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Abstract

Tamarindus indica, commonly known as tamarind, is a fruit tree belonging to the Leguminosae (Fabaceae) family, rec-
ognized for its traditional medicinal uses. Tamarind leaf extract is rich in antioxidants and anti-inflammatory compounds
and possesses antimicrobial and antifungal properties. Despite its benefits, enhancing the germination and seedling quality
of tamarind seeds remains a challenge. This study aims to explore the effects of laser irradiation processing on tamarind
seeds, examining both the phytochemical changes in seedlings post-irradiation and the biological activities of tamarind
leaf extracts before and after helium-neon (He-Ne) laser treatment. Tamarind seeds were irradiated using a red He-Ne
laser at 630 nm for 10 min. The experimental design included control groups of non-irradiated seeds for comparative
analysis. Following irradiation, various parameters were measured. Additionally, tamarind leaf extracts were prepared for
antimicrobial and anticancer activity assessments. Irradiation of tamarind seeds significantly enhanced several growth
parameters compared to non-irradiated controls. Specifically, there was an increase in germination percentage, dry weight
of plant material, total protein content, total flavonoids, total phenols, and 2,2-Diphenyl-1-picrylhydrazyl (DPPH) activ-
ity in seedlings from irradiated seeds. The laser-processed extracts exhibited significant antibacterial activity against both
gram-positive and gram-negative bacteria. Furthermore, photodynamic treatment demonstrated that laser processing effec-
tively suppressed the growth of human cancer cell line (A549) cancer cells at lower concentrations compared to untreated
extracts. The study concludes that laser irradiation is an effective method for enhancing the germination and seedling
quality of Tamarindus indica. Additionally, it positively influences the phytochemical properties of tamarind leaf extracts
as a bio-drug, enhancing their biological activities. These findings suggest that laser irradiation not only improves seed
germination and crop yield but also enhances the phytochemical profile of tamarind leaves, potentially increasing their
therapeutic efficacy.
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carbohydrates, vitamins, and minerals. The tamarind tree
produces distinctive brown, pod-like fruits that contain a
sweet and tangy pulp and can grow up to 24 m tall [3].

In addition to its culinary use, tamarind pulp is prized for
its therapeutic qualities, which may include anti-inflamma-
tory and antioxidant effects [4]. Because it contains a high
concentration of proteins together with various other neces-
sary phenolic compounds, malic acid, glycosides, xylose,
glucose, galactose, and amino acids, these play a significant
role in the development of powerful and capable muscles
[5-7]. Moreover, T. indica is also an excellent source of
minerals, including high concentrations of calcium, copper,
iron, cadmium, manganese, arsenic, sodium, magnesium,
potassium, phosphorus, zinc, and lead, as well as fatty acids
and carbohydrates that provide energy [8, 9]. The leaves of
T indica are high in fatty acids, lipids, flavonoids, and vita-
mins. These tamarind plant leaves have tremendous poten-
tial as a source of effective medicinal products [10].

Additionally, tamarind seed coat extract effectively
inhibits reactive oxygen species (ROS) in human skin
fibroblast (CCD-1064Sk) cells, increasing glutathione and
antioxidative enzymes like glutathione peroxidase-1 (GPx),
superoxide dismutase (SOD), and catalase activity [11]. T
indica leaf powder treatment for four weeks improved lipid
and carbohydrate profiles in albino rats, decreasing glucose,
peroxidation, cholesterol excretion, glycogen levels, and
antioxidant profiles in renal and hepatic tissues [12, 13].
Because of the presence of phytonutrients and the total phe-
nolic content, the pulp of tamarind is rich in many phytonu-
trients that function as effective dietary antioxidants [2]. So,
increasing the levels of bioactive compounds in tamarind is
in great demand for improving their capability as food with
high nutritional values and biological activities.

The potential of laser technology to improve phytochemi-
cal production and plant health in general has attracted much
interest in its application in plant biology and agriculture
[14]. As a physical stimulator, laser irradiation can stimulate
various physiological and biochemical processes in plants,
significantly altering their metabolic profiles. This observ-
able phenomenon is especially important when it comes to
increasing the quantity and quality of bioactive chemicals,
which are necessary for both therapeutic and nutritional
applications. According to studies, laser light can improve
photosynthetic efficiency, increase biomass accumulation,
and improve seed germination, all of which have a posi-
tive impact on plant growth and development [15, 16]. For
example, research has demonstrated that exposure to select
laser light wavelengths, such as He-Ne lasers, can increase
the amount of chlorophyll and promote cell division, both of
which eventually lead to greater plant vigor. Furthermore,
some plant species have shown improved mycorrhizal colo-
nization following laser treatment, which further enhances
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nutrient intake and growth. Additionally, laser irradiation
influences secondary metabolites such as flavonoids, phe-
nolic compounds, and essential oils. These phytochemicals
play vital roles in plant protection mechanisms and possess
various health benefits for humans [17-20].

To the best of our knowledge, there is little information
about using laser treatment to improve the levels of bioac-
tive compounds and germination rate in tamarind plants.
Consequently, in our research, we hypothesized that the
tamarind seeds pre-illumination using a He-Ne laser with a
wavelength of 630 nm would increase the germination rate
and the antioxidant capacity. The production of phytochemi-
cals will ultimately rise, enhancing the biological activity of
tamarind leaf extracts as antibacterial and anticancer agents.

Materials and methods
Materials

Using a Milli-Q water purification system, deionized water
was used to prepare all the reactive material solutions. Aqua
regia (hydrochloric acid: nitric acid (HCl: HNOs)=3:1
(v/v)) was used to wash each glass, followed by Milli-Q
water.

Extraction method

We primarily utilized Soxhlet extraction due to its efficiency
in extracting active constituents from plant materials. In
this method, tamarind leaves were air-dried at a controlled
temperature to reduce moisture content while preserving
active compounds. The dried leaves are finely ground into a
powder to increase surface area, enhancing solvent penetra-
tion. Powdered leaves are soaked in methanol, typically in a
1:10 ratio of plant material to solvent, for 24—48 h at room
temperature or with gentle shaking. After soaking, the solu-
tion is filtered to remove solids, and methanol is evaporated
using a rotary evaporator to yield a concentrated extract,
which is then stored at low temperatures to preserve its
chemical integrity before further testing [21].

Experimental design
Plants experiment

Seed collection Seeds of Tumarindus indica have been col-
lected from a trusted local market in Aswan, Egypt. Typi-
cally, healthy, dark brown, hard, shiny, uniform-sized, and
uniform-colored seeds were chosen. The collected plant
pods were washed with tap water, followed by distilled
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water to obtain seeds, and dried in the shade at room tem-
perature for one day before laser pre-illumination.

Experimental design of laser pre-illumination of seeds

Seed treatment and planting conditions After initial selec-
tion, tamarind seeds were divided into two groups at ran-
dom. Each group contains 30 seeds. As a control, the first
group was not exposed to any radiation. The second group,
called the experimental group, was exposed to laser pre-illu-
mination using a helium-neon (He-Ne) laser (model: Laser
I, DMC Equipment Ltd.; wavelength: 630 nm; power: 20
mW). The laser beam was pointed perpendicular to the seed
surface, and each seed was exposed to it separately for ten
minutes. Following treatment, all seeds were planted in
15 cm plastic pots filled with good drainage loam soil with
a pH of 6.0-6.5. The pots were kept in natural summer set-
tings, which offered the ideal growing circumstances for
tamarind seedlings. Regular irrigation was done, and during
the second week after planting, weekly applications of nitro-
gen, phosphorus, and potassium (NPK) fertilizer (10:10:10)
were made. During the course of the experiment, manual
weed removal was done as needed.

Germination monitoring and sample collection Three
weeks following planting, the first emergence was noted,
and germination rates were tracked. In comparison to the
control group, the laser-treated group’s germination per-
centage was noticeably greater. After two months, the tama-
rind seedlings were taken out for chemical examination.

Characterization
Gas Chromatography-Mass spectrometry (GC-MS) analysis

For the determination of leaf extract samples, GC—MS anal-
ysis was performed. The test samples’ active components
were separated using a closed column made of fused silica
and helium gas as the mobile phase. A single uL aliquot of
every extract was introduced into the GC-MS device. The
column’s initial temperature was set to 60 °C. The compo-
nents were identified by comparing the components’ mass
spectra with those of the NIST mass spectral collection [22,
23].

Determination of the total phenolic content

The total phenolic content in extracts was determined using
a modified Folin-Ciocalteu technique, which involves

agitating 100 pL of each extract with 500 uL of Folin-Cio-
calteu reagent and deionized water [24].

Determination of total flavonoids

Total flavonoid content was determined by a colorimetric
method. The 80/100 g methanolic extract was diluted with
distilled water, sodium nitrite (NaNO:) solution, alumi-
num chloride hexahydrate (AICl: 6 H20) solution, sodium
hydroxide (NaOH), and distilled water. The mixture was
then mixed, and absorbance was measured at 510 nm using
a Jasco UV-530 spectrophotometer, expressing the results as
mg of catechin equivalents [25].

2,2-Diphenyl-1-Picrylhydrazyl (DPPH) radical scavenging
activity

Trolox stock standard solution in methanol was prepared in
various concentrations, and a DPPH free radical assay was
conducted using a 0.3 mg/mL methanol (MeOH) sample
[26].

Protein extraction

The leaves were frozen, ground, and incubated with 1%
NP-40 extraction buffer. Samples were centrifuged twice,
and the supernatant was collected for protein fractionation.
The proteins were then subjected to poly(ethylene glycol)
(PEG) fractionation [27].

UV-Visible spectroscopy analysis

The spectral absorption of the control and irradiated groups
was detected by UV—Vis spectroscopy. For absorption mea-
surements, aliquots (200 pL) of the prepared extracts were
transferred to 96-well plates, and absorptions were recorded
within a scan range of 300-750 nm using UV-Visible power
wave microplate reader spectroscopy (BioTech, USA).

Bacterial experiment

There were two common bacterial suspensions employed.
Gram-negative (-Ve) bacteria, Escherichia coli O157 (E.
coli O157), which are represented by the first suspension.
As an example of a Gram-positive (+ Ve) bacterium, Bacil-
lus subtilis (B. subtilis) is the second suspension. The bac-
teria were cultured aerobically at 37 °C for the entire night
on nutritional agar. The following procedures were used to
prepare the standard suspension of the B. subtilis and E. coli
0157 strains, which contained 10%/mL live cells: (1) Each
species of the bacterium was obtained as a single colony
from an agar plate and injected into Luria Bertani (LB)
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broth media. (2) The inoculated broth is incubated at 37 °C
for 24 h. (3) A UV-Visible power wave microplate spectro-
photometer (BioTech, Vermont, USA) was used to measure
the number of viable cells in each bacterial culture to an
optical density (ODgy, nm) (1 x 10° cells/mL). (4) To initiate
the inoculum of around 10° colony-forming units/mL, the
bacterial suspension was diluted with LB broth media. Agar
plate counts revealed the locations of these colonies [28].

Cell culture experiment

A549 cells were purchased from “The Egyptian Organiza-
tion for Biological Products and Vaccines (VACSERA)”
and were cultured in Roswell Park Memorial Institute
(RPMI-1640) media supplemented with 10% Fetal Bovine
Serum (FBS), 2 mM L-glutamine, 0.01 mL penicillin, and
100 mg/mL streptomycin (Lonza, Belgium). The cells were
cultured in an environment that was humidified with 5%
carbon dioxide (COz) at a consistent temperature of 37 °C.

Light source used in photodynamic therapy

A light-emitting diode (LED) with a red wavelength was
used to excite the samples as a source of irradiation with
homogeneous and stable irradiation. LED (LED Edixeon,
Edison Opto Corporation, New Taipei City, Taiwan) pro-
duces a light emission at the red wavelength of 650 nm with
a power density of 50 mW. The irradiances (energy fluen-
cies) of the red LED array tested in this study were 12 J/
cm?, using a PM100D power/energy meter (Thorlabs, Inc.,
Newton, NJ). This was adapted by regulating the distance
between the bacterial cells and the LED array aperture.

Experiment of photodynamic therapy (PDT) in vitro

The A549 cells were displayed to L and U with three dif-
ferent concentrations: 0.0625, 0.03125, and 0.0156 mg/
mL from each sample. Every concentration was prepared
in three replicates. 150 pL of each A549 was seeded in a
96-well microtiter plate with a flat bottom. To estimate the
effect of photoinactivation, the experiment is divided into
three groups. These groups are categorized as (1) negative
control group. 2) Dark toxicity group: three distinct L and
U doses are incubated with A549. 3) The PDT group, A549,
was exposed to varying doses of the chemicals L and U for
30 min at 37 °C in a dark environment. A red LED was used
to irradiate the PDT experiment group at a dosage of 12 J/
cm?. The constant temperature conditions in 96-well plates
were provided. Samples were analyzed at a temperature of
37 °C, shaking between measurements, and data recording
after 24 h. Survival was calculated from the last point in the
growth curves, related to the control value [29].
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Statistical analysis

The mean of three treatments+standard deviation (SD) was
used to express cell survival, and GraphPad Prism 7.00 was
used to determine the significance of any changes from the
control. The two-way ANOVA test was used to determine
statistical significance (P<0.05) for examining the effects
of test material concentration and laser irradiation period.

Results and discussion

In the current investigation, tamarind seeds were pre-illumi-
nated using a He-Ne laser with a wavelength of 630 nm for
10 min, which increased the germination rate and the anti-
oxidant capacity, resulting in improved biological activities
of tamarind leaf extracts as antibacterial and anticancer after
laser processing compared to the non-irradiated tamarind
seeds.

GC/MS analysis of the leaf extract of Tamarindus
indica

Table 1 indicates a traditional GC-MS analysis output of
a methanolic leaf extract of 7. indica. Analysis represents
retention times (Rt), compound identifications, molecular
formulas, and quantitative data (area percentages and peak
areas). The retention time, ranging from 4.53 to 21.68 min,
provides crucial qualitative information that has been used
to identify specific compounds. Under consistent analyti-
cal conditions, these retention times serve as characteristic
identifiers for each compound, allowing for reliable identi-
fication when compared against standard samples. Percent-
ages of peak area represent the relative abundance of each
compound in the sample. The compound 3-O-methyl-d-glu-
cose dominates at 22.28%, which indicates that this glucose
derivative constitutes nearly a quarter of the detected com-
pounds. This may be related to the fact that it is a primary
bioactive component of the analyzed material [30].

Additionally, the table highlights a spectrum of bioactive
compounds with significant health-promoting properties.
Fatty acids (such as palmitoleic acid, lauric acid, and lin-
oleic acid), sterols (like a-sitosterol and B-sitosterol), and
other organic molecules collectively contribute to antimi-
crobial, antioxidant, anti-inflammatory, metabolic, and anti-
tumor activities. These findings underscore the importance
of such bioactive materials in both nutritional and therapeu-
tic contexts, supporting their continued study and applica-
tion in health sciences [30, 31].

The bioactive compounds identified, particularly fatty
acids and sterols, exhibit a wide spectrum of significant
physiological and pharmacological activities. Palmitoleic



Lasers in Medical Science (2025) 40:290

Page 50f 12 290

Table 1 Indicates GC/MS analysis of the leaf extract of Tamarindus indica. Data is represented by the means of at least 3 replicates+standard

deviations
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N
A
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Compound Name

Benzothieno [2,3-C] Quinolin-
6(5H)-ONE, 2-Methoxy

Benzo[B]Thiophen-2-Amine, N,N-
Dimethyl-3-Phenyl

Tris Trimethylsilyl Ether Derivative
OF 1,25 Dihydroxy Vitamin D2

Octadecanoic acid, 9,10-epoxy-18-
(trimethylsilyl)-, methyl ester, cis-

4-D-Glucopyranoside, Methyl 2,3-
BIS-O-(Trimethylsilyl, Cyclic
Butylboronate

3-O-Methyl-d-glucose

Desulphosinigrin

13-Tetradecynoic acid, methyl
ester

d-Mannose
3-Ox0-20-Methyl-11-a-
Hydroxyconanine-1,4-Diene

Dodecanoic Acid, 2,3-
Bis(Acetyloxy)Propyl Ester

Hexadecenoic Acid

Octaethylene glycol monododecyl
ether

Hexanoic acid, 2-ethyl-, oxybis(2,1-
ethanediyloxy-2,1-ethanediyl) ester

Cyclopropane butanoic acid,
methyl ester

1,25-Dihydroxyvitamin D3, TMS
derivative

Linoleic acid ethyl ester

cis-Vaccenic acid

Pentadecanoic Acid

Di-n-octyl phthalate

Ethyl iso-allocholate

1-Heptatriacotanol

4H-1-Benzopyran-4-One, 2-(3,4-
Dihydroxyphenyl)-6,8-DI-a-D-
Glucopyranosyl-5,7-Dihydroxy

9-Octadecenoic Acid (2)-, Z)-, Z)-,-
Ethyl Ester

Flavone 4'-OH,5-OH,7-DI-O-
Glucoside

a-Sitosterol

Tetraneurin-A-Diol

Molecular

Formula

C16H11NO2S

C16H15NS

C37H6803Si3

C22H4404sSi

C17H37BO6Si2

C7H1406

C10H17NO6S

C15H2602

C6H1206

C22H31NO2

C19H3406

C16H3202

C28H5809

C24H4607

C25H4202

C30H5203Si

C20H3602

C18H3402

C15H3002

C24H3804

C26H4405

C37H760

C27H30016

C27H5604Si2

C27H30015

C29H500

C15H2005

1.24 %

0.40 %

0.76%

2.20%

1.01%

22.28%

4.02%

1.18%

1.27%

1.15%

1.09%

14.44%

0.68%

0.59%

0.79%

2.22%

2.17%

12.16%

2.84%

5.83%

1.66%

0.51%

1.52%

1.11%

0.80%

11.43%

0.64%

Peak Area

6811886.59
+0.12

2180182.64

+0.14
4143045.66

+0.26

12050150.45

+0.182

5548058.98

+0.17

2936441.83

+0.62
22016120.63

+0.168
6485212.19

+0.125

6963980.50

+0.129
6306784.60

+0.192
5995108.56

+0.12

79072914.56

+0.79
3746044.68

+0.19
3222636.29

+0.51

4335024.60
+0.128

12148079.99
+0.7

11904254.33

+0.4
66560985.08

+0.82
15563758.00

+0.72
31944491.41

+0.202
9103572.59

+0.31
2769836.72

+0.042
8333321.56

+0.39

6096858.78

+0.142

4402181.44
+0.082

62565194.44

+0.62
3521993.34

+0.02

Peak Height
mV,
2533210.77
+0.2

831390.96

+0.09
740977.89

+0.162
1107923.40
+0.3
996349.25

+0.12

784063.11

+0.28
7172437.15

+0.08
2129587.96

+0.102

1536611.57

+0.024
1810331.60

+0.072
1793990.20
+0.66

20623120.30

+0.64
697778.68

+0.143
912569.95

+0.17

1503160.51
+0.22

3279874.01
+0.29

4199619.80

+0.123
11756645.22

+1.1
3933733.98

+0.098
9947551.05

+0.14
1061059.71

+0.1
751340.72
+0.12
2219541.04
+0.192

839821.87

+0.5

719666.18
+0.012

10304290.32

+0.16
1081545.11

+0.015
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acid, a monounsaturated fatty acid, is increasingly recog-
nized for its role in modulating lipid metabolism, insulin
sensitivity, and inflammatory responses, thereby influenc-
ing metabolic health and diseases such as diabetes, cardio-
vascular disorders, and cancer. Similarly, lauric acid and its
derivatives demonstrate potent antimicrobial effects by dis-
rupting microbial membranes, alongside antitumor, hepato-
protective, and neuroprotective properties mediated through
antioxidant and cell signaling pathways. Other fatty acids,
including linoleic acid and vaccenic acid, contribute to main-
taining cell membrane integrity and exert anti-inflammatory
and cardioprotective effects. Additionally, pentadecanoic
acid and 9-octadecenoic acid esters play important roles in
metabolic regulation and inflammation control, supporting
overall lipid homeostasis [32, 33].

Sterols such as a-sitosterol further complement these
bioactivities by lowering cholesterol absorption and exhib-
iting anti-inflammatory, anticancer, and immunomodulatory
effects, positioning them as valuable nutraceuticals. Other
compounds identified, including cyclopropane fatty acid
derivatives and bile acid analogs like ethyl iso-allocholate,
suggest additional antimicrobial and metabolic regulatory
functions. Moreover, molecules like 3-ox0-20-methyl-
11,3-hydroxyconanine-1,4-diene, though less character-
ized, share structural similarities with known antitumor
and antioxidant agents, indicating potential therapeutic rel-
evance. Collectively, these bioactive materials demonstrate
multifaceted roles in antimicrobial defense, oxidative stress
reduction, metabolic modulation, and cancer prevention,
underscoring their importance in health promotion and the
development of novel therapeutic strategies [34-36].

Effect of laser treatment on the growth, nutritive
values, and antioxidant capacity of T. indica

The physiological and biochemical properties of tamarind
seedlings were significantly impacted by laser process-
ing (Table 2). The laser-treated group’s germination rate
increased from 53.33% in the untreated group to 66.67%
(»<0.01), indicating that the enhanced metabolic activation

and seed vigor were caused by photobiomodulation effects.
Root length dropped marginally from 17.70 cm to 15.70 cm,
but the difference was not statistically significant (p>0.05).
On the other hand, shoot height increased significantly from
15.90 cm to 19.90 cm (p<0.01), indicating better shoot
development that may have been caused by different hor-
monal signals during laser exposure.

As a result of increased biomass accumulation and meta-
bolic activity in treated plants, dry weight increased from
1.53 g to 2.08 g (p<0.05). Total protein concentration
increased significantly from 0.34+0.02 to 0.38+0.002 mg/
mL (p<0.001) in accordance with this, suggesting better
protein synthesis or nitrogen assimilation.

The total amount of flavonoids significantly decreased in
the laser processing group when compared to the untreated
(control) group. After laser treatment, the concentration
dropped from 9.18+1.13 pg/mg in untreated samples to
4.46+0.13 pg/mg in laser-treated samples (p<0.01). This
decrease raises the possibility that laser irradiation may
suppress the manufacture of flavonoids or reroute meta-
bolic precursors to other phenolic molecules. Addition-
ally, the decrease might be the result of a metabolic shift
toward alternative phenolic molecules, even in the face of
increased growth and antioxidant activity. The observed
reduction here may reflect such a metabolic shift rather
than a general suppression of secondary metabolism. This
was corroborated by the fact that total phenolic acids rose
from 52.5+2.14 to 62.07+3.57 pg/mg (p<0.01), indicat-
ing a relocation within the phenylpropanoid pathway. In
one instance, DPPH scavenging activity showed a substan-
tial increase from 194.94+6.90 to 263.53+1.53 (p<0.001),
suggesting a greater antioxidant capacity [37].

Phytochemical synthesis observed an increase in particu-
larly phenolic acids and total antioxidant capacity, which
can be attributed to the plant’s physiological response to
laser-induced abiotic stress. In plant tissues, laser irradia-
tion is known to function as a low-dose stressor that can
activate signaling pathways linked to defense. Frequently,
this stimulation results in the upregulation of secondary
metabolite biosynthesis, including phenolics and other

Table 2 Effect of laser processing on seed germination rate, seedling dry weight, total protein, total flavonoids, total phenolics, and DPPH com-
pared to the untreated. Data is represented by the means of at least 3 replicates+ standard deviations

Germination Root Shoot Dry Total protein Total Total
Length Height | weight (g) (mg/mL) Flavonoids phenolic
Rate (%) .
(ug/mg) dry | acids (ug/mg)
extract
Untreated
U
L 53.33 17.70 15.90 1.53 0.34 £ 0.02 9.18+1.13 52.5+2.14 194.94 + 6.90
Laser

processing

66.67 15.70 19.90 2.08 0.38 + 0.002 4.46 £0.13 62.07 + 3.57 263.53 £ 1.53

(L
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antioxidant compounds, as part of a protective adaptation
[38]. Specifically, exposure to red light wavelengths (e.g.,
He-Ne laser) can enhance the activity of key enzymes such
as phenylalanine ammonia-lyase (PAL), which catalyzes
the first committed step in phenolic compound biosynthe-
sis. The resulting increase in phenolic content contributes
to improved reactive oxygen species (ROS) scavenging
capacity, as evidenced by higher antioxidant activity post-
treatment. Therefore, the laser-induced enhancement of
phytochemicals likely reflects a photobiomodulatory effect,
promoting metabolic reprogramming to improve cellular
defense and adaptation under mild stress conditions [39,
40].

In agreement with our findings, Mousa et al. (2022)
reported that laser treatment for seeds of B. aegyptiaca at
200 mW/4 min induced the yield percentage, total phenolic
and flavonoid contents, and DPPH compared to untreated
B. aegyptiaca seeds [41]. This increased activity is prob-
ably the result of particular antioxidant molecules being
synthesized more frequently in response to mild oxidative
stress brought on by laser exposure. Furthermore, laser-
treated common buckwheat (CBW) and tartary buckwheat
(TBW) sprouts were tested for the presence of health-pro-
moting minerals, metabolites, and enzymes, as well as for
their antioxidant and anti-inflammatory properties (He—Ne
laser, 633 nm, 5 mW). After CBW and/or TBW sprouts
were exposed to laser light, over 35 parameters of 49 speci-
fied minerals, vitamins, pigments, and antioxidants were
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Fig. 1 Shows the absorption wavelength of tamarind in the visible
region before laser treatment (untreated, U) and after laser processing

L)

considerably elevated. Additionally, laser light increased
the anti-inflammatory and antioxidant properties by block-
ing the actions of lipoxygenase and cyclooxygenase 2, espe-
cially in TBW sprouts [42].

Irradiation light enhanced snap bean growth, yield, and
biochemical characteristics in earlier studies. Moreover, the
same enhancement appeared in the anatomical structure of
the leaf and gene expression stability [43]. The obtained
results agreed with other work done on mustard, cauli-
flower, and turnip plants when they were exposed to He—Ne
radiation, showing an increase in biomass, leaf count, and
overall fresh weight. The red light accelerates the thythm of
plant growth, increasing root growth, which increases plant
height, another sign of plant growth. Red illumination also
increases biomass and encourages plants’ vertical devel-
opment. As a result, comparable changes were seen in the
leaf’s length and width by this principle [44, 45].

It has been suggested that laser light promotes plant
growth and seed germination. A specific wavelength of laser
light that is absorbed by phytochromes tends to increase the
internal energy of seeds by converting light energy into
chemical energy [46]. This, in turn, increases cell pumping
and improves the electro potential of biomembranes. There-
fore, the energy generated is employed in stimulating the
rate of germination, eliciting thermodynamic characteris-
tics, and triggering physiological and biochemical mecha-
nisms. In addition, this energy promotes the activities of
enzymes like protease and amylase, which enhance plant
development and yields; both processes speed up cell divi-
sion [47].

Effect of laser processing on the absorption
wavelength of T. indica

Ultraviolet-visible spectroscopy, as seen in Fig. 1, displays
the schematic design for the absorbance that was determined
by using UV-Visible spectroscopy to analyze an extract of
leaves from T indica. Research is still being done to deter-
mine how laser irradiation affects plants’ absorption wave-
length. Different laser wavelengths’ effects on plant growth
and development have been the subject of several investi-
gations. Here, the He-Ne laser significantly increased the
absorption wavelength of tamarind leaf extract compared
to the corresponding control plants. This is because laser
irradiation can increase the morphological parameters and
product component of 7. indica and induce germination by
breaking the dormant period of seeds [48]. Moreover, these
results imply that laser irradiation at specific wavelengths,
630—-650 nm, can significantly affect plant physiology and
crop yield. However, the precise impacts on the plant’s
absorption wavelength may differ based on the plant species
and the experimental setup. Additionally, laser irradiation
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can modify both living and non-living materials with sub-
micron accuracy without physical touch. It is an important
tool for the procedure known as photoinjection, which per-
meabilizes cellular membranes to transport molecules [49].
Additionally, the absorption spectrum of 7. indica shows
that the present compounds have maximum absorption in
the range of 600—700 nm with a peak absorption of 665 nm.
Delightfully, this peak is in the region of red and near-infra-
red, where it is explained by the chloroplast, an essential
part of the leaf’s photosynthetic process.

Antimicrobial activity of T. indica

In the present study, the antimicrobial activity was screened
for laser-processed tamarind and untreated tamarind sepa-
rately on the Gram-positive bacteria (B. subtilis) and the
Gram-negative bacteria (E. coli O157) by the turbidimetric
method using a microplate assay. Deionized distilled water
(d.d. H20) was used as a solvent for the two samples.
Figure 2a indicates the dark toxicity of laser-processed
tamarind (L) and untreated tamarind (U) at three different
concentrations of B. subtilis relative to the negative control.
Negative control represents the bacterial strain without any
addition. The results showed that The inhibitory effect of
the laser-processed extract exhibits a significantly superior
compared to the untreated extract across all tested concen-
trations (1, 10, and 20 mg/mL). Laser-processed tamarind
extract has a significant toxic effect on B. subtilis bacteria
than untreated tamarind extract compared to the control.
According to experimental findings, phenols are chemicals
that work against B. subtilis cultures but not against other
organisms, based on experimental results [50]. Moreover, in
the case of laser-processed tamarind, the yield of phenolics
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from dry extract was more than untreated tamarind dry
extract, as mentioned above. Furthermore, presence of lau-
ric acid and palmitoleic acid in 7. indica may be responsible
for damaging the microorganisms membranes, conferring
broad-spectrum antimicrobial efficacy. Additionally, we
observed that low concentration has also a significant effec-
tive in the laser processing tamarind extract. The laser expo-
sure likely induces chemical modifications or promotes the
release of these phytochemicals, thereby intensifying the
extract’s ability to inhibit bacterial growth. For instance,
cyanobacterial extracts directly exposed to laser irradiation
showed significantly larger inhibition zones compared to
untreated controls, confirming the laser’s role in enhancing
antimicrobial potency [51, 52].

Figure 2b also shows the antimicrobial action of the two
extracts at three different concentrations (1, 10, and 20 mg/
mL). Laser-processed (L) exhibits significantly greater effi-
cacy than the untreated (U) extract. This may be attributed
to an extract increase in a variety of bioactive components,
for example tannins, saponins, terpenoids, glycosides,
anthraquinones [10]. There are numerous potential explana-
tions for this, including disruption of membranes, elevated
production of reactive oxygen species (ROS), and disrup-
tion of bacterial metabolism and reducing sugars that are
responsible for their antimicrobial activity. The broad-spec-
trum activity against diverse bacterial strains underscores
the potential application of laser-processed extracts as natu-
ral preservatives or antimicrobial agents in food safety and
medical fields, providing an alternative to synthetic chemi-
cals with reduced toxicity and environmental impact [53,
54].

In last, Laser-processed (L) tamarind extract demon-
strates greater effectiveness against Gram-positive bacteria
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Fig. 2 Shows the antimicrobial activity of laser-processed tamarind extract (L) and untreated tamarind extract (U) for both gram-positive (a) B.

subtilis bacteria and gram-negative (b) £. coli O157 bacteria
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Fig. 3 Shows the anticancer activity of laser-processing tamarind extract (L) and untreated tamarind extract (U) for A549 cancer cells in the (A)

Dark toxicity and (B) Photodynamic therapy (PDT)

than Gram-negative bacteria related to the control. This dif-
ference in susceptibility is commonly attributed to the struc-
tural variations in the bacterial cell walls. Gram-positive
bacteria possess a thick peptidoglycan layer that is more
accessible to antimicrobial agents, whereas Gram-negative
bacteria have an additional outer membrane that acts as a
barrier, limiting drug penetration and reducing susceptibil-
ity [55].

Photodynamic therapy in vitro

Photodynamic therapy (PDT) is a noninvasive therapeutic
method used for cancer therapy. In PDT, malignant tumors
are treated by inducing apoptosis or necrosis of cancer cells.
PDT, also known as photochemotherapy, combines light,
oxygen, and a photoactive medication known as a photosen-
sitizer. In photochemotherapy, a certain wavelength of light
excites the photosensitizer, which subsequently releases
its energy into oxygen to produce reactive oxygen species
(ROS) that cause either necrotic or apoptotic cell death [55,
56].

In this research the viability of the A549 human lung can-
cer cell line was assessed in the dark conditions, and after
the photodynamic effect, the data are shown in Fig. 3. The
cytotoxic assay of the leaf extract of T. indica was evalu-
ated in the A549 cell using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2 H-tetrazolium bromide (MTT) reduction
assay. Following treatment with different doses of the leaf
extract in the dark did not significantly inhibit A549 cells
(P>0.05), as a low reduction in cell viability was observed
in Fig. 3a. On the other hand, the PDT experiment results
revealed that laser-processed 7. indica (L) has significantly

(P<0.05) succeeded in suppressing the growth of A549, as
illustrated in Fig. 3b.

A red light-emitting diode (LED) at a dose of 12 J/cm?
is used as a source of light irradiation. This wavelength is
known for its ability to penetrate biological tissues and acti-
vate photosensitive compounds. In this study, Tamarindus
indica was evaluated for the first time as a natural photo-
sensitizer, tested at three different concentrations to assess
dose-dependent effects. The rationale for exploring 7 indica
lies in its rich phytochemical profile, including polyphenols,
flavonoids, and phenolic acids, which are known to exhibit
photoactivity under red light exposure.

Untreated 7. indica extract (U) demonstrated inherent
cytotoxicity against A549 human lung carcinoma cells,
indicating the presence of bioactive compounds with
potential anticancer effects. Upon laser processing (L)—a
technique shown to enhance the biosynthesis of secondary
metabolites—the cytotoxicity of 7. indica was significantly
increased (p<0.05), even at lower dosages. This enhance-
ment is likely due to the increased concentration of photo-
sensitive phytochemicals, which, upon red-light activation,
may generate reactive oxygen species (ROS), leading to
oxidative damage and apoptosis in cancer cells. This mech-
anism aligns with the principles of photodynamic therapy
(PDT), where light-activated agents induce selective cyto-
toxicity in malignant cells while minimizing damage to sur-
rounding healthy tissues [57].

According to these results, T indica extract treated with
a laser may be used as a novel plant-derived photosensitizer
with potential uses in PDT and cancer treatment. To clarify
the exact biochemical mechanisms at play and evaluate the
safety and specificity of this strategy in vivo animals, more
research is necessary.
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The action mechanism of this result may be related to
the presence of strong anticancer components as obtained
from the GC-MS. These chemical components include
[B-sitosterol (BS), monounsaturated fatty acids (MUFAs),
linoleic acid, ricinoleic acid, phytanic acid, and testolac-
tone. These compounds may act as photosensitizers. These
compounds are activated through red LED irradiation. This
is in the red and near-infrared spectrum and is associated
with the chloroplast, an essential part of the photosynthesis
reaction in plants. Thus, it is conceivable that photodynamic
damage will transpire close to the PS’s intracellular site.
PDT can cause cell death by the three primary morphologies
of cell death: necrotic, apoptotic, and autophagy-associated.
In general, it is acknowledged that when cells are exposed
to PDT in vitro, apoptosis is the primary mode of cell death
[58].

Conclusion

T indica is an inexpensive and widely accessible plant.
It is a great source of vitamins, phytochemicals, and vital
amino acids. Through laser irradiation processing, this work
aims to improve the germination of tamarind seeds and the
quality of the seedlings while investigating phytochemical
changes in the irradiated seedlings. Furthermore, it investi-
gates the antibacterial and anticancer properties of tamarind
leaf extracts both before and after He-Ne laser processing.
The results showed that the germination percentage, dry
weight of plant material (g), total protein (mg/mL), total fla-
vonoids (ug RE/mg dry extract), total phenols, and DPPH
of the seedlings grown from the irradiated seeds (10 min
irradiation) were higher than those of the untreated seeds
(non-irradiated). In addition, studying the biological activi-
ties of tamarind leaf extracts as antimicrobials before and
after He-Ne laser processing. Remarkably, the data show
that, in comparison to the control, the laser-processed extract
has a significantly harmful effect on both gram-positive and
gram-negative bacteria. The PDT experiment showed that
laser processing 7. indica (L) effectively suppresses A549
cell growth at a lower concentration than untreated 7. indica
(U) in the presence of light.
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