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Abstract

The rapid deployment of 5G-enabled smart farming infrastructure has increased the likelihood of continuous radiofre-
quency (RF) exposure of agricultural crops. However, standardized baseline data describing molecular and elemental
stability of food crops under controlled 3.5 GHz RF exposure remain limited. In this study, a spectroscopy-based baseline
assessment was conducted to evaluate the biochemical and elemental responses of garlic (Allium sativum) subjected to
continuous-wave RF exposure at 3.5 GHz. Garlic cloves were exposed for 0 h (control), 2 h, 4 h, 6 h, and 8 h under
controlled conditions within an anechoic chamber. Raman spectroscopy was employed to monitor molecular vibrational
fingerprints, while X-ray fluorescence (XRF) was used to quantify major elemental constituents. Raman spectra revealed
characteristic bands associated with organosulfur compounds, carbohydrates, and proteins, with no statistically significant
deviations observed across exposure durations. Multivariate analysis using partial least squares demonstrated substantial
overlap among all groups within the 95% Hotelling’s T confidence region, indicating preservation of baseline biochemical
signatures. XRF analysis showed minor downward trends in magnesium, sulphur, chlorine, and potassium concentrations
with increasing exposure duration. However, these observed fluctuations were not statistically significant and fell within
baseline biological variability. These findings indicate that short-term continuous exposure to 3.5 GHz RF radiation for
up to 8 h does not induce measurable deviations from baseline molecular or elemental variability in garlic. The results
provide a reference benchmark for future investigations examining longer-term, cumulative, or field-scale RF exposure
effects on agricultural crops.
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Smart farming technologies rely heavily on wireless com-
munication to transmit data and control operations due to
the wide and complex environment of agricultural fields.
These technologies commonly use wireless communica-
tion systems such as LoRa, mobile broadband (e.g., 5G
networks), Wi-Fi and Narrowband-IoT networks to enable
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real-time monitoring and management of crops and soil
conditions [1-3]. Therefore, agricultural plants and soils
are continuously subjected to radiofrequency (RF) electro-
magnetic exposure as an unintended consequence of smart
farming infrastructure. This radiation occurs persistently in
the field environment through overlapping signals from [oT
nodes, drones, and mobile broadband towers [4, 5]. While
these technologies are essential for data transmission and
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automation, the constant exposure of RF radiation raises the
need for systematic evaluation and baseline characterization
of crop responses.

RF exposure has been reported to induce diverse
responses in plants that range from harmful to beneficial.
Some studies show negligible impact. RF radiation at 900
MHz has been shown to suppress root and shoot growth
in Vigna radiata seedlings through oxidative stress path-
ways [6, 7]. Exposure of Allium cepa to 2,100-2,350 MHz
resulted in genotoxic effects such as increased mitotic index
and formation of laggard chromosomes [8, 9]. Similarly,
Arabidopsis thaliana exposed to 2,450 MHz radiation has
increased hydrogen peroxide and dehydroascorbic acid con-
tent which indicates activation of oxidative stress and a shift
in cellular redox balance under RF exposure [10].

Conversely, certain exposures have been associated with
beneficial effects such as enhanced germination rates and
seedling growth in Zea mays seeds following 935-960
MHz exposure [11]. Exposure of Withania somnifera to 900
MHz radiation has increased phenolic compounds, flavo-
noid content and enhanced antioxidant activity [12]. Rice
(Oryza sativa L.) was exposed to 2,450 MHz radiation has
been reported to improved seed germination [13]. At the
same time, several studies report no significant changes.
Morphology, stem length and chlorophyll concentration of
Medicago sativa undergoes no alteration when exposed to
2,400 MHz [14]. It is reported that 1,900 MHz radiation
has no significant effect on gene activity in plant cells [15].
The wide range of reported outcomes highlights the absence
of standardized baseline reference data under controlled
RF exposure conditions, making cross-study comparison
difficult.

Previous studies investigating RF—plant interactions have
employed a wide range of experimental protocols, including
different exposure frequencies, power levels, exposure dura-
tions, and biological models. Exposure intensities reported in
the literature range from low environmental field strengths to
higher laboratory-controlled levels, with exposure durations
varying from minutes to several days. Moreover, experimen-
tal systems have examined whole plants, seedlings, germinat-
ing seeds, detached leaves, roots, or excised tissues, each of
which may respond differently depending on developmental
stage and tissue organization. Oxidative stress parameters,
such as those measured in studies of chemical stressors in
animal models [16], are established indicators of tissue deg-
radation. Similar biochemical markers have been used to
assess RF-induced plant responses, though such assays were
beyond the scope of this baseline spectroscopic study. In this
context, controlled baseline studies using clearly defined
exposure parameters and sample configurations are essen-
tial. In the present work, intact garlic cloves were selected
as a structurally and biochemically stable plant model. An

@ Springer

exposure was conducted under controlled laboratory condi-
tions with defined RF frequency, power level, and exposure
duration.

In spite of extensive work across frequencies from hun-
dreds of MHz to more than 2.4 GHz, there is a notable lack
of studies specifically addressing 3.5 GHz which is the most
commonly used frequency band in 5G networks [17, 18].
One of the primary operating frequencies for smart farming
infrastructure is 3.5 GHz, providing internet connectivity
for IoT devices, wireless sensors and autonomous agricul-
tural machinery [19-21]. Before mechanistic or long-term
biological effects can be meaningfully interpreted, baseline
molecular and elemental stability under this frequency must
first be established.

Therefore, garlic (Allium sativum), as a widely con-
sumed staple crop with well-characterized biochemical and
elemental composition, provides a suitable model system
for baseline spectroscopic assessment. To the best of our
knowledge, no studies to date have reported baseline molec-
ular and elemental responses of garlic under controlled 3.5
GHz RF radiation exposure. Previous investigations have
predominantly relied on growth-based or biochemical
assays, highlighting the need for standardized spectroscopic
reference data under defined exposure conditions [22, 23].
This is particularly relevant as various non-thermal physical
treatments are increasingly being explored for modern post-
harvest and smart agricultural applications, making base-
line compositional stability data essential for distinguishing
external treatment effects from natural biological variability.

Most prior RF—plant studies have relied on growth met-
rics, physiological indicators or targeted biochemical assays,
which can be sensitive to experimental variability and may
not provide direct insight into underlying molecular and
elemental stability. In contrast, spectroscopic techniques
offer non-destructive, label-free assessment of intrinsic
molecular and elemental composition. Raman spectroscopy
enables direct probing of molecular vibrational signatures
associated with key biochemical constituents, while X-ray
fluorescence (XRF) provides complementary information
on elemental composition without extensive sample prepa-
ration. The combination of vibrational and elemental spec-
troscopy with multivariate analysis has been successfully
applied to assess material stability under various stressors
[24], supporting our approach for RF-exposed plant tissues.
Together, these techniques are well suited for establishing
baseline molecular and elemental reference data under con-
trolled RF exposure conditions.

In this work, we employ a spectroscopy-based approach
combining Raman spectroscopy for molecular vibrational
profiling and XRF for elemental quantification to establish
baseline molecular and elemental stability under controlled
RF exposure conditions. Raman spectroscopy has been
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widely applied to assess nutrient distribution, stress-related
signatures, and biochemical composition in plant tissues
[25-27]. XRF, on the other hand, has been employed for
non-destructive quantification of mineral nutrients and trace
elements in plant tissues [28, 29].

The objective of this study was to establish a spectros-
copy-based baseline assessment of molecular and elemental
stability in garlic subjected to continuous 3.5 GHz RF expo-
sure under controlled conditions. Raman spectroscopy was
employed to monitor biochemical fingerprints, while X-ray
fluorescence was used to quantify elemental composition
across increasing exposure durations. Rather than probing
specific biological mechanisms, this work provides a refer-
ence benchmark against which future long-term, cumulative
or field-scale RF exposure studies may be evaluated.

Methodology

This study was designed to establish baseline biochemi-
cal and elemental responses in garlic following controlled
exposure to radiofrequency (RF) radiation at 3.5 GHz.
The methodology consisted of four major components: (i)
sample preparation, (ii) RF radiation exposure using a sig-
nal generator and horn antenna within an anechoic cham-
ber, (iii) biochemical profiling of garlic tissue using Raman
spectroscopy, and (iv) elemental profiling using X-ray fluo-
rescence (XRF) analysis.

Sample preparation

Fresh garlic cloves (Allium sativum) were obtained from a
local supermarket. To minimize variability, all samples were

0 hour (control) 2 hours 4 hours

KN

N o \ 7',

6 hours 8 hours
y b
1‘ ! )

Fig. 1 Garlic cloves assigned to the control (0 h) and RF exposure
groups (2 h, 4 h, 6 h and 8 h). Each group consisted of five biological
replicates placed individually in petri dishes

procured on the same day from the same batch. The outer
dry skin of each garlic bulb was removed, and individual
cloves were separated and peeled.

To ensure consistency and minimize allocation bias, a
constrained randomized design was applied. Only cloves
with masses between 5 and 7 g were selected to reduce vari-
ability associated with sample size. Eligible cloves were
randomly assigned to control (no RF exposure), 2 h, 4 h,
6 h and 8 h exposure groups as illustrated in Fig. 1. Each
group consisted of five biological replicates. All cloves were
placed individually in petri dishes to prevent cross-contam-
ination and to ensure uniform exposure conditions across
samples. Five biological replicates per exposure group were
selected to establish baseline molecular and elemental vari-
ability under controlled RF exposure conditions, consistent
with exploratory spectroscopic studies where the objective
is to assess stability rather than to detect subtle effect sizes.
We acknowledge that a sample size of (n=5) limits statis-
tical power. Given the inherent heterogeneity of plant tis-
sues, a larger sample size (n>6-8) is generally preferred to
capture broader biological variations, and this lower sample
count represents a limitation of the current baseline study.

Radiofrequency exposure protocol

RF exposure was performed using a N5173B EXG Analog
Signal Generator (Keysight Technologies, Santa Rosa, Cali-
fornia) that connected to a LB-81,810-NF broadband horn
antenna (A-INFO, Irvine, California) as shown in Fig. 2.
The signal generator was calibrated prior to the experiment
to ensure a stable output of 3.5 GHz at 10 dBm in continu-
ous-wave mode.

Garlic samples were placed in Petri dishes and positioned
20 cm below the horn antenna aperture, with the sample
surface oriented vertically toward the antenna aperture, as
shown in Fig. 3. This distance corresponds to approximately
2.3 wavelengths at 3.5 GHz (A = 8.6 cm), placing the samples
outside the reactive near-field region of the antenna, where the
electromagnetic field distribution is more stable and spatially
uniform. Temperature was not actively monitored during
exposure. However, given that the exposure setup maintained
a continuous-wave RF field strength at an estimated 9.4 V/m
(equivalent to an incident power density of approximately
0.234 W/m?), this energy levels fall well below the thresholds
required to induce significant dielectric heating in high-water-
content biological tissues, operating under a strictly non-ther-
mal exposure framework over the 8 h window [30]. The setup
was enclosed within a shielded anechoic chamber to mini-
mize external electromagnetic interference and unwanted
reflections. Control samples were kept in a Faraday-shielded
container prior to exposure to minimize any unintentional RF
exposure from the environment.
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Fig. 2 Experimental setup of the RF exposure system, comprising a
signal generator connected to a horn antenna inside an anechoic cham-
ber operating at 3.5 GHz

The exposure protocol consisted of five treatment groups
which were control, 2 h, 4 h, 6 h and 8 h with each com-
prising five biological replicates. During the experiment,
the exposure was applied continuously. At each time point,
the corresponding samples were removed from the exposure
chamber and immediately transferred to the Faraday box to
prevent further exposure. Specifically, samples assigned to
the 2 h group were taken out after 2 h, followed by removal
of the 4 h, 6 h and 8 h groups at their respective endpoints.
All samples were handled consistently to minimize vari-
ability due to handling and environmental factors, ensuring
that the only difference between groups was the exposure
duration.

Raman spectroscopy analysis

Raman measurement was performed on a WITec Alpha
300R confocal microscope system (Oxford Instruments,
Ulm, Germany). Excitation was provided by 532 nm laser,
dispersed by a T1 grating of 600 g/mm and blazed diffrac-
tion grating of 500 nm with the spectrograph centered at
1996.8 cm™ !. Spectra were acquired over 101 cm™ ! to 3100
cm™ ! with an integration of 5.065 s per spectrum. However,
400 cm™ ! to 2000 cm ™ ! region was selected as the relevant
biochemical fingerprint range [31].
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Fig. 3 Experimental arrangement of garlic samples placed directly
beneath the horn antenna within the anechoic chamber

Garlic cloves were sliced into a 2-3 mm thickness and
measured directly under the Raman microscope. Spectra
were acquired from the brownish white tissue region of
each clove as shown in Fig. 4, while the central clear white
region was consistently avoided. Spectrum was collected
per clove, thus there are five replicates for each group.

Statistical analysis

Prior to statistical analysis, the Raman spectra were pro-
cessed by baseline correction using asymmetric least-
squares (ALS) algorithm. This approach was chosen
because ALS effectively removes sloping or curved back-
grounds caused by scattering or instrumental effects, while
preserving sharp spectral peaks. Corrected spectra were
then normalized to the 1460 cm™ ! band as recommended in
the literature for plant matrices [32]. Subsequently, Partial
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Fig. 4 Garlic clove cross-section indicating the sprout leaf and mea-
surement area at the fleshy clove

Least Squares (PLS) analysis was performed using singu-
lar value decomposition (SVD) algorithm with a maximum
of 15 factors [33]. The raw data of the Raman spectra for
the PLS analysis has been made available [34]. The opti-
mal number of factors was auto determined automatically
by Origin software using a leave-one-out cross-validation
method [35, 36]. Model validation employed the cross-
validation procedure. Peak parameters were analysed with
Kruskal-Wallis ANOVA with Dunn’s test applied for post-
hoc multiple comparisons [37-39].

Statistical analyses were performed using non-paramet-
ric methods due to the limited sample size and the absence
of normality assumptions for spectroscopic intensity data.
The Kruskal-Wallis test was used to compare Raman band
intensities and elemental concentrations across exposure
groups, followed by Dunn’s post-hoc test for pairwise com-
parisons where applicable. Effect sizes (%) were calculated
to assess the magnitude of differences independent of statis-
tical significance. This approach is appropriate for explor-
atory baseline studies and reduces the risk of false-positive
conclusions when sample sizes are modest.

All Raman spectra were baseline-corrected to remove
fluorescence and background contributions using identi-
cal preprocessing parameters for all samples. Background
intensity levels were examined to verify that no systematic
increase occurred with increasing RF exposure duration.

X-ray fluorescence (XRF) analysis

Elemental analysis was performed using an Epsilon
3-XL energy-dispersive X-ray fluorescence spectrometer

(Malvern Panalytical, Malvern, United Kingdom) equipped
with a silicon drift detector (SDD) and measurements were
conducted under air atmosphere. The instrument was con-
figured to detect major nutrient elements relevant to garlic
tissue including sulphur (S), phosphorus (P), potassium (K),
magnesium (Mg) and chlorine (Cl).

For sample preparation, multiple garlic cloves with a
total weight of approximately 25 g from each treatment
group were exposed to RF as described in Sect. 2.2. Fol-
lowing exposure, samples were sliced and dried at 60 °C for
24 h which reducing the mass of the samples to ~10 g. The
dried tissue was ground into a fine powder. Approximately
10 g of powdered garlic was loaded into XRF sample cup
and sealed with a thin Mylar film to contain the powder
while allowing X-rays to pass through without significant
interference, as well as to provide a chemically inert and
stable barrier during measurement.

Each sample was scanned three times to account for
instrumental variability. Spectral deconvolution and quan-
tification were performed using the Epsilon 3 software.
Elemental concentrations were reported as atomic percent-
ages (%). Calibration of the instrument was performed
using Standard Reference Materials (SRM) which are
samples with certified elemental compositions, to ensure
accurate and reliable quantification [40]. All measurements
were carried out under consistent instrumental settings and
environmental conditions to minimize additional sources of
variability.

Results

This study assessed molecular and elemental stability in
garlic (Allium sativum) under continuous-wave 3.5 GHz
RF radiation exposure at different durations, namely 0 h,
2 h,4h, 6 h, and 8 h. Raman spectroscopy was employed to
characterize vibrational fingerprints associated with major
biochemical components. Partial Least Squares (PLS) anal-
ysis was used to evaluate overall spectral variation across
groups. Elemental profiling was performed using X-ray
fluorescence (XRF) to evaluate mineral composition across
exposure durations.

Result of raman analysis

Figure 5 shows the averaged Raman spectra of garlic cloves
exposed to 3.5 GHz RF radiation at different durations (0—8
h). Across all groups, the spectra exhibit similar profiles,
with several characteristic vibrational bands evident as tab-
ulated in Table 1. The observed Raman spectral features are
consistent with those previously reported for garlic in the
literature [31, 41, 42].
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Fig. 5 Raman spectra of garlic samples across different RF exposure
durations (control, 2 h, 4 h, 6 h, and 8 h)

Table 1 Major Raman band and its corresponding substance in the
garlic

Raman Vibrational Mode Biochemical assignment Refer-
Shift ences
(em
528 S-S stretching Disulfide [43-45]
830 C-C stretching Proline-related vibration [46]
1065 Skeletal C-O Pectic acid vibration [31]
stretching
Skeletal C-C
stretching
1264 C-N stretching Amide III (protein [42, 46]
N-H bending backbone)
1347 C-C stretching Carotene-related [31]
C-H bending vibration
1459 CH, bending Methylene deformation  [31]
(deformation)

1665 C = O stretching Amide [ (C=0

stretching)

[31, 46]

Overall, the spectral profiles remained broadly consistent
across control and radiation-exposed groups. Minor visual
variations were observed in the positions and relative inten-
sities of certain bands, particularly near 1065 cm™ ! and 1264
cm !, as well as weak shoulder features around approxi-
mately 1225 cm™ ! and 1425 cm™ ! in the stacked spectra.
Flavonoid-related bands in the 1200-1600 cm™ ! region
have been previously reported in bulb tissues [47], consis-
tent with the 1347 cm™ ! and 1459 cm™ ! bands observed
here. However, these variations did not exhibit a system-
atic shift with increasing exposure duration and remained
within baseline spectral variability. The intensity differ-
ences between groups were also within baseline variability.
Statistical comparison of normalized Raman intensities at
major vibrational bands (528 cm™ !, 830 cm™ !, 1065 cm™ !,
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1264 cm™ !, 1347 cm™ !, and 1665 cm™ 1) was performed
using the Kruskal-Wallis test followed by Dunn’s post-hoc
analysis. Individual Kruskal-Wallis tests conducted on each
major vibrational band revealed no significant differences
among the control and exposed groups at the o = 0.05 level.
Each evaluated band independently yielded an identical chi-
square value of > = 4 and an identical asymptotic p-value
of p = 0.4006), confirming that the median peak intensities
were statistically indistinguishable among all exposure
groups at each of the selected wavenumbers (528 cm™ !,
830 cm™ !, 1065 cm™ !, 1264 cm™ !, 1347 cm™ !, and 1665
em ). The effect size (n?) for the Kruskal-Wallis tests at all
major Raman bands was < 0.01, indicating negligible differ-
ences and preservation of baseline spectral characteristics.
The normalized Raman intensities at the major vibrational
bands (528 cm™ !, 830 cm™ !, 1065 cm™ !, 1264 cm™ !, 1347
ecm !, and 1665 cm™ ') showed low variability within each
exposure group, with standard deviations between 0.0446
and 0.0713. This supports the conclusion that the observed
spectral profiles remained within baseline variability under
the applied RF exposure conditions.

Inspection of the baseline-corrected spectra showed no
systematic increase in background intensity or fluorescence
contribution with increasing RF exposure duration, indicating
that background effects did not dominate the observed Raman
features. These results indicate that the spectral features asso-
ciated with major biochemical constituents of garlic remained
consistent across exposure durations. Furthermore, statistical
analysis showed that the intensity of individual Raman bands
remained within baseline variability across all exposure dura-
tions under the experimental conditions.

To assess collective spectral variation across exposure
groups, Partial Least Squares (PLS) regression was applied.
PLS was selected because it is well suited for spectral data-
sets, which are often high-dimensional and contain strongly
correlated variables. By projecting the spectra into latent
factors that capture the dominant variance structure, PLS
facilitates visualization of multivariate patterns that may not
be apparent in the raw data. Figure 6 shows the PLS score
plot for the first two latent factors. The plot shows that spec-
tra from control and exposed groups largely overlap, with
no clear separation between groups. The 95% Hotelling’s T2
ellipse represents a multivariate confidence region, defining
the statistical boundary within which approximately 95% of
samples are expected to fall if they originate from the same
population [48]. All Raman spectra in this study fell within
this region, confirming the absence of multivariate outliers.
The observed multivariate variation between control and
exposed groups was minimal and remained within the base-
line confidence region.

However, a weak displacement along Factor 1 was
observed, with several spectra from the 6 h and 8 h exposure
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Fig. 6 Partial Least Squares (PLS) score plot of garlic samples across
different RF exposure durations (control, 2 h, 4 h, 6 h, and 8 h) pro-
jected onto Factor 1 and Factor 2

groups shifted slightly toward positive scores. Meanwhile,
some spectra from the 6 h exposure group were distributed
toward negative scores along the same axis. The 2 hand 4 h
exposure groups remained distributed closer to the control
group. Although this pattern reflects minor multivariate dis-
placement at longer exposure durations, the degree of over-
lap within the Hotelling’s T? confidence ellipse indicates

that these variations remain within baseline confidence lim-
its and are not strongly discriminating between groups.

PLS analysis showed that Raman spectra of garlic
remained within baseline multivariate variability across
RF exposure durations up to 8 h, with no major deviations
observed, although minor collective multivariate displace-
ment was present.

Result of X-ray fluorescence (XRF) analysis

XRF analysis was conducted to assess the elemental com-
position of garlic across exposure durations. The concentra-
tions of four major elements which are magnesium (Mg),
sulphur (S), chlorine (Cl) and potassium (K) are presented
in Fig. 7. The error bars represent a+ 5% relative uncertainty
of the measured elemental concentrations, reflecting analyt-
ical measurement error rather than biological variation.

The elemental concentrations exhibited modest variation
across exposure durations. Magnesium remained relatively
stable from 0 h to 6 h with concentrations around 0.1%,
and was lower at 8 h (0.08%). Concentrations of sulphur,
a key component of organosulfur compounds, ranged from
approximately 1.5% at 0 h to 1.0% at 8 h. Similar variations
were observed for chlorine and potassium across exposure
groups, with potassium concentrations ranging from 5.2%
at 0 h to 3.8% at 8 h. Although the samples were analysed in
dried powder form, the absolute elemental percentages differ

Fig. 7 Changes in atomic percent-
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from values reported in the literature, which is expected due
to differences in analytical methodology. Most reported
garlic elemental compositions are obtained using digestion-
based techniques such as ICP-OES or ICP-MS, whereas the
present study employed semi-quantitative XRF analysis,
which is sensitive to matrix effects, particle size, and sample
density. Nevertheless, the relative abundance and ordering
of the major elements (K > S > C1> Mg) are consistent with
previously reported garlic compositions, supporting the reli-
ability of the measurements [49-51].

Although modest reductions in absolute values were
observed, statistical analysis using the Kruskal-Wallis test
confirmed no significant differences in elemental concentra-
tions among control and exposed groups for all measured
elements (p>0.05). Within the 8 h exposure window, the
elemental composition of garlic remained within baseline
variability.

Discussion

This study aimed to establish baseline molecular and ele-
mental stability in garlic under controlled 3.5 GHz continu-
ous-wave RF exposure using a dual-spectroscopy approach.
Raman spectroscopy showed that molecular vibrational
fingerprints associated with major biochemical components
remained within baseline variability across exposure dura-
tions up to 8 h, with multivariate analysis indicating mini-
mal variation.

The Raman analysis indicates that the molecular spectral
features of garlic remained stable within the baseline range
under the tested exposure conditions. Previous studies on
plant systems have reported a wide range of responses to
electromagnetic exposure, including beneficial, adverse,
and negligible effects, depending on frequency, exposure
duration, and tissue type [22, 23]. A subset of studies has
similarly reported negligible responses, consistent with the
baseline stability observed in the present study [15, 52].
One hypothetical contributing factor may relate to the pen-
etration characteristics of the applied frequency. The 3.5
GHz band, while relevant to 5G communication, exhibits
a shorter wavelength and reduced penetration depth com-
pared to lower frequencies such as 900 MHz or 2.45 GHz
commonly used in earlier plant exposure studies. Con-
sequently, it can be hypothesized that a larger proportion
of the electromagnetic energy may be confined to surface
regions, potentially limiting interaction with inner tissues
where Raman measurements were obtained. This consider-
ation may partly explain the minimal multivariate variation
observed. In contrast to pulsed electric fields, which directly
disrupt cell membranes [53], the continuous-wave RF expo-
sure used here operates at non-thermal power levels unlikely
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to cause similar structural effects. However, this interpreta-
tion is presented as a qualitative consideration, and further
work incorporating field distribution measurements would
be required to substantiate this effect.

Additionally, no noticeable shifts or intensity changes
were observed in the Raman peaks corresponding to disul-
fide (528 cm™ 1), proline (830 cm™ ), pectic acid (1065
cm” 1), amide I1I (1264 cm ™ '), carotene (1347 cm™ ), meth-
ylene (1459 cm™ '), and amide I (1665 cm™ !). The observed
spectral stability is consistent with preservation of molecu-
lar features associated with these functional groups under
the tested exposure conditions. Analogous to high-intensity
pulsed magnetic fields, which preserve primary molecular
structure while affecting higher-order interactions [54], the
RF exposure in this study did not alter the fundamental
vibrational fingerprints of garlic biomolecules. In Raman
spectroscopy, peak position and intensity are sensitive
indicators of bond stretching, bending, or disruption [55,
56]. Accordingly, the absence of detectable variation sug-
gests that the disulfide (S-S), C—H, C—C and C = O bonds
did not show evidence of disruption within the sensitivity
limits of the Raman measurements. Similar to ultrasound-
assisted extraction, which preserves molecular structure
while enhancing release [57], the RF exposure in this study
did not induce detectable bond disruptions in organosul-
fur compounds. The lack of detectable Raman peak shifts,
which would otherwise indicate structural or conforma-
tional alterations under external stress, further supports the
fundamental molecular stability of the RF-exposed garlic
tissues. This observation is consistent with the non-ionizing
and low-energy nature of RF exposure in the GHz range,
which is generally insufficient to directly induce chemical
bond breakage under short-term exposure conditions.

The XRF results shown in Fig. 7 indicate that the ele-
mental concentrations of magnesium, sulphur, chlorine, and
potassium exhibited a slight decreasing trend with increas-
ing exposure duration. The absolute reductions across all
measured elements were within 1.5% points. Given that
these minor shifts did not achieve statistical significance
(p>0.05), they can be considered to fall within the baseline
variability expected from natural biological heterogeneity
or hydration-related differences commonly present in plant
tissues. Nevertheless, the modest downward trend observed
at longer exposure durations (6 h and 8 h) highlights a pat-
tern that may warrant closer examination in future studies
employing extended exposure times.

Sulphur and potassium are particularly important ele-
ments due to their central roles in garlic chemistry and
physiology. Sulphur is a key component of organosulfur
compounds such as alliin and allicin, which contribute to
garlic’s characteristic bioactivity and nutritional value [58,
59]. However, given the exploratory sample size (n =5) and
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the inherent biological variance of plant tissue, the statisti-
cal framework possesses a large Minimum Detectable Dif-
ference (MDD). Due to high MDD limits the power of the
Kruskal-Wallis test to detect anything short of massive vari-
ations, the observed descriptive decrease in sulphur from
1.5% to 1.0% (approximately 33.3% relative reduction)
could be highly meaningful biologically due to its central
role in allicin chemistry, despite lacking statistical signifi-
cance here. This suggests that the observed downward trend
should not be dismissed as mere baseline noise, but rather
highlights a potential biological response that warrants tar-
geted verification with larger sample sizes.

Additionally, to prepare the samples for semi-quantita-
tive XRF analysis, an oven-drying protocol (60 °C for 24
h) was utilized to halt biological activity, standardize mois-
ture content, and stabilize the tissue matrix into a grind-
able powder form [60]. While thermal drying is a standard
method to lock the elemental profile of plant tissues post-
exposure, we acknowledge that high-temperature process-
ing can volatilize volatile organosulphur compounds [61,
62]. While any sulphur loss from the oven heat should hap-
pen equally to all groups, it is theoretically possible that
the RF exposure made the sulfur compounds in the treated
garlic more sensitive to heat evaporation. This remains a
minor limitation of using dried samples, and future stud-
ies using fresh, non-destructive methods will be needed to
completely separate the effects of radiation from the effects
of oven drying.

Potassium is an essential macronutrient influencing plant
growth, yield, and cellular osmotic regulation [63, 64].
Even subtle variations in these elements may be relevant
for future investigations examining biochemical responses
under prolonged RF exposure [65, 66]. Future studies with
extended exposure durations will be required to determine
whether such variations develop into biologically mean-
ingful effects. Future studies also should consider whether
prolonged RF exposure could influence iron-mediated oxi-
dative pathways, as iron-dependent processes such as fer-
roptosis are sensitive to subtle changes in redox balance.
In addition, advanced techniques such as synchrotron-based
X-ray absorption spectroscopy (XAS) in the tender energy
range could provide detailed information on sulphur spe-
ciation in garlic, enabling detection of changes in oxidation
state or bonding environment. Such approaches may help
clarify whether 3.5 GHz RF exposure is associated with
changes in sulphur chemical forms and how these relate to
garlic physiology and nutritional quality.

Furthermore, the RF exposure level used in this study
corresponds to an estimated electric field strength of
approximately 9.4 V/m, which is well below the ICNIRP
reference level for general public exposure at 3.5 GHz

(~61 V/m). This contextualizes the exposure conditions
within commonly encountered environmental and smart-
farming RF levels. It should be noted that compliance with
ICNIRP reference levels does not preclude subtle biologi-
cal responses. However, within the tested exposure win-
dow, molecular and elemental parameters remained within
baseline variability.

Conclusion

In summary, this study established baseline molecular and
elemental responses of garlic under controlled 3.5 GHz
continuous-wave RF exposure using a dual-spectroscopy
approach. Raman spectroscopy showed that molecular
vibrational fingerprints associated with major biochemi-
cal components remained within baseline variability across
exposure durations up to 8 h, with multivariate analysis
indicating minimal spectral variation. Complementary XRF
analysis revealed modest decreases in elemental concentra-
tions of Mg, S, Cl, and K. However, the magnitude of change
was less than 5% and remained statistically non-significant
across the measured exposure window. Collectively, these
findings indicate that short-term exposure to 3.5 GHz RF
radiation under the tested conditions is associated with pre-
served molecular and elemental stability in garlic. The mod-
est trends observed at longer exposure durations highlight
patterns that may warrant further investigation in studies
incorporating extended exposure periods or additional ana-
lytical endpoints. Future work expanding exposure duration
and experimental scope will be valuable for contextualizing
RF interactions with agricultural crops in smart farming
environments.
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