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Abstract

This study investigated the impact of supplemental multispectral light-emitting diode (LED) lighting
at night on the growth and essential oil production of Ocimum gratissimum L. (OG) cultivated in a net
house over 15 weeks. Nine lighting treatments were established, combining red (R) and blue (B) lights
with ultraviolet-A (UV-A), green (G), or far-red (Fr) lights. Supplemental lighting was delivered for
4, 6, and 8 hours per night at irradiances of approximately 100 and/or 80-120 pmol'm2-s7'. Gas
chromatography/mass spectrometry with flame ionization detection (GC/MS-FID) identified 21-28
essential oil compounds, predominantly phenylpropanoids (59.4-71.2%), with eugenol (58.5-69.8%),
(Z)-p-ocimene (10.2-12.1%), and germacrene D (7.6-12.1%) as major constituents. While the essential
oil showed weak antimicrobial activity against Candida albicans, all nine lighting treatments
significantly enhanced fresh biomass and essential oil yield (p < 0.001) compared with the control.
The optimal supplemental lighting treatment (F2; 71R:20B:9UV-A, 100 pmol'm?2s?, 6 h/day)
produced the highest fresh biomass (13.07 tons/ha), essential oil yield (31.39 L/ha), and eugenol yield
(21.09 L/ha). These results underscore the strong influence of spectral composition and exposure
duration on plant productivity and suggest that customized LED lighting strategies can substantially
enhance both biomass and oil quality in OG cultivation.

Keywords: clove basil; eugenol; germacrene D; Light spectra; optimal supplemental lighting
treatment; phenylpropanoids; (Z)-3-ocimene

1. Introduction

Light is a key environmental cue regulating plant growth and development, acting through
shared signaling pathway [1]. Among the various wavelengths, red (R) and blue (B) lights are the
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most efficient for driving photosynthesis of plants, because chlorophyll pigments primarily absorb
light in these two wavelength regions. Other spectral regions such as ultraviolet-A (UV-A), green (G),
and far-red (Fr) lights also act as important environmental signals for plants [2]. Supplementation of
UV-A light has been found to stimulate photosynthesis and enhance the biosynthesis of bioactive
secondary metabolites such as phenolics, flavonoids, etc. [3]. For instance, radiations in the
wavelength range between UV-A and visible violet (385 nm, 30 W-m) applied for five days increased
both yield and phenolic content in kale (Brassica oleracea var. acephala) [4]. Similarly, lettuce (Lactuca
sativa) exposed to UV-A (10, 20, 30 umol'm2-s?, 365 nm) light for 13 days exhibited greater fresh and
dry weight, leaf area, and antioxidant levels than those without UV-A [5]. In tomatoes (Solanum
lycopersicum), the combination of R (215 pmol-m=2s7) and UV-A (35 umol-m=-s7) light significantly
boosted flavonoid content compared with R light alone [6]. The composition of photosynthetic
pigments in coleus (Coleus blumei) was found to be higher under an R (660 nm):B regime than under
an R(635 nm):B lighting condition [7].

Although G light is often underestimated due to its lower photosynthetic efficiency, it can
penetrate deep into leaf tissues, contributing to increased carbon accumulation and crop yield [8]. In
addition to being absorbed, G light also promotes and regulates physiological responses, improves
stomatal function, refines canopy structure, and optimizes resource use efficiency [9]. Notably, Kim
et al. [10] reported that adding 24% G light to R:B light-emitting diode (LED) increased lettuce
(Lactuca sativa) biomass by 47%, despite identical total photosynthetic photon flux density (PPFD)
across treatments. McAusland et al. [11] conducted a detailed study on coriander (Coriandrum
sativum) showing that light quality not only influences plant morphology and biomass production,
but also significantly alters aroma profiles. Specifically, the concentration of main compound in
essential oils of coriander grown under lighting conditions of R:B (1:1) and R:B:G (35.8:37.8:26.4)
spectra is 3-4 times higher than that under lighting conditions of only R or only B spectrum. The
enhanced aromatic complexity obtained under more diverse light spectra is believed to result from
increased production of beneficial secondary metabolites associated with plant defense, competition,
and overall fitness.

The addition of Fr to R:B spectral lights increasing the biomass of lettuce (Lactuca sativa) by 39%
compared with the one under the treatment of R:B alone was reported [12]. Similarly, supplemental
R:B and R:B:Fr lighting increased sweet pepper (Capsicum annuum) yields by 22 and 33%, respectively,
compared with the one under natural light. Whereas, R:B:Fr lighting increased red and yellow fruit
yields by 9 and 19%, respectively, compared with the one under control treatment [13].

Ocimum gratissimum L. (OG), a member of the Lamiaceae family, is widely used as a natural
flavoring agent, culinary spice, and leafy vegetable [14]. In agriculture, OG is considered a promising
plant for repelling aphids, owing to its antifeedant or irritant effect on these pests [15]. In traditional
medicine, OG has been employed to treat a variety of ailments, including colds, body aches,
pneumonia, diarrhea, anemia, and bacterial and fungal infections [16]. Recent studies have
demonstrated the neuroprotective effects of OG. For instance, Udi et al. [17] reported that Wistar rats
exposed to 120 mg/kg of lead acetate and subsequently treated with OG at doses of 125 and 250 mg/kg
for 21 days exhibited significant improvements in brain antioxidant markers, including glutathione
(GSH), superoxide dismutase (SOD), and catalase (CAT). These findings suggest that OG mitigates
cerebellar damage by reducing lipid peroxidation, boosting antioxidant defenses, and preserving the
structural integrity of Purkinje cells.

In addition, the essential oil derived from OG leaves has shown inhibitory activity against PIM-
1 kinase in Escherichia coli, primarily attributed to a-selinene—a key phytochemical component.
Molecular docking studies revealed that a-selinene has a binding affinity of —7.8 kcal/mol, closely
comparable to Apalutamide (-7.9 kcal/mol), a drug used in the treatment of prostate cancer. Based
on these findings, regular consumption of OG leaves has been suggested as a potential dietary
approach to reducing prostate cancer risk in middle-aged men [18]. Eugenol in OG leaf and
inflorescence extracts shows strong affinity for surface lysine residues and effectively inhibits
advanced glycation end-product (AGE) formation. In diabetic mice, eugenol reduced blood glucose

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0581.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 August 2025 d0i:10.20944/preprints202508.0581.v1

3 of 20

by 38%, likely via a-glucosidase inhibition, without affecting insulin or HbA1lc levels. These findings
suggest a dual antidiabetic mechanism: blocking glycation and lowering glucose, supporting its
potential in diabetes management [19]. In a recent in-silico study, 30 phytochemicals from OG were
predicted to target 136 diabetes-related proteins, including aldose reductase, DPP4, a-amylase, and
a-glucosidase. Rutin demonstrated the strongest binding affinity to aldose reductase (-11 kcal/mol)
by forming 17 intermolecular interactions, suggesting that OG may exert anti-diabetic effects via
multi-target and multi-pathway mechanisms [20].

The growth and the organic compounds biosynthesized and accumulated in OG vary
significantly under different environmental conditions [21]. Light condition plays a crucial role in the
variations of plant quality, e.g., higher light intensity linked to increased essential oil yield due to
greater leaf biomass [22]. LED technology offers a powerful approach to optimizing plant growth [9],
regulating physiological processes, and enhancing secondary metabolite production in plants. With
benefits such as longevity, compact size, high efficiency, low thermal radiation, dimming ability,
variety of LED-spectra and flexibility in agricultural applications, LEDs allow for tailored light
spectra to provide sufficient photosynthetic photon density in terms of energy and meet plants’
specific absorption needs. This enables precise control over photomorphogenesis, accelerates the
reproductive cycle, and improves plant quality by stimulating secondary metabolite accumulation
[23].

Previous studies have underscored the pivotal role of light quality (light spectra composition
and exposure duration) in promoting biomass accumulation and enhancing the concentration of
main essential oils constituents in plants. These findings present a valuable opportunity: by precisely
manipulating light spectra, growers can simultaneously optimize yield, flavor, aroma, and plant
morphology—an approach deeply grounded in plant physiological principles. Given that plant
species respond differently to light stimuli [24], targeted investigations are necessary. Yet, to date,
research on the use of supplemental multispectral LED lighting in OG cultivation remains scarce.

At the same time, artificial lighting is energy-intensive and contributes significantly to
production costs. Therefore, improving lighting efficiency is critical for sustainable horticulture.
Accurate evaluation of spectral efficiency is essential to guide such improvements. In this study, our
primary objective is to explore the physiological and phytochemical responses of OG to various light
spectra, providing foundational insights into the effects of light quality on plant growth and its
essential oil composition. To this end, we developed complex LED lighting systems using R (660 nm)
and B (440 nm) lights as primary components, supplemented with UV-A (365 nm), G (530 nm), and/or
Fr (730 nm) wavelengths. These spectral treatments were applied at night under varying irradiance
levels and exposure durations. While the plants benefited from natural sunlight during the day in a
net house environment—offering a significant energy-saving advantage over fully artificial
greenhouse systems. Here we investigate the effects of supplemental light quality (light spectrum
composition), irradiance levels and irradiation time periods in the nighttime on the growth, essential
oil yield, chemical composition, and antimicrobial activity of OG grown in a net house in Vietnam.
We hypothesize that radiations with different wavelengths and their irradiance ratios, photon
densities, and light-dark cycle would significantly influence the plant’s growth and phytochemical
profile—potentially creating trade-offs for growers. For instance, certain lighting conditions might
enhance biomass production while diminishing the intensity of the characteristic aroma, or vice
versa. However, if such trade-offs are minimal, the use of spectrum-specific LEDs could represent a
valuable opportunity to optimize both yield and quality in OG cultivation.

To test this hypothesis, OG plants were grown under natural sunlight during the day and
supplemented with multi-spectrum LED lighting at night. Biomass was assessed, and essential oil
yield was determined via hydrodistillation. The chemical composition of the oils was analyzed using
gas chromatography-mass spectrometry (GC-MS) and gas chromatography—flame ionization
detection (GC-FID), with a focus on identifying the major compounds responsible for OG’s
characteristic aroma. Additionally, antimicrobial activity of the essential oils was evaluated using the
microdilution method to determine any variations linked to supplemental lighting conditions. Our
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findings will suggest that light spectra significantly influence biomass production, essential oil yield,
and the concentration of desirable aromatic compounds —highlighting the potential of LED lighting
as a tool to manipulate and improve yield and quality in this useful medicinal plant. To our
knowledge, this is the first study to evaluate the effects of supplemental multispectral LED lighting
on OG cultivated in net house over a 15-week period.

2. Results and Discussion

2.1. The Effect of Light Spectra on Biomass and Essential Oil Yield of Ocimum gratissimum

Under various supplemental light conditions, Ocimum gratissimum L. (OG) exhibited noticeable
variation in growth parameter, biomass, and essential oil yield (Table 1). At the initiation of
supplemental lighting, the average plant height was 15.15 + 0.43 cm/plant. After 15 weeks of
supplemental light treatments, OG heights varied across the 10 lighting regimens, although the
differences were not statistically significant (p = 0.129) (Table 1). In general, all multi-spectral LED
lighting treatments promoted greater plant height compared with the control (F10), which received
only natural sunlight (97.63 cm/plant). Specifically, treatments incorporating the red:blue:ultraviolet-
A (R:B:UV-A) spectra (F1, F2, and F3) yielded the tallest plants, with average heights ranging from
104.42 to 117.55 cm/plant. These values exceeded those observed under red:blue:green (R:B:G) (F4,
F5, and F6; 98.81-104.45 cm/plant) and red:blue:green:far-red (R:B:G:Fr) (F7, F8, and F9; 101.42-102.51
cm/plant) lighting regimens. The significant elongation of plant height observed under the R:B:UV-
A spectra aligns with previous findings in basil (Ocimum basilicum), where UV-A light notably
increased plant height [25]. The R:B:G treatments also contributed to height increase, likely due to G
light’s capacity to penetrate deeper into leaf tissues —reaching either the surface or middle mesophyll
layers depending on intensity —thereby influencing photosynthetic activity and chlorophyll
distribution [26]. Meanwhile, the integration of Fr light into the R:B:G spectra may have contributed
to the increased plant height observed in OG. This result is similar to the effect on grapevine of Fr
light, by enhancing photosynthetic efficiency [27]. Among the two spectral groups (R:B:UV-A and
R:B:G), the 6-hour daily supplemental lighting duration (F2 and F5), delivering a DLI of
approximately 2.16 mol'm=2-d-!, was optimal for promoting stem elongation in OG. Both shorter (4
h/day) and longer (8 h/day) durations were less effective, likely due to disruption of the plant’s
activity and rest regime. These findings are consistent with previous studies in basil (Ocimum
basilicum), which indicate that plant needs a dark cycle for normal growth. Specifically, when basil
was grown for 15 days under 24-hour continuous light intensity, it showed signs of stunted growth,
chlorosis, and leaf necrosis [28]. Similarly, an optimal photoperiod of 16-18 h/day was suggested for
lettuce (Lactuca sativa) growth [29]. In contrast, variations in light intensity (80-120 umol-m=2-s71)
under the R:B:G:Fr spectral group (F7, F8 and F9) did not produce notable differences in plant height,
suggesting that within this range, light quality may play a more crucial role than quantity for this
spectral treatment (Table 1).

Table 1. Biomass and essential oil yield of Ocimum gratissimum cultivated under different light conditions.

Fresh Dry Essential
. Fresh plant . Water . . L
Plant height . biomass biomass oil content Essential oil
Formulas weight content
(cm/plant) yield yield (%, dry  yield (L/ha)*
(g/plant) (%)
(ton/ha)* (ton/ha)* v/w)
10.500 + 71311+ 3.012+
F1 = 104.42>+1.51 269.25>+7.17
0.28 0.14 0.08 0.80' +0.002 24.05" + 0.64
13.072 + 78.63¢ + 2.79° +
F2  117.55°+6.07 335.022 +18.25
0.71 0.18 0.151.122+0.002 31.392+1.71

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0581.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 August 2025 d0i:10.20944/preprints202508.0581.v1

5 of 20
10.20¢c + 77.934 + 2.25¢+ 0.92d +
F3 110.492+9.62 261.53<+0.76
0.03 0.15 0.01 0.001 20.79¢+0.06
76.30¢ + 2.104 +
F4 101.29°+4.24 227.074 +2.66 3.869 +(0.10
0.17 0.02 0.83t+0.002 17.344+0.20
104.45b0 + 79.87a +
F5 174.87¢+2.16 5.82f+0.08
13.31 0.21 1.371+0.02 0.89¢ + 0.002 12.228 +0.15
79.82a + 1.29% +
F6 98.81+9.25 163.228+3.50 5.378 +0.14
0.17 0.03 0.97¢+0.002 12.528 +0.27
78.90r + 1.47h + 1.03b +
F7 101.42°+ 6.75 178.33f+4.93 5.96f+0.19
0.19 0.04 0.001 15.14f+0.42
73.20h + 1.87t+ 0.81s +
F8 101.55> + 6.12 179.07t+3.41 5.98t+0.13
0.17 0.04 0.001 15.17¢+0.29
75.39f + 2.01e+ 0.81h +
F9 102.51> +8.04 209.38¢ +3.50 3.17¢+ 0.14
0.16 0.03 0.002 16.20+0.27
74.608 + 1.608 + 0.76x +
F10 97.63b+1.28 161.408+1.22 5.298 +0.05
0.19 0.01 0.001 12.088+0.09
5%LSD 12.9709 11.9525 0.4661 0.3071 0.1049 0.0028 1.0927
p 0.129 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Note: Mean values followed by the same letter within a column are not statistically different for 0.05 significant
level (n=3). Statistical analyses were performed using IRRISTAT ver. 5.0 (International Rice Research Institute,
Laguna, Philippines) *Estimated values (cultivation distance of OG: 40 x 50 cm, estimated number: 39,000 plants

per ha).

Consistent with the trend observed for plant height, the above ground fresh weight of
supplemental LED lighting OGs significantly increased (p < 0.001) compared with the control (F10)
(Table 1). The increase in plant biomass observed across the nine supplemental LED light treatments
can be primarily attributed to the stimulating effects of R and B light spectra, as reported in previous
studies on some other plants species [30,31]. Additionally, the integration of UV-A, G, and Fr lights
in this study also contributed significantly to enhancing biomass production in OG. Specifically,
among all spectral groups tested, treatments combining R, B, and UV-A light (F1, F2, and F3) resulted
in the highest fresh biomass accumulation. Notably, the F2 treatment, which applied supplemental
lighting for 6 hours/day, resulted in the greatest fresh weight at 335.02 g/plant (equivalent to 13.07
ton/ha). This value is nearly double that of the control with 161.40 g/plant (equivalent to 6.29 ton/ha).
The fresh weight of OG from F2 treatment is also significantly higher (p <0.001) than those from both
F1 (269.25 g/plant, 10.50 ton/ha) and F3 (261.53 g/plant, 10.20 ton/ha). These results reflect a 62.16—
107.79% increase in fresh biomass of OG in the R:B:UV-A spectral treatments over the control
treatment. In the R:B:G group, the F4 treatment (8 hours/day) produced the highest fresh weight at
227.07 g/plant (8.86 ton/ha), which was significantly greater (p < 0.001) than both F5 (174.87 g/plant,
6.82 ton/ha) and F6 (163.22 g/plant, 6.37 ton/ha). For the R:B:G:Fr group, the F9 treatment (80
umol-m=2-s71) yielded the highest fresh biomass at 209.38 g/plant, significantly surpassing (p < 0.001)
F7 (178.33 g/plant) and F8 (179.07 g/plant).

Plant water content also varied significantly across lighting treatments. The highest water
contents were observed in F5 (79.87%) and F6 (79.82%). In contrast, other treatments showed
significant reductions (p < 0.001), with water content ranging from 71.31 to 78.90%. These differences
influenced the ranking of dry biomass yields, which did not follow the same order as fresh weights.
Nonetheless, the R:B:UV-A group still consistently delivered the highest dry biomass yields among
all treatments. The superior performance of the R:B:UV-A spectral group is in line with previous
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studies demonstrating the role of UV-A, in combination with red and blue light, in enhancing basil
(Ocimum basilicum) biomass [23], as well as increasing plant height, leaf area, and leaf mass [25].
Similar growth-promoting effects of UV-A were also observed in lettuce (Lactuca sativa), with
increases in shoot biomass, leaf area, and leaf number [5]. G light was also reported to stimulate plant
growth due to its capacity to penetrate deeper into plant tissues and affect inner mesophyll cells [26].
Likewise, the combination of Fr and R light was shown to increase plant height and stem biomass in
Capsicum annuum compared with R light alone [32]. In addition, Fr supplementation was reported to
significantly enhance both plant height and dry weight in foxglove (Digitalis purpurea) by up to 38%
[33]. This light wavelength was also shown to increase dry weight of lettuce (Lactuca sativa) by 46—
77% depending on planting densities [34].

The essential oil concentration of OG was significantly affected by supplemental lighting
conditions (p < 0.001), ranging from 0.80% to 1.12% (v/w), calculated on a dry weight (DW) basis, all
higher than the control formula F10 (0.76% v/w) (Table 1). These values also exceed the previously
reported value of 0.7% [35]. The highest essential o0il concentration was observed in treatment F2
(1.12%), which corresponded with its superior plant height and fresh biomass. This was followed by
F7 (1.03%) and F6 (0.97%). Notably, in the R:B:G:Fr spectral group, higher light intensity (F7 at 120
pmol'm2s) led to greater oil concentration (1.03%) compared with the one (0.81%) in lower
intensities (F8 and F9 at 100 and 80 umol'm=2-s7). This finding contrasts with a previous study [22],
which reported no significant impact of light radiation on OG oil concentration. However, the effect
of light on essential oil accumulation is known to vary by species and spectral quality. For instance,
R and Fr light supplementation was shown to enhance essential oil concentrations in cilantro
(Coriandrum sativum), dill (Anethum graveolens), and parsley (Petroselinum crispum) [36], as well as in
rosemary (Rosmarinus officinalis- now it is synonym of Salvia rosmarinus) [37]. In the current study, the
essential oil yield of OG, calculated based on data of dry biomass and essential oil concentration,
ranged from 12.08 to 31.39 L/ha. Consistent with the trends in plant height and biomass, treatments
under the R:B:UV-A spectral group produced significantly higher oil yields (20.79-31.39 L/ha)
compared with both other LED spectral combinations (12.22-17.34 L/ha) and the control treatment
(12.08 L/ha). This corresponds to an increase in essential oil yields of OG under the R:B:UV-A spectral
treatments, ranging from 72.10 to 159.85% compared with the control. Among these treatments, the
F2 achieved the highest essential oil yield at 31.39 L/ha, confirming it as the most effective
supplemental lighting condition for maximizing both biomass and essential oil production of OG.

Overall, the three spectral lighting systems (R:B:UV-A, R:B:G and R:B:G:Fr) comprising nine
supplemental light formulas significantly increased the fresh biomass and essential oil yield of OG
compared with the control treatment receiving only natural sunlight. Among these, the spectral
group containing UV-A light (F1, F2, and F3) demonstrated the most pronounced effects. These
results highlight the superior efficacy of the R:B:UV-A spectral combination in promoting OG growth
and secondary metabolite production compared with other tested light spectra. This finding aligns
with previous studies reporting that R, B, and UV light can significantly enhance essential oil
biosynthesis across various plant species [2], while G light was shown to exert a comparatively lower
influence on biomass accumulation [38].

2.2. The Effect of Light Spectra on Essential Oil Composition of Ocimum gratissimum

The chemical composition and physical properties of OG essential oil are crucial indicators of
plant quality, complementing oil yield in overall evaluation. The aerial parts of OG plants harvested
from the ten different lighting treatments were shredded and subjected to hydrodistillation, yielding
pale yellow essential oils. The physical characteristics of the oils varied slightly among treatments,
with relative densities (d2°) ranging from 0.9785 to 0.9984 g/mL, refractive indices (n?°) from 1.5138 to
1.5190, and optical rotations [a] D2 from [-]27.78 to [-]16.53° (Table 2). Notably, the measured relative
densities were slightly lower than those previously reported for OG essential oil [35].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 2. Some physical properties of essential oil of Ocimum gratissimum cultivated under different light

conditions.

Parameters F1* F2* F3* F4* F5* Fé6* F7 F8* F9* F10*

Relative density 0.9951 0.9873 0.9984 0.9910 0.9853 0.9811 0.9900 0.9785 0.9851 0.9788
d2
Refractive index 1.5155 1.5165 1.5186 1.5190 1.5168 1.5150 1.5170 1.5148 1.5168 1.5138

nZO
Optical  rotation [-]21.36 [ [-]16.53 [-]18.92 [-]24.10 [-]27.78 [-]21.46 [-]26.83 [-]26.65 [-
[a]o® 121.52 124.78

Note: *Standard deviation were insignificant and excluded from the Table to avoid congestion (n = 3).

The essential oils were analyzed using GC-MS and their constituent compounds were identified
based on mass spectral (MS) and retention index (RI) data, as presented in Table 3 in the order of
elution on the HP-5MS column. The OG essential oils contained 21-28 quantified compounds,
accounting for 97.8 to 99.4% of the total composition. Phenylpropanoids (59.4-71.2%) were the
predominant class, followed by sesquiterpene hydrocarbons (12.3-21.3%) and monoterpene
hydrocarbons (11.8-14.6%). In contrast, oxygenated monoterpenoids and sesquiterpenoids and other
minor constituents were present in very low concentrations (Table 3).

Table 3. Composition of essential oils (%) of Ocimum gratissimum cultivated under different light conditions.

F10
Compounds? RI Fl¢ F2¢ F3¢ F4¢c F5¢ F6c F7¢ F8  FI9c

(3Z2)-Hexen-1-ol 80 04 05 08 06 04 04 04 04 02 05

a-Thujene 929 03 03 03 02 03 04 03 05 04 05

1-Octen-3-ol 976 01 02 02 02 02 02 01 02 01 03

Sabinene 978 03 03 03 03 04 04 04 05 05 05

Myrcene 991 03 03 03 02 04 04 03 04 04 05
102

a-Terpinene . 0.1 Tr 01 01 01 01 02 02 02 02
102

Tr Tr Tr Tr 01 01 01 02 02 02
p-Cymene 9

103 11. 11. 12, 10. 11. 11. 10. 11. 10. 11.

(2)-B-Ocimene
8 6 6 1 2 8 9 6 3 7 8

104

(E)-B-Ocimene g 05 05 05 04 05 04 04 04 04 04
106

v-Terpinene 3 02 02 03 02 03 02 03 03 03 03
107

cis-Sabinene hydrate ) 02 02 Tr 01 02 04 03 04 04 02
110

Linalool . 02 02 02 02 02 03 02 03 03 03
113

allo-Ocimene . 02 02 02 02 02 02 02 02 02 02
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F10
Compounds? RI* Fl¢ F2¢ F3< F4c F5¢ Fe6c F7¢ F8 F9e
117
Tr Tr Tr 01 02 02 02 02 01 02
Menthol 9
117
Tr 02 02 Tr Tr Tr Tr Tr Tr Tr
iso-Menthol 9
118
Santalone 5 05 04 05 Tr Tr Tr Tr Tr Tr Tr
118
Tr Tr Tr 05 06 05 07 08 07 09
Terpinen-4-ol 6
120
Methyl chavicol (= Estragole) A 1.0 09 11 17 11 11 09 09 08 09
136 67. 67. 69. 69. 62. 58. 65. 59. 61. 58.
Eugenol
9 8 2 8 5 1 8 1 0 0 5
139
a-Copaene 0 07 07 06 06 09 10 09 10 10 1.0
143
(E)-p-Caryophyllene g 44 45 34 40 56 66 57 68 65 69
144
Tr Tr Tr Tr 01 02 01 02 Tr 02
[-Gurjunene (=Calarene) 6
147
a-Humulene ) 03 03 03 03 04 05 04 05 05 05
149
Tr Tr Tr 02 02 02 01 02 02 02
Y-Muurolene 1
149 10. 12, 11. 11. 10.
Germacrene D 93 96 76 83 9.5
9 5 1 1 1 5
153
Tr Tr Tr Tr Tr Tr Tr Tr Tr 02
v-Cadinene 1
153
0-Cadinene ; 04 04 04 04 06 07 06 07 06 07
160
Caryophyllene oxide s 03 03 02 04 05 05 03 06 05 05
, 165
epi-a-Cadinol (= t-Cadinol) 9 Tr Tr Tr 02 03 Tr Tr 03 Tr Tr
epi-a-Muurolol (= - 166
Tr Tr Tr Tr Tr 02 02 02 02 03
Muurolol) 0
167
a-Cadinol 3 Tr Tr Tr 02 03 03 02 03 03 05
99. 99. 99. 99. 98. 98. 98. 98. 97. 97.
Total
1 0 4 3 5 3 7 1 8 9
Number of compounds
quantified 21 21 21 25 27 27 27 28 26 28
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F10
Compounds? RI* Fl¢ F2¢ F3< F4c F5¢ Fe6c F7¢ F8 F9e

13. 13. 14. 11. 14. 14. 12. 14. 13. 14.
Monoterpene hydrocarbons
Oxygenated
monoterpenoids 09 10 09 09 12 14 14 17 15 16

15. 15, 12, 13. 18, 21. 17. 20. 19. 20.
Sesquiterpene hydrocarbons

Oxygenated

sesquiterpenoids 03 03 02 08 11 10 07 14 10 13
68. 68. 70. 71. 63. 59. 66. 59. 61. 59.

Phenylpropanoids

8 1 9 2 2 9 0 9 8 4

Others 05 07 10 08 06 06 05 06 03 08
Note: 2Order of compounds eluted on the HP-5MS column; PRI: retention index of compounds on the HP-5MS

column; <Standard deviation were insignificant and excluded from the Table to avoid congestion (n = 3); Tr:

Trace (concentration < 0.1%).

Significant variations were observed among the ten OG essential oils, particularly in the
concentrations of three major constituents: (i) (Z)-f-ocimene, ranging from 10.2 to 12.1%; (ii) eugenol,
ranging from 58.5 to 69.8%; and (iii) germacrene D, ranging from 7.6 to 12.1%. In general, OG plants
subjected to supplemental lighting treatments (F1-F9) exhibited higher eugenol concentrations than
those grown under natural sunlight alone in formula F10 (Figure 1). Among these, the spectral group
incorporating R:B:UV-A (F1, F2, and F3) had the most pronounced effect in enhancing eugenol
biosynthesis and accumulation, followed by the R:B:G group, and lastly the R:B:G:Fr group. Notably,
the highest eugenol and (Z)-f-ocimene concentrations were recorded under the F3 treatment (71% R:
20% B: 9% UV-A at 100 pmol-m=2-s7! for 4 hours/day). In contrast, germacrene D peaked in F6 and
was lowest in F3. These results suggest that UV-A light, when combined with R & B spectra, is
particularly effective in promoting eugenol synthesis in OG, more so than the combinations involving
G and Fr lights. The increased eugenol concentration in OG essential oil under supplemental UV-A
illumination may be due to the strong activation of phenylalanine ammonia-lyase (PAL) and
chalcone synthase (CHS) genes (the first steps in the phenylpropanoid pathway) as in the case of basil
(Ocimum basilicum) [39]. PAL and CHS play a fundamental role in energy production and precursors
for later enzymes such as eugenol synthase (EGS), which is an important prerequisite for increased
eugenol synthesis.
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Production of three main essential oil constituents of Ocimum gratissimum
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Figure 1. The productivities of the three major compounds in essential oil of Ocimum gratissimum cultivated

under different light conditions.

Within the R:B:G:Fr spectral group, a higher light intensity in F7 (at DLI of 16.57 mol-m=2-d)
also increased eugenol concentration compared with lower intensities in F8 and F9 (at DLI of 16.14
and 15.71 mol'm=2d, respectively). This finding is different from the previous results [22]
(Fernandes et al. 2013), which reported no significant effect of sunlight intensity (4, 7, 11, and 20
mol'm2-d-!) on essential oil composition, possibly due to the unaltered density of glandular
trichomes. Another compound present in relatively high amounts was (E)-S-caryophyllene, ranging
from 3.3 to 6.9%. The remaining compounds were detected at much lower concentrations, generally
from trace levels up to 1.7%. Overall, when R and B were used as the primary light sources, changes
in the metabolite levels of OG— particularly eugenol, the major constituent of its essential oils in this
study —were significant only under certain treatments, depending on the integrated spectral
components and light dosage. The substantial fluctuations in secondary metabolite concentrations
were also reported in plants exposed to different monochromatic light conditions. For instance, in
certain Lamiaceae species such as sweet mint (Mentha spicata) [40], lemon balm (Melissa officinalis)
[31], and sweet basil (Ocimum basilicum) [41], essential oil composition varied distinctly under R, B,
and/or G light treatments. However, contrasting results were also observed. Aghakarim et al. [42]
reported no significant differences in the concentrations of the three main essential oil constituents of
lemon balm under R and B light conditions. In another study, the combination of R or B light with
white (W) light reduced the concentration of menthol —the main compound in mint (Mentha arvensis)
essential oil —compared to plants grown under W light alone [43].

The chemotype of essential oil extracted from the above ground parts of OG in this study —
characterized by the dominance of eugenol, (Z)-f-ocimene, and germacrene D —is consistent with
that reported for OG leaves in previous studies [44]. However, the concentration of eugenol observed
here differs from earlier findings, such as those by Freire et al. [45], who reported seasonal variations
in eugenol concentration ranging from 44.89 to 56.10%, and Joshi [44], who noted a broader range
from 65.65 to 85.71%. The predominance of eugenol in OG essential oil is in agreement with several
other studies. For instance, Matasyoh et al. [46] reported eugenol (68.8%), methyl eugenol (13.21%),
and (Z)-B-ocimene (7.47%) in OG grown in Kenya. Similarly, essential oils from Algeria contained
eugenol (54.8%) and [3-elemene (10.9%) [47]; while those from India contained eugenol (75.1%) and
terpinolene (14.2%) [48], or eugenol (57.1%), a-bulnesene (15.6%), and (E)-f3>-caryophyllene (14.2%)
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[49]. Nonetheless, other studies have identified different dominant constituents in OG essential oils,
likely due to variations in environmental conditions such as soil composition, geographic location,
and seasonal factors. For example, Martins et al. [50] reported p-cymene (12.5%) and thymol (48.1%)
as the major components in Portugal, while Coulibaly et al. [51] identified p-cymene (12.9%), v-
terpinene (20.5%), and thymol (29.5%) in samples from Burkina Faso.

In general, productivities of the three major constituents in essential oil of OG were markedly
higher under R:B:UV-A supplemental lighting compared with other treatment. Notably, the highest
yields were recorded in treatments F2 and F1. Each of these compounds possesses significant
bioactive properties. Eugenol is a well-known natural compound with broad applications in food,
aromatherapy, cosmetics, agriculture, and pharmaceuticals due to its diverse pharmacological effects
across various biological systems [52]. In particular, eugenol demonstrates notable anticancer activity
by modulating several key biological pathways, including apoptosis, autophagy, cell cycle
regulation, inflammation, invasion, and metastasis [53]. In addition, it exhibits protective effects
against arthritic inflammation, respiratory pathologies, and oxidative liver damage. Eugenol also
plays a vital role in regulating systemic inflammatory responses, enhancing defense against
pathogenic microorganisms, and exerting neuroprotective and antidiabetic effects [54]. In another
study, eugenol has been reported to exhibit neuroprotective effects in polyglutamine-induced
degeneration in Drosophila model [55]. Moreover, eugenol strongly inhibits biofilm, quorum sensing,
and reduces the expression of bacterial virulence factors [56]. (Z)-f-Ocimene, a widely occurring
monoterpene, was reported to be associated with anticonvulsant, antifungal, antitumor, and insect-
repellent activities [57]. Meanwhile, germacrene D is a common volatile sesquiterpene that serves as
a biogenetic precursor to several other sesquiterpene derivatives, including muurolane, cadinane,
and amorphane types [58].

2.3. The Effect of Light Spectra on Antimicrobial Activity of Essential Oil of O. gratissimum

The antimicrobial activity of OG essential oil was evaluated against three strains of Gram-
positive bacteria (Staphylococcus aureus, Bacillus subtilis, Lactobacillus fermentum), three strains of
Gram-negative bacteria (Salmonella enterica, Escherichia coli, Pseudomonas aeruginosa), and one strain of
yeast (Candida albicans). The oil samples showed weak inhibitory effects against C. albicans, with ICso
and MIC values ranging from 2450 to 3750 ug/mL and from 4096 to 16384 ug/mL, respectively.
Spectral group containing R:B:G:Fr (F7, F8, and F9) exhibited higher activity against C. albicans
compared with other treatments. Notably, only the essential oil of OG cultivated under condition F1
demonstrated inhibition against E. coli, with ICs0 and MIC values of 6051 pg/mL and 16384 pg/mL,
respectively. For the remaining five tested microorganisms, the ICs and MIC values of the oils
exceeded 16,384 ug/mL (Table 4).

Table 4. Antimicrobial activity of essential oils of Ocimum gratissimum cultivated under different light

conditions.
The concentration of essential oil inhibiting the tested microorganisms (%)
Gram (+) bacteria Gram (-) bacteria Yeast
2]
[} w 3 (%)
ER- - £ = S S 3
E S ®» S 2 22 T EF %S s S 3 S 2
s > = S 8 = 3 g = g & T = £ = = S
= ~ = = = R S S S © S B 2
> S ] S = g = = © = S
= 3 S 2 < £ = § S S & S =
;_ m @ S 5 s S @ S S SIS
3 5 ~ 95} |95 Fih <
)
c >16384 >16384 >16384 >16384 6051+ 16 >16384 32208 +
50
F1 8.8
MIC >16384 >16384 >16384 >16384 16384 >16384 8192
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The concentration of essential oil inhibiting the tested microorganisms (%)

Gram (+) bacteria Gram (-) bacteria Yeast
m p—
= &7 & 3 < < 2
<

é % % S o 0w g = § = = = § 0 I O
=3 S = = = S R R SR S T 8§
s P S § = = g § S £ S = £ = S 5
= DS~ T 3 S 8 S & g S s X SR
= v 3 5) B § = = % 2 E 8 =
5 = T &7 4 3§ OF

& ~ &

ICso >16384 >16384 >16384 >16384 >16384 >16384 27954 +15

2 MIC >16384 >16384 >16384 >16384 >16384 >16384 8192
Ca >16384 >16384 >16384 >16384 >16384 >16384 30068 +
F3 10.6
MIC >16384 >16384 >16384 >16384 >16384 >16384 8192
ICso >16384 >16384 >16384 >16384 >16384 >16384 30028 + 12
H MIC >16384 >16384 >16384 >16384 >16384 >16384 8192
1Ca >16384 >16384 >16384 >16384 >16384 >16384 2916¢ +
F5 8.7
MIC >16384 >16384 >16384 >16384 >16384 >16384 8192
ICso >16384 >16384 >16384 >16384 >16384 >16384 3720+ 10
o MIC >16384 >16384 >16384 >16384 >16384 >16384 16384
1Ca >16384 >16384 >16384 >16384 >16384 >16384 2566¢ +
F7 9.8
MIC >16384 >16384 >16384 >16384 >16384 >16384 4096
>16384 >16384 >16384 >16384 >16384 >16384 25180 +
F8 (G 9.0
MIC >16384 >16384 >16384 >16384 >16384 >16384 4096
1Cso >16384 >16384 >16384 >16384 >16384 >16384 24502 + 14
i MIC >16384 >16384 >16384 >16384 >16384 >16384 4096
1Cso >16384 >16384 >16384 >16384 >16384 >16384 2951+ 21
F1o MIC >16384 >16384 >16384 >16384 >16384 >16384 8192

Note: Mean values followed by the same letter within a column are not statistically different for 0.05 significant
level (n = 3). Statistical analyses were performed using IRRISTAT ver. 5.0 (International Rice Research Institute,

Laguna, Philippines).

The antimicrobial activity of OG oil is likely due to the synergistic effect of eugenol and other
constituents present in the essential oil [48]. Previous studies showed that the essential oil from the
aerial parts of OG and/or eugenol exhibits activity against various phytopathogenic fungal strains
[59], dermatophyte fungal strains [60], and some microbial and yeast strains [46]. The lethal
mechanism of eugenol on fungi involves either cell cycle arrest or disruption of fungal cell membrane
integrity [61]. Due to its lipophilic nature, eugenol accumulates in the phospholipid bilayer of fungal
cells, altering the function of important membrane-bound enzymes, and affecting membrane
permeability, fluidity, and morphology [62,63]. Due to its notable anti-Candida activity, eugenol has
been investigated as a potential adjunct to antifungal therapy. For instance, when combined with
fluconazole or itraconazole, eugenol enhances the synergistic effect against Candida albicans by
disrupting biofilm structure and increasing drug permeability [64].
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While the antifungal activity of OG essential oil grown under treatments supplemented with
light from the R:B:G:Fr spectral group was higher than in other treatments, this study did not reveal
a clear relationship between supplemental lighting conditions and the overall antimicrobial activity
of the oil. However, supplemental lighting using different light spectra can influence the
concentration of the main compounds in OG oil. Future studies may identify a specific light spectrum
or combinations of spectra that significantly alter the concentrations of these key compounds,
potentially enhancing the antimicrobial activity of the oil.

3. Materials and Methods

3.1. Plant Materials, Growth Conditions and Light Treatments

The experiments were conducted in 2024 in a net house in Hanoi, Vietham (N21°04'08",
E105°45'50"), with 40% diffused light transmission, determined by comparing the photosynthetic
photon flux density (PPFD) (400-700 nm) inside and outside the net house, using a LI-250A Light
Meter. The average PPFD during the experiment was 13.98 mol-m=2-d-!, with monthly averaged
values recorded as 15.02 in June, 14.20 in July, 14.03 in August, and 12.64 in September, based on the
daily light integral (DLI) database from SuntrackerTech [65]. To investigate the effects of spectral
composition on plant physiological responses and secondary metabolite production, three distinct
supplemental light-emitting diode (LED) spectral groups were selected based on established
principles of plant photobiology. These spectral lights were shown to be highly effective in several
herbal plants [3,9,11,13]. The first spectrum group consisting of red:blue:ultraviolet-A (R:B:UV-A) at
the ratio of 71:20:9 was formulated to stimulate the biosynthesis of secondary metabolites. The second
spectrum group consisting of red:blue:green (R:B:G) at the ratio of 75:21:4 targeted plant growth by
incorporating G light into a high R-to-B ratio to help light deeper penetration and more uniform
photon distribution within the canopy. The third spectrum group consisting of red:blue:green:far-
red (R:B:G:Fr) at the ratio of 43.5:43.5:8:5 was designed to approximate the natural solar spectrum by
balancing R and B lights while integrating G and Fr wavelengths to influence phytochrome-mediated
developmental processes in plants. Three variations in light intensities (80, 100, and 120 pumol-m=2-s71)
and photoperiod durations (4, 6, and 8 hours per night) were used to assess dose-dependent OG'’s
responses. The supplemental lighting was applied both before sunrise (from 1.00 or 2.00 or 3.00 to
5.00 a.m.) and after sunset (from 7.00 to 9.00 or 10.00 or 11 p.m.) to extend the photoperiod without
overlapping with natural daylight. The combination of spectral groups with light intensities and
exposure durations created a total of nine supplemental LED lighting treatments in order to assess
the interactive effects of spectral quality and light dose on plant growth and the accumulation of
essential oil compounds. The lighting regimen was maintained for 15 weeks, from June to September,
covering the period from the stabilization phase to flowering. An irradiance of 80-120 umol-m2-s7!
was applied at the plant canopy, with the LED lamps positioned approximately 50 cm above the
plants. Previous investigation reported that this spacing provides an optimal balance between light
uniformity, intensity and homogeneously optical mixture of lights of different wavelengths to a
useful spectral combination for herbaceous plants. At this distance, the plants received sufficient
irradiance to elicit physiological responses without causing photo damage or excessive heat stress
[66]. A control formula without supplemental lighting was included, bringing the total number of
treatments to ten with DLI values measured ranging from 13.98 to 16.86 mol-m-2-d! (Table 5). The
LED lights emitted a broad continuous spectrum, including UV-A (365 nm), B (440 nm), G (530 nm),
R (660 nm), and Fr (730 nm), as measured by a USB2000+ Fiber Optic Spectrometer.

Ocimum gratissimum L. (OG) seeds were purchased in Hanoi and sown on 2 April 2024. After 7
weeks, when the seedlings reached approximately 15 cm in height, uniform plants were selected for
transplantation into experimental plots within the net house. The plants were arranged at a density
of 40 x 50 cm. The experiment followed a completely randomized design with three replications per
treatment, totaling 30 plots, each containing 15 plants. Nutritional inputs, irrigation, and natural
sunlight exposure were maintained uniformly across all plots. After a one-month stabilization period,
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in June, the supplemental lighting treatments were initiated following the formulas listed in Table 5
to assess their effect on OG growth and essential oil accumulation. At the start of the supplemental
lighting phase, the average plant height was 15.15 + 0.43 cm/plant. After 15 weeks of treatment with
supplemental LED irradiation at the night time, in September, the entire above ground biomass of
OG was harvested for further analysis. The plant sample was identified by Assoc. Prof. Dr. Hai Van
Do, a plant expert at the Department of Botany, Institute of Biology, Vietnam Academy of Science
and Technology. Voucher (code: HN 000080501) was deposited at the herbarium HN of VAST.

Table 5. Supplemental and control light conditions in cultivation of Ocimum gratissimum.

Supplemental Total daily Total daily

Duration light supplemental light
Formulas Spectral distribution Lighting time
(h/day) intensity  light (mol'm- (mol-m2-d-
(umol-m2-s1) 2.d4-1) 1)
R:B:UVA ~71:20:9

F1 o 8 1:00-5:00 am & 19:00-23:00 pm 100 =10 2.88 16.86

o7
F2 § 041 E=waesm) 1 6 2:00-5:00 am & 19:00-22:00 pm 100 + 10 2.16 16.14

02
F3 00 A 4 3:00-5:00 am & 19:00-21:00 pm 100 + 10 1.44 15.42

400 600 0
Wavelength, nm
R:B:G ~75:21:4

F4 n j 8 1:00-5:00 am & 19:00-23:00 pm 100+ 10 2.88 16.86

f ”
F5 g :3 6 2:00-5:00 am & 19:00-22:00 pm 100 £ 10 2.16 16.14
F6 " 4 3:00-5:00 am & 19:00-21:00 pm 100 £ 10 1.44 15.42

R:B:G:FR ~ 43.5:43.5:8:5

06 v
F7 — e o 6 2:00-5:00 am & 19:00-22:00 pm 120+ 10 252 16.57

05 |—— Farred (730 nm)|

E 03

F8 £ 02 6 2:00-5:00 am & 19:00-22:00 pm 100 £ 10 2.16 16.14
F9 Wavelengtn, im 6 2:00-5:00 am & 19:00-22:00 pm 80+10 1.73 15.71
F10 Control 0 0 0 0 13.98

3.2. Essential Oil Extraction and Physical Properties Analysis

Each plant sample was measured for water content using A&D Weighing AD-4714A General
purpose moisture determination balance (A&D Company, Limited, Tokyo, Japan) at 105 °C for 35
minutes. Fresh biomass sample of OG (1.5 kg each) was shredded and subjected to hydrodistillation
in triplicate for four hours using a Clevenger-type apparatus following the standard procedure
outlined by the Ministry of Health of Vietnam [67]. The oil concentrations were calculated on the dry
weights of OG based on the measured water contents. The extracted essential oil was separated and
stored at -5 °C for further analysis. Three physical properties of OG essential oils consisting of relative
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density, refractive index, and optical rotation, were evaluated according to the methods given in ISO
standards [68-70].

3.3. Gas Chromatography/Mass Spectrometry with Flame Ionization Detection Analysis

The chemical composition of the essential oils was analyzed using Gas Chromatography/Mass
Spectrometry with Flame Ionization Detection (GC/MS-FID) on an Agilent GC7890A system
equipped with a Mass Selective Detector (Agilent 5975C, Agilent Technologies, Santa Clara,
California, USA). Separation was achieved using an HP-5MS fused silica capillary column (60 m x
0.25 mm i.d. x 0.25 pm film thickness), with helium as the carrier gas at a flow rate of 1.0 mL/min.
The inlet temperature was maintained at 250 °C, while the oven temperature was programmed to
increase from 60 °C to 240 °C at a rate of 4 °C/min. The split ratio was 100:1, and the detector
temperature was maintained at 280 °C, with an injection volume of 1 pL. For mass spectrometry, the
interface temperature was 280 °C using an E.I. detector voltage of 70 eV. Mass spectra were recorded
in the range of 35-450 Da at a scan rate of 4.0 scans/s. The GC-FID analysis was performed under
identical chromatographic conditions, with the FID temperature set at 250 °C. Essential oil
components were identified based on their relative retention indices, determined through co-
injection with a series of homologous n-alkanes (C7-C30), and by comparing their mass spectral
fragmentation patterns with those stored in the MS library NIST08, Wiley09, and HPCH1607 [71,72].
Data processing was performed using MassFinder 4.0 software [73], and the relative concentrations
of components were calculated based on peak areas from FID chromatograms without
standardization.

3.4. Antimicrobial Activity Screening

The antimicrobial activities of the OG oils were evaluated against three Gram (+) bacterial
strains — Staphylococcus aureus (ATCC 13709), Bacillus subtilis (ATCC 6633) and Lactobacillus fermentum
(VTCC N4), and three Gram () bacterial strains— Salmonella enterica (VTCC), Escherichia coli (ATCC
25922) and Pseudomonas aeruginosa (ATCC 15442), as well as one yeast strain — Candida albicans (ATCC
10231). The ATCC strains were sourced from the American Type Culture Collection, while the VTCC
strains were obtained from the Vietnam Type Culture Collection at the Institute of Microbiology and
Biotechnology, Vietnam National University, Ha Noi.

The minimum inhibitory concentration (MIC) and half-maximal inhibitory concentration (ICso)
values of the essential oils were determined in triplicate using the broth microdilution susceptibility
testing [74,75]. Stock solutions of the oil were prepared in dimethylsulfoxide (DMSO), and serial
dilutions ranging from 16,384 to 2 pg/mL (10 concentrations including: 214, 213, 212, 211 210,29 27 25 23,
2! ug/mL) were prepared in sterile distilled water in micro-test tubes, which were then transferred to
96-well microplates. Bacterial cultures were grown in double-strength Mueller-Hinton broth or
double-strength tryptic soy broth, while fungal cultures were grown in double-strength Sabouraud
dextrose broth. Microbial suspensions were standardized to 5 x 105 for bacteria and 1 x 10° CFU/mL
for fungi. Wells containing only the serial dilutions of the essential oil without microorganisms served
as a negative control, while sterile distilled water and culture medium were used as a positive control.
Following incubation at 37 °C for 24 h, MIC values were determined at the well with the lowest
concentration of agents at which microbial growth was completely inhibited. ICso values were
calculated based on microbial growth inhibition percentages, using turbidity measurements obtained
from an EPOCH2C spectrophotometer (BioTeK Instruments, Winooski, Vermont, USA) and
analyzed with Rawdata computer software (Intercity Business Park Mechelen Noord, Mechelen,
Belgium) according to the following equations:

D

% inhibition — o control(+) ™~ OD¢est agent x 100% (1)
Dcontral(+)_0Dcontrol(—)

_ (Highinhy —50%) (Highconc—LOWconc) (2)
(Highmny—LoWnhy)
where: OD (optical density): Used to quantify microbial growth in the presence or absence of test

[C50 = Highcone

agents; control (+): Culture medium containing microbial cells without any antimicrobial agent; test
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agent: Culture medium containing microbial cells and a known concentration of the test antimicrobial
agent; control (-): Culture medium without microbial cells (blank control). Highcone/Lowcone: High and
low concentrations of the test antimicrobial agent used in the assay; Highms/Lowmnw: Percent
inhibition of microbial growth at high and low concentrations of the test agent, respectively.

Reference materials: Ampicillin for Gram (+) bacteria: ICso range = 0.02-3.62 pg/mL; MIC range
=0.125-32.0 ug/mL, cefotaxime for Gram (-) bacteria: ICso range = 0.07—4.34 ug/mL; MIC range = 0.5
32.0 pg/mL, nystatin for fungal strain: ICso = 1.32 pg/mL; MIC = 8.0 pug/mL.

3.5. Statistical Analysis

Data on physiological characteristics and essential oil parameters of OG were analyzed using a
single factor completely randomized analysis of variance (ANOVA) to compare the effect of different
supplemental lighting treatments. Significance differences among means were determined using the
least significant difference (LSD) test at a confidence level of p < 0.05. All statistical analyses were
performed using IRRISTAT ver. 5.0 (International Rice Research Institute, Laguna, Philippines).

4. Conclusions - Outlook

All supplemental multispectral LED lighting treatments conducted in the night time positively
influenced OG growth compared with that of control under natural sunlight alone. After 15 weeks,
these plants exhibited increased height, fresh above-ground biomass, essential oil concentration,
essential oil yield, and eugenol concentration. Among those, the spectral group containing R:B:UV-
A produced the most remarkable positive effects. These results suggest that supplemental R:B:UV-A
light treatments could be an effective method to enhance phytochemical biosynthesis in plants,
offering substantial commercial benefits. Especially, formula F2 (71% R, 20% B, 9% UV-A at 100
pumol'm?2s for 6 hours/day, with a total daily light of 16.14 mol'm2-d-') was identified as the most
optimal for promoting OG growth, biosynthesis, and essential oil accumulation. Although, no clear
relationship was found between supplemental lighting conditions and the antimicrobial activity of
the oil, the effect of these LED treatments on increasing biomass and essential oil of OG exceeded our
expectations and the initial hypothesis. The research results provide both scientific and practical
foundations for enhancing the growth and productivity of OG and other medicinal plants through
the application of supplemental multi-spectral LED lighting. This approach can be especially
beneficial for cultivating plants in diverse geographical, climatic, and seasonal conditions.

The authors of this paper recognize that evaluating the economic feasibility of supplemental
multispectral LED lighting in the night time in addition to the main illumination with the natural
light in the daytime for OG cultivation is an important consideration from the technological and
economic point of view. However, the primary objective of our study presented herewith was to
investigate the physiological and phytochemical responses of the plant to different light spectra,
providing foundational insights into the effects of light quality on its growth and essential oil
composition. While a detailed cost-benefit analysis is beyond the scope of this study, we acknowledge
its relevance for practical implementation and suggest that future studies address the economic
viability of applying multispectral LED lighting in commercial-scale OG production. In several
industry nations, the electricity costs may be expensive so that a utilization of the natural light in the
daytime and an application of the supplemental LED-lighting with defined durations in the night
time in which the electricity costs are often relatively lower will be meaningful.

Author Contributions: Conceptualization, H.T.T.C. and T.N.V.; methodology, H.T.T.C. and T.N.V.; validation,
H.T.T.C. and T.N.V; formal analysis, H.T.T.C. and T.T.T.D,; investigation, H.T.T.C.,, TN.V,, Q.T.H. and T.Q.T,;
resources, P.T.D.; data curation, H.T.T.C. and T.T.T.D.; writing—original draft preparation, H.T.T.C.; writing —
review and editing, H.T.T.C,, T.N.V.,, KQ.T. and W.N.S; supervision, K.Q.T. and W.N.S.; funding acquisition,
Q.C.T. All authors have read and agreed to the published version of the manuscript.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0581.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 August 2025 d0i:10.20944/preprints202508.0581.v1

17 of 20

Funding: This research was funded by Institute of Materials Science, Vietnam Academy of Science and
Technology, grant number: CSCL04.10/24-25.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All data are available in this publication.

Acknowledgments: The authors thank Mr. Phan Quyen for the field support and Assoc. Prof. Do Van Hai for
plant species identification.

Conflicts of Interest: The authors declare that there are no conflicts of interest related to this work. None of the
authors have any financial or personal relationships that could have influenced the research presented in this

manuscript.

References

1.  Krahmer, J., & Fankhauser, C. Environmental control of hypocotyl elongation. Annu. Rev. Plant Biol., 2024,
75, 489-519.

2. Dou, H, Niu, G.,, Gu, M., and Masabni, J. G. Effects of light quality on growth and phytonutrient
accumulation of herbs under controlled environments. Horticulturae, 2017, 3(2), 36.

3. Kang, S, Kim, J. E., Zhen, S., and Kim, ]J. Mild-intensity UV-A radiation applied over a long duration can
improve the growth and phenolic contents of sweet basil. Front. Plant Sci., 2022, 13, 858433.

4. Lee, ]J. H, Oh, M. M,, and Son, K. H. Short-term ultraviolet (UV)-A light-emitting diode (LED) radiation
improves biomass and bioactive compounds of kale. Front. Plant Sci., 2019, 10, 1042.

5. Chen, Y, Li, T, Yang, Q. Zhang, Y., Zou, ]., Bian, Z., et al. UVA radiation is beneficial for yield and quality
of indoor cultivated lettuce. Front. Plant Sci., 2019, 10, 1563.

6. Zhang, Y., Kaiser, E., Zhang, Y., Zou, ], Bian, Z,, Yang, Q., et al. UVA radiation promotes tomato growth
through morphological adaptation leading to increased light interception. Enwviron. Exp. Bot., 2020, 176,
104073.

7. Tarakanov, I., Yakovleva, O., Konovalova, I., Paliutina, G., and Anisimov, A. Light-emitting diodes: on the
way to combinatorial lighting technologies for basic research and crop production. Acta Hortic., 2012, 956,
171-178.

8.  Terashima, I, Fujita, T., Inoue, T., Chow, W. S., and Oguchi, R. Green light drives leaf photosynthesis more
efficiently than red light in strong white light: revisiting the enigmatic question of why leaves are green.
Plant Cell Physiol., 2009, 50(4), 684-697.

9.  Smith, H. L., McAusland, L., and Murchie, E. H. Don’t ignore the green light: exploring diverse roles in
plant processes. ]. Exp. Bot., 2017, 68(9): 2099-2110.

10. Kim, H. H., Goins, G. D., Wheeler, R. M., and Sager, J. C. Green-light supplementation for enhanced lettuce
growth under red-and blue-light-emitting diodes. HortScience, 2004, 39(7), 1617-1622.

11. McAusland, L., Lim, M. T., Morris, D. E., Smith-Herman, H. L., Mohammed, U., Hayes-Gill, et al. Growth
spectrum complexity dictates aromatic intensity in coriander (Coriandrum sativum L.). Front. Plant Sci., 2020,
11, 462.

12. Zou, ], Zhang, Y., Zhang, Y., Bian, Z., Fanourakis, D., Yang, Q., et al. Morphological and physiological
properties of indoor cultivated lettuce in response to additional far-red light. Sci. Hortic., 2019, 257, 108725.

13. Kim, D., and Son, J. E. Adding far-red to red, blue supplemental light-emitting diode interlighting
improved sweet pepper yield but attenuated carotenoid content. Front. Plant Sci., 2022, 13, 938199.

14. Ugbogu, O. C., Emmanuel, O, Agi, G. O,, Ibe, C., Ekweogu, C. N., Ude, V. C,, et al. A review on the
traditional uses, phytochemistry, and pharmacological activities of clove basil (Ocimum gratissimum L.).
Heliyon, 2021, 7(11), e08404.

15. Yarou, B. B., Bokonon-Ganta, A. H., Verheggen, F. ]J., Lognay, G. C., & Francis, F. Aphid behavior on
Amaranthus hybridus L.(Amaranthaceae) associated with Ocimum spp.(Lamiaceae) as repellent plants.
Agronomy, 2020, 10(5), 736.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0581.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 August 2025 d0i:10.20944/preprints202508.0581.v1

18 of 20

16. Akara, E. U, Emmanuel, O., Ude, V. C.,, Uche-Ikonne, C., Eke, G., and Ugbogu, E. A. Ocimum gratissimum
leaf extract ameliorates phenylhydrazine-induced anaemia and toxicity in Wistar rats. Drug Metabol.
Personal Ther., 2021, 36(4), 311-320.

17. Udi, O. A, Oyem, J. C,, Ebeye, O. A., Chris-Ozoko, L. E., Igbigbi, P. S., and Olannye, D. U. The effects of
aqueous extract of Ocimum gratissimum on the cerebellum of male wistar rats challenged by lead acetate.
Clin. Nutr. Open Sci., 2022, 44, 28-41.

18. Duruy, L. A, & Duru, C. E. Molecular docking of compounds in the essential oil of Ocimum gratissimum leaf
against PIM-1 kinase of Escherichia coli. E[-CHEM., 2020, 1(6).

19. Singh, P, Jayaramaiah, R. H., Agawane, S. B., Vannuruswamy, G., Korwar, A. M., Anand, A., et al. Potential
dual role of eugenol in inhibiting advanced glycation end products in diabetes: proteomic and mechanistic
insights. Sci. Rep., 2016, 6(1), 18798.

20. Halayal, R. Y., Bagewadi, Z. K., Maliger, R. B., Al Jadidi, S., and Deshpande, S. H. Network pharmacology
based anti-diabetic attributes of bioactive compounds from Ocimum gratissimum L. through computational
approach. Saudi |. Biol. Sci., 2023, 30(9), 103766.

21. Vilanova, C. M., Coelho, K. P., Luz, T.R. S. A, Silveira, D. P. B., Coutinho, D. F., and de Moura, E. G. Effect
of different water application rates and nitrogen fertilisation on growth and essential oil of clove basil
(Ocimum gratissimum L.). Ind. Crops Prod., 2018, 125, 186-197.

22. Fernandes, V. F., de Almeida, L. B., Feijé, E. V. D. S,, Silva, D. D. C,, de Oliveira, R. A., Mielke, M. S,, et al.
Light intensity on growth, leaf micromorphology and essential oil production of Ocimum gratissimum.
Rev. Bras. Farmacogn., 2013, 23(3), 419-424.

23. Rahman, M. M,, Vasiliev, M. and Alameh, K. LED Illumination spectrum manipulation for increasing the
yield of sweet basil (Ocimum basilicum L.). Plants, 2021, 10(2), 344.

24. Litvin, A. G, Currey, C.]., and Wilson, L. A. Effects of supplemental light source on basil, dill, and parsley
growth, morphology, aroma, and flavor. J. Am. Soc. Hortic. Sci., 2020, 145(1), 18-29.

25. Semenova, N. A., Smirnov, A. A., Ivanitskikh, A. S., Izmailov, A. Y., Dorokhov, A.S., Proshkin, Y. A., et al.
Impact of ultraviolet radiation on the pigment content and essential oil accumulation in sweet basil
(Ocimum basilicum L.). Appl. Sci., 2022, 12(14), 7190.

26. Brodersen, C. R. and Vogelmann, T. C. Do changes in light direction affect absorption profiles in leaves?.
Funct. Plant Biol., 2010, 37(5), 403-412.

27. Kong, J., Zhao, Y., Fan, P, Wang, Y., Xu, X., Wang, L., et al. Far-red light modulates grapevine growth by
increasing leaf photosynthesis efficiency and triggering organ-specific transcriptome remodelling. BMC
Plant Biol., 2024, 24(1), 189.

28. Sipos, L., Balazs, L., Székely, G., Jung, A., Sarosi, S., Radacsi, P., et al. Optimization of basil (Ocimum
basilicum L.) production in LED light environments—a review. Sci. Hortic., 2021, 289, 110486.

29. Ahmed, H. A, Yu-Xin, T., and Qi-Chang, Y. Optimal control of environmental conditions affecting lettuce
plant growth in a controlled environment with artificial lighting: A review. S. Afr. J. Bot., 2020, 130, 75-89.

30. Kim, S.J., Hahn, E. ], Heo, ]. W., & Paek, K. Y. Effects of LEDs on net photosynthetic rate, growth and leaf
stomata of chrysanthemum plantlets in vitro. Sci. Hortic., 2004, 101(1-2), 143-151.

31. Ahmadi, T., Shabani, L., & Sabzalian, M. R. LED light sources improved the essential oil components and
antioxidant activity of two genotypes of lemon balm (Melissa officinalis L.). Bot. Stud., 2021, 62(1), 9.

32. Brown, C. S, Schuerger, A. C., and Sager, J. C. Growth and photomorphogenesis of pepper plants under
red light-emitting diodes with supplemental blue or far-red lighting. J. Am. Soc. Hortic. Sci., 1995, 120(5),
808-813.

33. Elkins, C., and van lersel, M. W. Supplemental far-red light-emitting diode light increases growth of
foxglove seedlings under sole-source lighting. HortTechnology, 2020, 30(5), 564-569.

34. Jin, W,, Urbina, J. L., Heuvelink, E., and Marcelis, L. F. Adding far-red to red-blue light-emitting diode light
promotes yield of lettuce at different planting densities. Front. Plant Sci., 2021, 11, 609977.

35. Pham, M. H., and Le, P. T. Q. Chemical profile and antimicrobial activity of Ocimum gratissimum L. essential
oil from Dak Lak province, Vietnam. J. Plant Biotechnol., 2024, 51(1), 50-54.

36. Alsahli, A. A. Light effects on growth and essential oil quantity and constituents in some Apiaceae plants.
Afr. ]. Agric. Res., 2019, 14(29), 1262-1271.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0581.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 August 2025 d0i:10.20944/preprints202508.0581.v1

19 of 20

37. Mulas, G., Gardner, Z., and Craker, L. E. Effect of light quality on growth and essential oil composition in
rosemary. Acta Hortic., 2006, 723: 427-432.

38. Chen, Y., Bian, Z., Marcelis, L. F.,, Heuvelink, E., Yang, Q., and Kaiser, E. Green light is similarly effective
in promoting plant biomass as red/blue light—a meta-analysis. J. Exp. Bot., 2024, 259.

39. Qian, M., Kalbina, I., Rosenqvist, E., Jansen, M. A., & Strid, A. Supplementary UV-A and UV-B radiation
differentially regulate morphology in Ocimum basilicum. Photochem. Photobiol. Sci., 2023, 22(9), 2219-2230.

40. Nguyen, T. L., & Saleh, M. A. Effect of exposure to light emitted diode (LED) lights on essential oil
composition of sweet mint plants. |. Environ. Sci. Health., Part A,, 2019, 54(5), 435-440.

41. Sale, A.I, Uthairatanakij, A., Laohakunjit, N., Jitareerat, P., & Kaisangsri, N. Pre-harvest supplemental LED
treatments led to improved postharvest quality of sweet basil leaves. ]. Photochem. Photobiol. B: Biol., 2023,
248, 112788.

42. Aghakarim, F., Sarikhani, H., & Azizi, A. Effects of supplemental light quality at the end of day on herb
production and some phytochemical properties of lemon balm (Melissa officinalis L.). Int. ]. Hortic. Sci.
Technol., 2023, 10 (Special issue (Light in horticulture)), 66-88.

43. Huang, T., Myanganbayar, A., & Davaasambuu, U. The effects of different color lights on the growth,
glandular trichome development and essential oil content of Mentha arvensis L. Proc. Mong. Acad. Sci., 2024:
1-10.

44. Joshi, R. K. Antioxidant Activity Influenced by Seasonal Variation of Essential Oil Constituents of Ocimum
gratissimum L. ACS Food Sci. Technol., 2021, 1(9), 1661-1669.

45. Freire, C. M. M., Marques, M. O. M., and Costa, M. Effects of seasonal variation on the central nervous
system activity of Ocimum gratissimum L. essential oil. ]. Ethnopharmacol., 2006, 105(1-2), 161-166.

46. Matasyoh, L. G., Matasyoh, J. C., Wachira, F. N., Kinyua, M. G., Muigai, A. W. T., and Mukiama, T. K.
Chemical composition and antimicrobial activity of the essential oil of Ocimum gratissimum L. growing in
Eastern Kenya. Afr. ]. Biotechnol., 2007, 6(6), 760-765.

47. Brada, M., Khelifa, L. H., Achour, D., Wathelet, J. P., and Lognay, G. Essential oil composition of Ocimum
basilicum L. and Ocimum gratissimum L. from Algeria. . Essent. Oil-Bear. Plants, 2011, 14(6), 810-814.

48. Joshi, R. K. Chemical composition, in vitro antimicrobial and antioxidant activities of the essential oils of
Ocimum gratissimum, O. sanctum and their major constituents. Indian J. Pharm. Sci., 2013, 75(4), 457.

49. Joshi, R. K. GC—MS analysis of the essential oil of Ocimum gratissimum L. growing desolately in South
India. Acta Chromatogr., 2017, 29(1), 111-119.

50. Martins, A. P., Salgueiro, L. R,, Vila, R., Tomi, F., Cafiigueral, S., Casanova, J., et al. Composition of the
essential oils of Ocimum canum, O. gratissimum and O. minimum. Planta Med., 1999, 65(02), 187-189.

51. Coulibaly, A., Sawadogo, 1., Toé, M., Hema, M. D., Bationo, K. R., Kiendrebeogo, M., et al. Composition,
physico-chemical and antioxidant properties of Ocimum gratissimum L. essential oil from Burkina Faso. J.
Appl. Biol. Chem., 2023, 17(3), 486-499.

52.  Sellamuthu, R. Eugenol. Encyclopedia of Toxicology, 2014, 539-541.

53. Begum, S.N,, Ray, A.S., & Rahaman, C. H. A comprehensive and systematic review on potential anticancer
activities of eugenol: From pre-clinical evidence to molecular mechanisms of action. Phytomedicine, 2022,
107, 154456.

54. Damasceno, R. O. S., Pinheiro, J. L. S., Rodrigues, L. H. M., Gomes, R. C., Duarte, A. B. S., Emidio, J. J., et
al. Anti-Inflammatory and antioxidant activities of eugenol: An update. Pharmaceuticals, 2024, 17(11), 1505.

55. Chongtham, A. & Agrawal, N. Neuroprotective potential of eugenol in polyglutamine-mediated
neurodegenerative disease using transgenic Drosophila model. Dose-Response, 2024, 22(4).

56. Ribeiro, T. A. N., Dos Santos, G. A., Dos Santos, C. T., Soares, D. C. F., Saraiva, M. F., Leal, D. H. S., & Sachs,
D. Eugenol as a promising antibiofilm and anti-quorum sensing agent: A systematic review. Microb. Pathog.,
2024, 196, 106937.

57. Russo, E. B., and Marcu, J. Cannabis pharmacology: the usual suspects and a few promising leads. Adv.
Pharmacol., 2017, 80, 67-134.

58. Biilow, N., and Kénig, W. A. The role of germacrene D as a precursor in sesquiterpene biosynthesis:
investigations of acid catalyzed, photochemically and thermally induced rearrangements. Phytochemistry,
2020, 55(2), 141-168.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0581.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 August 2025 d0i:10.20944/preprints202508.0581.v1

20 of 20

59. Faria, T. D. J., Ferreira, R. S., Yassumoto, L., Souza, J. R. P. D., Ishikawa, N. K., and Barbosa, A. D. M.
Antifungal activity of essential oil isolated from Ocimum gratissimum L. (eugenol chemotype) against
phytopathogenic fungi. Braz. Arch. Biol. Technol., 2006, 49, 867-871.

60. Lima, E. O., Gompertz, O. F., Giesbrecht, A. M., and Paulo, M. Q. Im vitro antifungal activity of essential
oils obtained from officinal plants against dermatophytes: Antimyzetische Aktivitit dtherischer Ole von
Heilpflanzen in vitro gegen Dermatophyten. Mycoses, 1993, 36(9-10), 333-336.

61. Zore, G.B., Thakre, A. D., Jadhav, S., and Karuppayil, S. M. Terpenoids inhibit Candida albicans growth by
affecting membrane integrity and arrest of cell cycle. Phytomedicine, 2011, 18(13), 1181-1190.

62. Sikkema, J. A. N., de Bont, J. A., and Poolman, B. Mechanisms of membrane toxicity of hydrocarbons.
Microbiol. Rev., 1995, 59(2), 201-222.

63. Wang, C, Zhang, J., Chen, H., Fan, Y., and Shi, Z. Antifungal activity of eugenol against Botrytis cinerea.
Trop. Plant Pathol., 2010, 35: 137-143.

64. Didehdar, M., Chegini, Z., & Shariati, A. Eugenol: A novel therapeutic agent for the inhibition of Candida
species infection. Front. Pharmacol., 2022, 13, 872127.

65. SuntrackerTech. DLI Calculator Version 2.1.5, 2024. https://dli.suntrackertech.com [Accessed October 01,
2024].

66. Ptak, P, Gorecki, K., Heleniak, J., & Orlikowski, M. (2021). Investigations of electrical and optical
parameters of some LED luminaires — A study case. Energies, 2021, 14(6), 1612.

67. Ministry of Health of Vietnam. Vietnamese Pharmacopoeia V. Medical Publishing House, Hanoi, 2017 (in
Vietnamese); pp. PL274-P1275 .

68. IS0 279:1998. Essential oils - Determination of relative density at 20 °C - Reference method.

69. ISO 280:1998. Essential oils - Determination of refractive index.

70. ISO 592:1998. Essential oils - Determination of optical rotation.

71. Adams, R. P. Identification of Essential Oil Components by Gas Chromatography, Mass Spectrometry, 4.1th ed;
Allured Publishing Corporation: Carol Stream, IL, USA, 2017; 804p, ISBN 978-1-932633-21-4.

72. Linstrom, P. J., Mallard, W. G. NIST chemistry webbook, NIST standard reference database number 69; National
Institute of Standards and Technology: Gaithersburg, MD, USA, 2021; 20899.

73. Konig, W. A,, Joulain, D., and Hochmuth, D. H. Terpenoids library —terpenoids and related constituents
of essential oils. https://massfinder.com/wiki/Terpenoids_Library (accessed on 20 September 2024).

74. Hadacek, F., and Greger, H. Testing of antifungal natural products: methodologies, comparability of results
and assay choice. Phytochem. Anal., 2000, 11(3), 137-147.

75. Cos, P., Vlietinck, A. J., Berghe, D. V., and Maes, L. Anti-infective potential of natural products: How to
develop a stronger in vitro ‘proof-of-concept’. J. Ethnopharmacol., 2006, 106(3), 290-302.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0581.v1
http://creativecommons.org/licenses/by/4.0/

