitability for food and
nutraceutical applications that require low-toxicity bioactivity.
Overall, the combined biochemical and functional enhancements
observed following He-Ne irradiation indicate that this non-thermal
post-harvest method can improve extract composition and activity
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without compromising safety at relevant concentrations. These results
extend previous reports on laser stimulation in medicinal plants by
demonstrating post-harvest enhancement linked to functional out-
comes rather than growth alone. Practical implications include the
potential development of enriched turmeric extracts for natural pres-
ervation, antioxidant stabilization in food matrices, or value-added
nutraceutical formulations (86). Future studies should evaluate extract
performance in real-food systems and assess scalability of irradiation
parameters for industrial integration.

The emergence of multidrug-resistant (MDR) bacterial strains
presents a significant global health issue, undermining therapeutic
efficacy and intensifying the pursuit of alternative antimicrobial strate-
gies. MRSA is notably problematic among these pathogens because it
can form protective biofilms, impede antibiotic penetration, and evade
host immune responses (18, 52, 53). Conventional antimicrobials,
although readily available, face significant limitations due to elevated
production costs, environmental issues, and the rapid development of
resistance mechanisms. This scenario highlights the necessity for
innovative, sustainable, and low-toxicity antimicrobial solutions.
Plant-derived bioactive compounds, particularly from medicinal and
food-grade species, have garnered increasing attention due to their
multifunctional properties, low toxicity, and potential applications in
functional foods, nutraceuticals, and natural preservation systems
(54-56). Curcuma longa is acknowledged for its antibacterial and anti-
oxidant properties, primarily due to curcuminoids and related sec-
ondary metabolites (57-59). Increasing the levels or activity of these
bioactives through sustainable technologies can facilitate the produc-
tion of high-value functional ingredients appropriate for clean-label
foods and environmentally friendly preservation systems. The impact
of laser bio-stimulation on plant growth was initially recorded in 1970
(41), with subsequent studies across various plant species, including
crops, vegetables, and herbs, corroborating these findings (40).

Compared to the control group, both the 10- and 15-min laser
treatment groups exhibited a significant increase in plant height, root
quantity, dried weight of leaves, roots, and rhizomes, as well as
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FIGURE 6
Representative SEM micrographs of Escherichia coli cells untreated (control) (A) or treated with curcuminoid extracts derived from 10- (B) and 15-min

laser-irradiated rhizomes (C). Images are representative of three independent experiments.
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DPPH radical-scavenging activity of curcuminoid extracts from control, 10-min, and 15-min He—Ne laser-treated Curcuma longa rhizomes, compared

with gallic acid, (orange is GA) and blue is extract (A) (10-min), and (B) (15-min) He—Ne laser-treated Curcuma longa rhizomes. Values are expressed as
mean + SD (n = 3 independent experiments). Statistical analysis was performed using one-way ANOVA followed by Tukey's HSD post-hoc test.
Different letters indicate statistically significant differences among treatments at p < 0.05.
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FIGURE 8
Inhibition of protein denaturation by curcuminoid extracts. Orange is C. longa extract and blue is C. longa (A) (10 min) and (B) (15 min) Ne—He radiation.
Results are expressed as mean + SD (n = 3). Statistical analysis was conducted using one-way ANOVA with Tukey's HSD test, and different letters
indicate significant differences at p < 0.05.

average rhizome diameters. The findings indicate that He-Ne laser
pretreatment of rhizomes enhances the growth and yield of curcuma
plants. Photosynthetic pigments in plants, such as chlorophyll a and
b, exhibit a significant increase in correlation with plant development
and rhizome production (60). Comparative analysis of irradiation
treatments revealed that extracts obtained after 15 min of irradiation
exhibited a significant inhibitory effect against Escherichia coli, while
10 min of irradiation resulted in greater inhibition of Staphylococcus
aureus and S. pyogenes. Our research demonstrated a significant
increase in antibacterial assays in both the 10- and 15-min laser treat-
ment groups compared to the control group.

Laser irradiation has been identified as an effective method for
modulating plant secondary metabolism, enhancing phytochemical
concentrations, and improving extract functionality in the absence
of chemical elicitors (61-63). This study shows that post-harvest
He-Ne laser exposure effectively enhances the biochemical compo-
sition and functional activity of C. longa extracts in a sustain-
able manner.
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The absorption spectrum of the synthesized laser irradiation
exhibited increase at 335 nm after 10 min and 410 nm after 15 min of
laser exposure, indicating the presence of specific chromophores or
the formation of radiation-induced defects within the materials. The
literature indicates that the excitation of chromophores or the forma-
tion vibrations of carbon or oxygen occurs within the range of 300-
450 nm (64, 65). The results reveal a higher absorbance at 335 nm in
10 min laser irradiation (Figure 1A) and 410 nm in 15 min laser irra-
diation (Figure 1B), which is linked to the presence of specific chro-
mophores or formation of radiation induced defects within materials.
The FTIR spectrum indicated that the band at 3368.625 cm™ for
10 min of laser irradiation and 3367.390 cm™ for 15 min of laser irra-
diation corresponds to the vibrations of the OH group in phenolic
compounds (Figure 2). The EDX analysis of the laser-irradiated
sample revealed characteristic elemental increase between 4 and
5 keV, thereby confirming the presence of the corresponding metallic
element in the synthesized nanostructures. The EDX spectrum exhib-
ited a prominent elemental signal around 2 keV, thereby confirming
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FIGURE 9
Viability of MCF-7 cells after exposure to curcuminoid extracts 10-min (A) and 15-min He—Ne laser-treated (B). Data represent mean + SD of three
independent experiments (n = 3). Statistical differences relative to control were analyzed using one-way ANOVA followed by Tukey's HSD test
(p <0.05).

the elemental composition (Figure 4). The negative zeta potential
value signifies favorable colloidal stability of the nanoparticles, attrib-
utable to the capping and stabilizing phytochemical constituents
inherent in the C. longa extract (Figure 3).

The antibacterial findings of this study indicate that laser-treated
turmeric extracts exhibit enhanced inhibitory activity against E. coli,
S. aureus, and MRSA in comparison to untreated controls. The 15-min
laser treatment exhibited the most pronounced antibacterial effect,
particularly against E. coli, which demonstrated larger inhibition
zones compared to those seen with S. pyogenes. This pattern corre-
sponds with earlier research indicating that curcumin-rich extracts
generally show greater effectiveness against Gram-negative bacteria,
attributed to improved membrane permeability and increased suscep-
tibility to oxidative stress (66-70, 87). The improvement in antibacte-
rial activity corresponds with the laser-induced elevation in curcumin
and bisdemethoxycurcumin levels noted in the HPLC analysis
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(Table 1). These compounds demonstrate antimicrobial effects by dis-
rupting membranes, interfering with protein and DNA synthesis,
inhibiting quorum sensing, suppressing biofilm formation, and gen-
erating reactive oxygen species (71). Studies have reported analogous
correlations where laser treatments improved the antimicrobial effi-
cacy of extracts from various medicinal plants (72-74). This study did
not directly measure ROS levels; however, the selective alterations in
curcuminoid concentrations imply that photochemical pathways
involving transient ROS formation may play a role in the modulation
of curcuminoid biosynthesis and degradation during laser exposure.
Prior research indicates that curcumin and its analogues can experi-
ence oxidative transformations facilitated by singlet oxygen, superox-
ide, and hydroxyl radicals under light irradiation (75). ROS
involvement is suggested as a viable biochemical mechanism that
aligns with the observed fluctuations, although direct verification is a
goal for future research. The fluctuation in curcuminoid levels after
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laser treatment can be attributed to the opposing influences of irradi-
ation-enhanced biosynthesis and photo-induced degradation. The
mortality observed following 5-min laser irradiation may reflect an
imbalance between laser-induced reactive oxygen species (ROS) gen-
eration and antioxidant defense activation. Short exposure may gener-
ate oxidative stress levels sufficient to damage cellular structures,
whereas longer irradiation (10-15min) may allow acclimation
responses, including activation of antioxidant and secondary meta-
bolic pathways. Similar laser-induced stress responses at short expo-
sure durations have been reported in other plant systems (42).

The increase in curcuminoids and volatile constituents observed
after 15 min of irradiation aligns with research indicating that light-
based treatments, such as laser and LED exposure, promote the bio-
synthesis of secondary metabolites by activating photoreceptors and
essential metabolic pathways (76-78). Studies on Glycine max,
Ocimum basilicum, fennel, coriander, anise, and cumin indicate that
laser irradiation enhances essential oil content, phenolic compounds,
and antioxidant capacity (79, 80).

The red-light wavelengths emitted by the He-Ne laser may acti-
vate phytochrome-mediated signaling pathways. Red light is recog-
nized for its role in regulating the synthesis of plant secondary
metabolites through the activation of photoreceptors and subsequent
modulation of genes in the phenylpropanoid pathway (81).
Transcriptomic studies indicate that exposure to red LED light
enhances the biosynthesis of phenolic and flavonoid compounds by
upregulating phenylalanine ammonia-lyase (PAL) and 4-coumarate-
CoA ligase (82). Laser irradiation markedly improved the antioxidant
activity of C. longa extracts, evidenced by decreased IC50 values in the
DPPH assay (0.71 and 0.69 mg mL™" for 10- and 15-min treatments).
The findings align with research indicating enhanced antioxidant
potential subsequent to laser elicitation (83, 84).

He-Ne laser treatment represents a non-thermal, chemical-free,
and low-energy method, positioning it as an environmentally sus-
tainable technique for the post-harvest enhancement of plant materi-
als. This study demonstrates that He-Ne laser treatment is an
effective and sustainable elicitation strategy that significantly
enhances the antimicrobial and antioxidant properties of C. longa
extracts.

5 Conclusion

This research illustrates that post-harvest He-Ne laser irradia-
tion is an efficacious, non-thermal method to improve the func-
tional attributes of C. longa rhizomes. Laser irradiation for
10-15 min preferentially enhanced curcuminoids—especially bis-
demethoxycurcumin—and augmented antioxidant capacity, antimi-
crobial activity, and anti-denaturation potential while preserving
low cytotoxicity at useful concentrations. These modifications
resulted in quantifiable increases in bioactivity without modifying
MIC/MBC thresholds or jeopardizing safety, demonstrating that
laser-treated extracts maintain their biological significance at suit-
able application levels.

The observed enhancements endorse the prospective use of He—
Ne irradiation into processing methods designed for the production
of natural antibacterial and antioxidant additives for clean-label food
preservation, nutraceutical formulations, and active packaging
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systems. Laser irradiation, as a scalable, solvent-free, and residue-free
technology, corresponds with sustainable manufacturing objectives
and presents a feasible alternative to chemical elicitation or thermal
enhancement techniques.

Subsequent research should verify the efficacy of enhanced
extracts in actual food matrices, evaluate their durability during stor-
age and processing, and refine irradiation conditions for industrial
application. These initiatives will facilitate the conversion of laser-
enhanced turmeric extracts into value-added, functional ingredients
applicable in the food, health, and bioproduct industries. Direct mea-
surement of ROS will be included in future work to confirm the pro-
posed mechanism.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

MA: Resources, Formal analysis, Writing — original draft, Project
Data
Supervision, Conceptualization, Writing - review & editing,

administration, curation, Investigation, Visualization,

Validation, Methodology, Software, Funding acquisition.

Funding

The author(s) declared that financial support was received for this
work and/or its publication. The authors would like to express their
gratitude to The Deanship for Scientific Research, King Faisal
University, for financial support, Grant number KFU242332.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that Generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

frontiersin.org


https://doi.org/10.3389/fnut.2026.1758942
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Aldayel

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Chattopadhyay I, Biswas K, Bandyopadhyay U, Banerjee RK. Turmeric and curcumin:
biological actions and medicinal applications. Curr Sci. (2004) 87:44-53.

2. Luthra PM, Singh R, Chandra R. Therapeutic uses of Curcuma longa (turmeric). Indian
J Clin Biochem. (2001) 16:153-60. doi: 10.1007/BF02864854

3. Chainani-Wu N. Safety and anti-inflammatory activity of curcumin: a component of
tumeric (Curcuma longa). ] Altern Complement Med. (2003) 9:161-8. doi:
10.1089/107555303321223035

4. Maheshwari RK, Singh AK, Gaddipati J, Srimal RC. Multiple biological activities of
curcumin: a short review. Life Sci. (2006) 78:2081-7. doi: 10.1016/j.1fs.2005.12.007

5. Moghadamtousi SZ, Kadir HA, Hassandarvish P, Tajik H, Abubakar S, Zandi K. A
review on antibacterial, antiviral, and antifungal activity of curcumin. BioMed Res Int
Artic. (2014) 2014:186864. doi: 10.1155/2014/186864

6. Das P, Gupta G, Velu V, Awasthi R, Dua K, Malipeddi H. Formation of struvite urinary
stones and approaches towards the inhibition—a review. Biomed Pharmacother. (2017)
96:361-70. doi: 10.1016/j.biopha.2017.10.015

7. Teow S-Y, Liew K, Ali SA, Khoo AS-B, Peh S-C. Antibacterial action of curcumin
against Staphylococcus aureus: a brief review. J Trop Med. (2016) 2016:2853045. doi:
10.1155/2016/2853045

8. Bahari S, Zeighami H, Mirshahabi H, Roudashti S, Haghi E. Inhibition of Pseudomonas
aeruginosa quorum sensing by subinhibitory concentrations of curcumin with gentamicin
and azithromycin. J Glob Antimicrob Resist. (2017) 10:21-8. doi: 10.1016/.jgar.2017.03.006

9. Rangel—Castar'leda 1A, Cruz-Lozano JR, Zermefo-Ruiz M, Cortes-Zarate R,
Hernandez-Hernandez L, Tapia-Pastrana G, et al. Drug susceptibility testing and syner-
gistic antibacterial activity of curcumin with antibiotics against enterotoxigenic
Escherichia coli. Antibiotics. (2019) 8:43. doi: 10.3390/antibiotics8020043

10. Gul P, Bakht J. Antimicrobial activitiy of turmeric extract and its potential use in food
industry. ] Food Sci Technol. (2015) 52:2272-9. doi: 10.1007/s13197-013-1195-4

11. Adamczak A, Ozarowski M, Karpinski TM. Curcumin, a natural antimicrobial agent
with strain-specific activity. Pharmaceuticals. (2020) 13:153. doi: 10.3390/ph13070153

12. Chuo SC, Nasir HM, Mohd-Setapar SH, Mohamed SE, Ahmad A, Wani WA, et al. A
glimpse into the extraction methods of active compounds from plants. Crit Rev Anal
Chem. (2022) 52:667-96. doi: 10.1080/10408347.2020.1820851

13. Medina-Torres N, Ayora-Talavera T, Espinosa-Andrews H, Sanchez-Contreras A,
Pacheco N. Ultrasound assisted extraction for the recovery of phenolic compounds from
vegetable sources. Agronomy. (2017) 7:47. doi: 10.3390/agronomy7030047

14. Contreras-Lopez E, Castafieda-Ovando A, Jaimez-Ordaz J, Cruz-Cansino NDS,
Gonzalez-Olivares LG, Rodriguez-Martinez JS, et al. Release of antioxidant compounds
of Zingiber officinale by ultrasound-assisted aqueous extraction and evaluation of their in
vitro bioaccessibility. Appl Sci. (2020) 10:4987. doi: 10.3390/app10144987

15. Herzyk F, Pilakowska-Pietras D, Korzeniowska M. Supercritical extraction techniques
for obtaining biologically active substances from a variety of plant byproducts. Foods.
(2024) 13:1713. doi: 10.3390/foods13111713

16. El Sherif F, Ismail EG. Effects of plant spacing and its association with humic acid
application on the growth, yield and active composition in Curcuma longa. Adv Mater.
(2017) 2:106-13. doi: 10.11648/j.ajpb.20170203.14

17. Salem MA, Zayed A. Liquid chromatography-tandem mass spectrometry-based
profiling of plant hormones In: T Yoshida, editor. Abscisic acid. Methods in molecular
biology, vol. 2462. New York, NY: Humana (2022). 125-33.

18. Alonso-Espanol A, Bravo E, Ribeiro-Vidal H, Virto L, Herrera D, Alonso B, et al. The
antimicrobial activity of curcumin and Xanthohumol on bacterial biofilms developed
over dental implant surfaces. Int ] Mol Sci. (2023) 24:2335. doi: 10.3390/ijms24032335

19. Oliveira MRD, Cantorani JRH, Pilatti LA. Sustainable extraction of bioactive com-
pounds from food processing by-products: strategies and circular economy insights. PRO.
(2025) 13:3611. doi: 10.3390/pr13113611

20. Hassan WA, Mohammed AE, AlShaye NA, Sonbol H, Alghamdi SA, Iamonico D,
et al. Characterization of Amaranthus species: ability in nanoparticles fabrication and the
antimicrobial activity against human pathogenic bacteria. Peer]. (2024) 11:e16708. doi:
10.7717/peerj.16708

21. Nandiyanto ABD, Oktiani R, Ragadhita R. How to read and interpret FTIR spectro-
scope of organic material. Indones J Sci Technol. (2019) 4:97-118. doi: 10.17509/ijost.
v4il.15806

22. Huq MA, Ashrafudoulla M, Rahman MM, Balusamy SR, Akter S. Green synthesis
and potential antibacterial applications of bioactive silver nanoparticles: a review.
Polymers. (2022) 14:742. doi: 10.3390/polym14040742

Frontiers in Nutrition

12

10.3389/fnut.2026.1758942

organizations, or those of the publisher, the editors and the reviewers.
Any product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by the
publisher.

23. Huq MA, Akter S. Bacterial mediated rapid and facile synthesis of silver nanoparticles
and their antimicrobial efficacy against athogenic microorganisms. Materials. (2021)
14:2615. doi: 10.3390/mal14102615

24. Rathod NB, Nirmal NP, Abdullah S, Surasani VKR, Ranveer RC, Kumar S, et al.
Extraction of natural bioactive compounds using clean label technologies and their appli-
cation as muscle food preservatives. Front Sustain Food Syst. (2023) 7:1207704. doi:
10.3389/fsufs.2023.1207704

25. Liu C, Wan H, Yang Y, Ye Q, Zhou G, Wang X, et al. Post-harvest LED light irradiation
affects firmness, bioactive substances, and amino acid compositions in
chili pepper (Capsicum annum L.). Foods. (2022) 11:2712. doi: 10.3390/foods111
72712

26. Hasan MM, Bashir T, Ghosh R, Lee SK, Bae H. An overview of LEDs effects on the
production of bioactive compounds and crop quality. Molecules. (2017) 22:1420. doi:
10.3390/molecules22091420

27. D'Souza C, Yuk HG, Khoo GH, Zhou W. Application of light-emitting diodes in food
production, postharvest preservation, and microbiological food safety. Compr Rev Food
Sci Food Saf. (2015) 14:719-40. doi: 10.1111/1541-4337.12155

28. Baenas N, Iniesta C, Gonzélez-Barrio R, Nufiez-Gomez V, Periago MJ, Garcia-Alonso
FJ. Post-harvest use of ultraviolet light (UV) and light emitting diode (LED) to enhance
bioactive compounds in refrigerated tomatoes. Molecules. (2021) 26:1847. doi: 10.3390/
molecules26071847

29. Yao J, Chen W, Fan K. Recent advances in light irradiation for improving the preserva-
tion of fruits and vegetables: a review. Food Biosci. (2023) 56:103206. doi: 10.1016/j.
{bi0.2023.103206

30. Cano-Lamadrid M, Artes-Hernandez F. By-products revalorization with non-thermal
treatments to enhance phytochemical compounds of fruit and vegetables derived prod-
ucts: a review. Foods. (2021) 11:59. doi: 10.3390/foods11010059

31. Chavan P, Yadav R, Sharma P, Jaiswal AK. Laser light as an emerging method for
sustainable food processing, packaging, and testing. Foods. (2023) 12:2983. doi: 10.3390/
foods12162983

32. Astuti SD, Mawaddah A, Kusumawati I, Mahmud AF, Nasution AMT, Purwanto B,
et al. Fluorescent microscopy evaluation of diode laser effect on the penetration depth of
turmeric (Curcuma longa) extract cream on skin tissues of Wistar rats. Lasers Med Sci.
(2024) 39:79. doi: 10.1007/s10103-024-04020-3

33. El-Sherif F, Yap YK, Ibrahim HI. Laser irradiation induces DNA polymorphism and
alters phytochemicals compositions as well as growth and yield of Curcuma longa. ] Dis
Med Plants. (2019) 5:29-38. doi: 10.11648/j.jdmp.20190502.12

34. Majeed NF, Naser ST, Ali AH. Effect of laser pulses (Nd: YAG) 1064 nm on the physi-
cal properties of alum and turmeric extracts and antibacterial efficacy. J Opt. (2025):1-8.
doi: 10.1007/s12596-025-02748-x

35. Cardoso BEM, Medeiros AAA, Martins ML, de Sousa ALA, dos Santos Alves N, Veras
LMC, et al. Antibacterial and antifungal activity of curcumin and methylene blue associ-
ated with laser on bacterial and fungal strains. REVISTA CIENCIAS EM SAUDE. (2023)
13:33-7. doi: 10.21876/rcshci.v13i4.1454

36. Moharam LM, Sadony DM, Adel MM, Montasser K. Evaluation of surface roughness
and Vickers microhardness of various nano-herbal extracts on demineralized dentin and
their bactericidal efficacy with 970-nm wavelength diode laser irradiation. Bull Natl Res
Cent. (2021) 45:178. doi: 10.1186/s42269-021-00638-3

37. Chen YP, Yue M, Wang XL. Influence of He-ne laser irradiation on seeds thermody-
namic parameters and seedlings growth of Isatis indogotica. Plant Sci. (2004) 168:601-6.
doi: 10.1016/j.plantsci.2004.09.005

38. Osman YAH, EL-Tobgy KMK, El-Sherbini EI-S. Effect of laser radiation treatments
on growth, yield and chemical constituents of fennel and coriander plants. ] Appl Sci Res.
(2009) 5:244-52.

39. Al-Sherbini A, El-Gawad HGA, Kamal MA, El-Feky S. Potential of He-ne laser irra-
diation and iron nanoparticles to increase growth and yield of pea. Am Eurasian ] Agric
Environ Sci. (2015) 15:1435-46.

40. El-Kereti MA, El-feky SA, Khater MS, Osman YA, and El-sherbini E-sA. ZnO nanofer-
tilizer and He Ne laser irradiation for promoting growth and yield of sweee basil plant.
Recent Pat Food Nutr Agric. (2013) 5:169-81. doi: 10.2174/2212798405666131112142517

41. Aldayel M. First report for synthesis of antibacterial silver nanoparticles by Pergularia
tomentosa. Life. (2024) 40:945-8.

42. Aldayel MFE. The synergistic effect of capsicum aqueous extract (Capsicum annuum)
and chitosan against multidrug-resistant bacteria. J King Saud Univ. (2023) 35:102438.
doi: 10.1016/j.jksus.2022.102438

frontiersin.org


https://doi.org/10.3389/fnut.2026.1758942
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1007/BF02864854
https://doi.org/10.1089/107555303321223035
https://doi.org/10.1016/j.lfs.2005.12.007
https://doi.org/10.1155/2014/186864
https://doi.org/10.1016/j.biopha.2017.10.015
https://doi.org/10.1155/2016/2853045
https://doi.org/10.1016/j.jgar.2017.03.006
https://doi.org/10.3390/antibiotics8020043
https://doi.org/10.1007/s13197-013-1195-4
https://doi.org/10.3390/ph13070153
https://doi.org/10.1080/10408347.2020.1820851
https://doi.org/10.3390/agronomy7030047
https://doi.org/10.3390/app10144987
https://doi.org/10.3390/foods13111713
https://doi.org/10.11648/j.ajpb.20170203.14
https://doi.org/10.3390/ijms24032335
https://doi.org/10.3390/pr13113611
https://doi.org/10.7717/peerj.16708
https://doi.org/10.17509/ijost.v4i1.15806
https://doi.org/10.17509/ijost.v4i1.15806
https://doi.org/10.3390/polym14040742
https://doi.org/10.3390/ma14102615
https://doi.org/10.3389/fsufs.2023.1207704
https://doi.org/10.3390/foods11172712
https://doi.org/10.3390/foods11172712
https://doi.org/10.3390/molecules22091420
https://doi.org/10.1111/1541-4337.12155
https://doi.org/10.3390/molecules26071847
https://doi.org/10.3390/molecules26071847
https://doi.org/10.1016/j.fbio.2023.103206
https://doi.org/10.1016/j.fbio.2023.103206
https://doi.org/10.3390/foods11010059
https://doi.org/10.3390/foods12162983
https://doi.org/10.3390/foods12162983
https://doi.org/10.1007/s10103-024-04020-3
https://doi.org/10.11648/j.jdmp.20190502.12
https://doi.org/10.1007/s12596-025-02748-x
https://doi.org/10.21876/rcshci.v13i4.1454
https://doi.org/10.1186/s42269-021-00638-3
https://doi.org/10.1016/j.plantsci.2004.09.005
https://doi.org/10.2174/2212798405666131112142517
https://doi.org/10.1016/j.jksus.2022.102438

Aldayel

43. Aldayel ME Al Kuwayti MA, El Semary NA. Investigating the production of antimi-
crobial nanoparticles by Chlorella vulgaris and the link to its loss of viability.
Microorganisms. (2022) 10:145. doi: 10.3390/microorganisms10010145

44. Yildiz G, Li Y, Dong M, Sun ], Zhou B, Feng H. Laser-driven sustainable modulation
of growth, metabolomics, bioactive compounds, and physical attributes in broccoli,
radish, and kale sprouts. Food Chem. (2025) 497:147082. doi: 10.1016/j.
foodchem.2025.147082

45. Putnik P, Lorenzo JM, Barba FJ, Roohinejad S, Rezek Jambrak A, Granato D, et al.
Novel food processing and extraction technologies of high-added value compounds from
plant materials. Foods. (2018) 7:106. doi: 10.3390/foods7070106

46. Saleem S, Ghani A, Atif M, Noor AZ, Imran M, Aslam AA. Exploring innovative
curcumin-loaded hydrogels: novel approaches to combat antimicrobial resistance. ] Drug
Deliv Sci Technol. (2024) 100:106077. doi: 10.1016/j.jddst.2024.106077

47. Paleg L, Aspinall D. Field control of plant growth anddevelopemnt through the laser
activation of phytochrome. Nature. (1970) 228:970-3. doi: 10.1038/228970a0

48. Kranjec C, Angeles DM, Marli MT, Ferndndez L, Garcia P, Kjos M, et al.
Staphylococcal biofilms: challenges and novel therapeutic perspectives. Antibiotics. (2021)
10:131. doi: 10.3390/antibiotics10020131

49. Muthusamy A, Kudwa PP, Prabhu V, Mahato KK, Babu VS, Rao MR, et al. Influence
of helium-neon laser irradiation on seed germination in-vitro and physico-biochemical
characters in seedling of brinjal (Solanum melongene L.) var. Mattu Gulla. Photochem
Photobiol. (2012) 88:1227-35. doi: 10.1111/§.1751-1097.2012.01162.x

50. Amalraj A, Pius A, Gopi S, Gopi S. Biological activities of curcuminoids, other bio-
molecules from turmeric and their derivatives—a review. ] Tradit Complement Med.
(2017) 7:205-33. doi: 10.1016/j.jtcme.2016.05.005

51. Sastry M, Patil V, Sainkar SR. Electrostatically controlled diffusion of carboxylic acid
derivatized silver colloidal particles in thermally evaporated fatty amine films. J Phys
Chem B. (1998) 102:1404-10. doi: 10.1021/jp9719873

52. Kasthuri J, Veerapandian S, Rajendiran N. Biological synthesis of silver and gold
nanoparticles using apiin as reducing agent. Colloids Surf B Biointerfaces. (2009) 68:55-60.
doi: 10.1016/j.colsurfb.2008.09.021

53. Bekinbo M, Tariah FSA, Dapper D. Comparative GC-MS determination of bioactive
constituents of the methanolic extracts of Curcuma longa rhizome and Spondias mombin
leaves. ] Med Plants Stud. (2020) 8:1-6. Available at: http://www.plantsjournal.com
(Accessed April 22, 2022).

54. Rani N, Rani S, Patel H, Bhavna, Yadav S, Saini M, et al. Characterization and inves-
tigation of antioxidant and antimicrobial activity of zinc oxide nanoparticles prepared
using leaves extract of Nyctanthes arbor-tristis. Inorg Chem Commun. (2023) 150:110516.
doi: 10.1016/j.inoche.2023.110516

55. Gasbarri C, Angelini G. Cyclocurcumin as promising bioactive natural compound:
an overview. Molecules. (2024) 29:1451. doi: 10.3390/molecules29071451

56. Khalifa AYZ, Bekhet G. First isolation and characterization of the pathogenic
Aeromonas veronii bv. Veronii associated with ulcerative syndrome in the indigenous
Pelophylax ridibundus of Al-Ahsaa, Saudi Arabia. Microb Pathog. (2018) 117:361-8. doi:
10.1016/j.micpath.2017.10.019

57. Arivoli S, Tennyson S, Divya S, Rani S, Marin G. GC-MS analysis of bioactive com-
pounds of Curcuma longa Linnaeus (Zingiberaceae) rhizome extract. | Pharmacogn
Phytochem. (2019) 8:49-52. Available at: http://www.phytojournal.com (Accessed April
222022).

58. Kulyal P, Acharya S, Ankari AB, Kokkiripati PK, Tetali SD, Raghavendra AS. Variable
secondary metabolite profiles across cultivars of Curcuma longa L. and C. aromatica
Salisb. Front Pharmacol. (2021) 12:659546. doi: 10.3389/fphar.2021.659546

59. Asghar T, Igbal M, Jamil Y, Zia-Ul-Hag, Nisar J, Shahid M. Comparison of HeNe laser
and sinusoidal non-uniform magnetic field seed pre-sowing treatment effect on Glycine
max (Var 90-I) germination, growth and yield. J Photochem Photobiol B. (2017)
166:212-9. doi: 10.1016/j.jphotobiol.2016.11.018

60. Osman YAH, Tobgy KME, Sherbini ESAE. Effect of laser radiation treatments on
growth, yield and chemical constituents of fennel and coriader plants. ] Appl Sci Res.
(2009) 5:244-52.

61. Tobgy KMKE, Osman YAH, Sherbini ESAE. Effect of laser radiation on growth, yield
and chemical constitutuents of anise and cumin plants. ] Appl Sci Res. (2009) 5:522-8.

62. Swathy PS, Joshi MB, Mahato KK, Muthusamy A. He-ne laser irradiation in brinjal
leads to metabolic rewiring and accumulation of bioactive components in fruits. Sci
Hortic. (2023) 322:112400. doi: 10.1016/j.scienta.2023.112400

63. Gechev TS, Van Breusegem F, Stone JM, Denev I, Laloi C. Reactive oxygen species as
signals that modulate plant stress responses and programmed cell death. BioEssays. (2006)
28:1091-101. doi: 10.1002/bies.20493

64. Swathy PS, Kiran KR, Joshi MB, Mahato KK, Muthusamy A. He-ne laser accelerates
seed germination by modulating growth hormones and reprogramming metabolism in
brinjal. Sci Rep. (2021) 11:7948. doi: 10.1038/s41598-021-86984-8

65. Dudareva L, Tarasenko V, Rudikovskaya E. Involvement of photoprotective com-
pounds of a phenolic nature in the response of Arabidopsis thaliana leaf tissues to low-
intensity laser radiation. Photochem Photobiol. (2020) 96:1243-50. doi: 10.1111/php.13289

Frontiers in Nutrition

13

10.3389/fnut.2026.1758942

66. Le El-Tayeb MA, Qahtan AA, Abdel-Maksoud MA, Elbadawi YB, Alaskary MK,
Balkhyour MA, et al. Laser light treatment of seeds for improving the biomass photosyn-
thesis, chemical composition and biological activities of lemongrass sprouts. Agronomy.
(2021) 11:478. doi: 10.3390/agronomy11030478

67. Wu W, Wu H, Liang R, Huang S, Meng L, Zhang M, et al. Light regulates the synthesis
and accumulation of plant secondary metabolites. Front Plant Sci. (2025) 16:1644472. doi:
10.3389/fpls.2025.1644472

68. Xie D, Chen L, Zhou C, Tarin MWK, Yang D, Ren K, et al. Transcriptomic and metab-
olomic profiling reveals the effect of LED light quality on morphological traits, and
phenylpropanoid-derived compounds accumulation in Sarcandra glabra seedlings. BMC
Plant Biol. (2020) 20:476. doi: 10.1186/s12870-020-02685-w

69. Zhang S, Zhang L, Zou H, Qiu L, Zheng Y, Yang D, et al. Effects of light on secondary
metabolite biosynthesis in medicinal plants. Front Plant Sci. (2021) 12:781236. doi:
10.3389/fpls.2021.781236

70. Lan H, Wang C, Yang Z, Zhu J, Fang W, Yin Y. The impact of lighting treatments on
the biosynthesis of phenolic acids in black wheat seedlings. Foods. (2024) 13:2499. doi:
10.3390/foods13162499

71. Amooaghaie R, Mardani Korrani F, Ghanadian M, Ahadi A, Pak A, Mardani G.
Hybrid priming with He-ne laser and hydrogen peroxide advances phenolic composition
and antioxidant quality of Salvia officinalis under saline and non-saline condition. J Plant
Growth Regul. (2024) 43:1012-25. doi: 10.1007/s00344-023-11156-z

72. Qi Y, Lei Y, Ahmed T, Cheng E, Lei K, Yang H, et al. Low-intensity laser exposure
enhances rice (Oryza sativa L.) growth through physio-biochemical regulation, transcrip-
tional modulation, and microbiome alteration. BMC Plant Biol. (2025) 25:698. doi:
10.1186/s12870-025-06754-w

73. Wu P, Xie X, Zheng Q, Peng E, Yang GW. Extraction of bioactive compounds from
Gastrodia Elata with ultrafast and highly efficient by pulsed-laser irradiation in liquids
for medical application (2025). doi: 10.2139/ssrn.5272895

74. Yildiz G, Dong M, Feng H. Hybrid laser/ultrasound technology enhances morpho-
metric, phytochemical, and techno-functional properties of seeds, sprouts, and micro-
greens of broccoli, radish, and kale. Food Bioprocess Technol. (2025) 18:7604-17. doi:
10.1007/s11947-025-03909-3

75. Lee KY, Gul K, Kim AN, Rahman MS, Lee MH, Kim J1, et al. Impact of supercritical
carbon dioxide turmeric extract on the oxidative stability of perilla oil. Int ] Food Sci
Technol. (2020) 55:183-91. doi: 10.1111/ijfs.14261

76. Bazina N, Ahmed TG, Almdaaf M, He J, Sarker M, Islam M. BBCEAS-HLPC mea-
surements for synthetic antioxidants (TBHQ, BHA, and BHT) in deep-UV region below
300 nm. Food Chem. (2025) 465:142150. doi: 10.1016/j.foodchem.2024.142150

77. Ren],Li Z,Li X, Yang L, Bu Z, Wu Y, et al. Exploring the mechanisms of the antioxi-
dants BHA, BHT, and TBHQ in hepatotoxicity, nephrotoxicity, and neurotoxicity from
the perspective of network toxicology. Foods. (2025) 14:1095. doi: 10.3390/
foods14071095

78. Han Y, Zhang T, Zhu L, Liu J, Liao J, Wu L. One-step mixing and one-drop detection:
a novel electrochemical and colorimetric assay for antioxidants using PtAu nanoflowers.
Microchem J. (2025) 215:114489. doi: 10.1016/j.microc.2025.114489

79. Zhang Y, Henning SM, Lee RP, Huang J, Zerlin A, Li Z, et al. Turmeric and black
pepper spices decrease lipid peroxidation in meat patties during cooking. Int J Food Sci
Nutr. (2015) 66:260-5. doi: 10.3109/09637486.2014.1000837

80. Gutiérrez-del-Rio I, Lopez-Ibaniez S, Magadan-Corpas P, Ferndndez-Calleja L,
Pérez-Valero A, Tufién-Granda M, et al. Terpenoids and polyphenols as natural antioxi-
dant agents in food preservation. Antioxidants. (2021) 10:1264. doi: 10.3390/
antiox10081264

81. Eshghi N, Asnaashari M, Haddad Khodaparast MH, Hosseini F. Evaluating the poten-
tial of natural curcumin for oxidative stability of soybean oil. Nat Prod Res. (2014)
28:1375-8. doi: 10.1080/14786419.2014.901319

82. Nieto G, Martinez-Zamora L, Penalver R, Marin-Iniesta F, Taboada—Rodriguez A,
Lépez-Gémez A, et al. Applications of plant bioactive compounds as replacers of syn-
thetic additives in the food industry. Foods. (2023) 13:47. doi: 10.3390/foods13010047

83. Hussain Y, Alam W, Ullah H, Dacrema M, Daglia M, Khan H, et al. Antimicrobial
potential of curcumin: therapeutic potential and challenges to clinical applications.
Antibiotics. (2022) 11:322. doi: 10.3390/antibiotics11030322

84. Trigo-Gutierrez JK, Vega-Chacén Y, Soares AB, Mima EGDO. Antimicrobial activity
of curcumin in nanoformulations: a comprehensive review. Int ] Mol Sci. (2021) 22:7130.
doi: 10.3390/ijms22137130

85. Boudou F, Belakredar A, Keziz A, Aissani L, Alsaeedi H, Cronu D, et al. Therapeutic
potential of Curcuma longa against monkeypox: antioxidant, anti-inflammatory, and
computational insights. Front Chem. (2025) 12:1509913. doi: 10.3389/fchem.2024.1509913

86. Alvi T, Asif Z, Khan MKI. Clean label extraction of bioactive compounds from food
waste through microwave-assisted extraction technique-a review. Food Biosci. (2022)
46:101580. doi: 10.1016/j.tbi0.2022.101580

87. Morsy MK, Al-Dalain SY, Haddad MA, Diab M, Abd-Elaaty EM, Abdeen A, et al.
Curcumin nanoparticles as a natural antioxidant and antimicrobial preservative against
foodborne pathogens in processed chicken fingers. Front Sustain Food Syst. (2023)
7:1267075. doi: 10.3389/fsufs.2023.1267075

frontiersin.org


https://doi.org/10.3389/fnut.2026.1758942
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.3390/microorganisms10010145
https://doi.org/10.1016/j.foodchem.2025.147082
https://doi.org/10.1016/j.foodchem.2025.147082
https://doi.org/10.3390/foods7070106
https://doi.org/10.1016/j.jddst.2024.106077
https://doi.org/10.1038/228970a0
https://doi.org/10.3390/antibiotics10020131
https://doi.org/10.1111/j.1751-1097.2012.01162.x
https://doi.org/10.1016/j.jtcme.2016.05.005
https://doi.org/10.1021/jp9719873
https://doi.org/10.1016/j.colsurfb.2008.09.021
http://www.plantsjournal.com
https://doi.org/10.1016/j.inoche.2023.110516
https://doi.org/10.3390/molecules29071451
https://doi.org/10.1016/j.micpath.2017.10.019
http://www.phytojournal.com
https://doi.org/10.3389/fphar.2021.659546
https://doi.org/10.1016/j.jphotobiol.2016.11.018
https://doi.org/10.1016/j.scienta.2023.112400
https://doi.org/10.1002/bies.20493
https://doi.org/10.1038/s41598-021-86984-8
https://doi.org/10.1111/php.13289
https://doi.org/10.3390/agronomy11030478
https://doi.org/10.3389/fpls.2025.1644472
https://doi.org/10.1186/s12870-020-02685-w
https://doi.org/10.3389/fpls.2021.781236
https://doi.org/10.3390/foods13162499
https://doi.org/10.1007/s00344-023-11156-z
https://doi.org/10.1186/s12870-025-06754-w
https://doi.org/10.2139/ssrn.5272895
https://doi.org/10.1007/s11947-025-03909-3
https://doi.org/10.1111/ijfs.14261
https://doi.org/10.1016/j.foodchem.2024.142150
https://doi.org/10.3390/foods14071095
https://doi.org/10.3390/foods14071095
https://doi.org/10.1016/j.microc.2025.114489
https://doi.org/10.3109/09637486.2014.1000837
https://doi.org/10.3390/antiox10081264
https://doi.org/10.3390/antiox10081264
https://doi.org/10.1080/14786419.2014.901319
https://doi.org/10.3390/foods13010047
https://doi.org/10.3390/antibiotics11030322
https://doi.org/10.3390/ijms22137130
https://doi.org/10.3389/fchem.2024.1509913
https://doi.org/10.1016/j.fbio.2022.101580
https://doi.org/10.3389/fsufs.2023.1267075

	He–Ne laser irradiation enhances curcuminoid content in Curcuma longa: a green strategy for functional antioxidants and antimicrobial ingredients
	Highlights
	1 Introduction
	2 Materials and methods
	2.1 Plant material and post-harvest He–Ne laser treatment
	2.2 Greenhouse cultivation
	2.3 Preparation of ethanolic extracts
	2.4 High performance liquid chromatography analysis (HPLC) quantification of curcuminoids
	2.5 Characterization of laser irradiation
	2.5.1 UV–visible spectroscopy
	2.5.2 X-ray diffraction analysis
	2.5.3 Fourier transform infrared spectroscopy (FTIR)
	2.5.4 Energy dispersive X-ray spectroscopy (EDX)
	2.5.5 Zeta potential
	2.6 Bacterial strains and culture conditions
	2.7 Disc diffusion assay
	2.8 Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
	2.9 Scanning Electron microscopy
	2.10 Antioxidant activity: DPPH assay
	2.11 Protein denaturation anti-inflammatory assay
	2.12 Cytotoxicity assay
	2.13 Statistical analysis

	3 Results
	3.1 High performance liquid chromatography analysis (HPLC)
	3.2 He–Ne laser irradiation enhances curcuminoid content in Curcuma longa: physicochemical characterization (FTIR, XRD, SEM–EDX, zeta potential) and functional bioactivity
	3.2.1 UV–visible spectral analysis
	3.2.2 Fourier-transform infrared spectroscopy (FTIR)
	3.2.3 Zeta potential determination
	3.2.4 Technical specifications of EDX
	3.3 Impact of laser He–Ne laser treatments on the antimicrobial activity of Ethanolic curcumin extracts
	3.4 Evaluation of minimum inhibitory concentration and minimum bactericidal concentration of curcumin extracts
	3.5 Morphological changes by scanning Electron microscopy
	3.6 Antioxidant activity (DPPH assay)
	3.7 Protein denaturation and anti-inflammatory activity
	3.8 Cytotoxicity assessment

	4 Discussion
	5 Conclusion

	References

