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ABSTRACT 

The rapid expansion of wireless technologies has significantly increased human exposure to electromagnetic fields 

(EMFs), raising concerns about potential effects on reproductive and developmental health. Opuntia cochenillifera 

(O. cochenillifera), a cactus rich in mucilage and mineral oxides, has potential as a bio-based material for reducing 

the intensity of electromagnetic waves (EMWs) through dielectric and magnetic interactions. The present study 

aimed to evaluate the effects of EMW exposure on Purkinje cell morphology in maternal and fetal cerebellum and to 

assess the protective potential of distinct O. cochenillifera formulations. A total of 42 pregnant BALB/c mice were 

randomly divided into six groups, including healthy mice as the positive control group, EMW-exposed mice as the 

negative control group, and four treatment groups. The treatment groups were subjected to EMW exposure alongside 

the administration of either fresh cactus, dried cactus gel, or powdered cactus (3 g each). The EMW exposure was 

administered at a specific absorption rate of 1.74 W/kg throughout gestation. Cerebellar tissues were collected on 

day 20 for histological analysis and characterized by X-ray fluorescence and Fourier-transform infrared 

spectroscopy. Histological findings demonstrated that EMW exposure disrupted Purkinje cell alignment and 

decreased Purkinje cell counts in the negative control group. In contrast, all treatment groups demonstrated 

preserved cellular structure and morphology comparable to that of the healthy mice. Quantitative analysis confirmed 

significantly higher cell counts in treated groups than in the negative control group. The current findings indicated 

that EMW exposure adversely affected cerebellar development, while O. cochenillifera exhibited protective effects, 

supporting its potential as a natural EMF-attenuating material. 
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INTRODUCTION  

  

In recent years, exposure to electromagnetic fields (EMF) has increased significantly due to the widespread use of 

technological devices and telecommunications networks (Ikinci et al., 2019). While mobile phones, Wi-Fi routers, and 

wireless systems have improved connectivity, the increasing use of these technologies has raised concerns about their 

potential biological effects. Previous studies have reported oxidative stress, DNA damage, and other harmful biological 

responses following EMF exposure in experimental models (Jagetia, 2022; Panagopoulos et al., 2025). However, 

multiple systematic reviews of human and epidemiological data found limited or inconsistent evidence for adverse 

physiological effects from Wi-Fi or mobile-phone exposure (Bodewein et al., 2022; Dongus et al., 2022). Regarding 

reproductive health, considerable uncertainty exists. Despite some studies suggesting that EMF exposure could lead to 

adverse outcomes such as preterm birth, fetal demise, low birth weight, and congenital anomalies, the epidemiological 

results are not consistent (Kim et al., 2021). Therefore, the World Health Organization (WHO) International EMF 

Project has designated reproductive outcomes, oxidative stress, cognitive impairment, and cancer risk as priority areas 

for investigation (Verbeek et al., 2021). Regulatory authorities, such as the International Commission on Non-Ionizing 

Radiation Protection (ICNIRP, 2020) and the U.S. Federal Communications Commission (FCC, 2025), have established 

safety guidelines for mobile devices; however, not all devices consistently adhere to these guidelines. Furthermore, the 

WHO has identified electromagnetic radiation as one of the most rapidly expanding environmental threats worldwide 

(Davies et al., 1995). 

Microwave radiation, a subset of EMF with frequencies ranging from 300 MHz to 300 GHz, is widely employed in 

telecommunications, industry, and healthcare (Lahiri, 2023). Numerous studies have documented adverse biological 

effects of microwave radiation, including structural and functional alterations in the nervous, cardiovascular, 

reproductive, and endocrine systems (Pall, 2016). In experimental models, pregnant mice exposed to 2.45 GHz 

electromagnetic waves (EMW) exhibited oxidative stress and morphological disruptions at the placenta-embryo 

implantation site, resulting in embryo resorption (Shahin et al., 2013). Additionally, epidemiological findings indicated 

DOI: https://dx.doi.org/10.54203/scil.2026.wvj33 

PII: S232245682600033-16 

http://www.wvj.science-line.com/
http://www.science-line.com/index/
https://orcid.org/0000-0002-4708-7006
https://orcid.org/0000-0003-1960-507X
https://orcid.org/0000-0001-7119-9633
https://orcid.org/0000-0002-7100-0628


Armalina et al., 2026 

 

348 

potential associations between prolonged maternal EMF exposure and outcomes like miscarriage, preterm labor, reduced 

fetal growth, and congenital malformations (Abdul-Al et al., 2022). More evidence indicates that EMF affects overall 

physiology and brain development (Bodin et al., 2025). Animal studies have demonstrated that extended EMF exposure 

leads to cortical thinning, neuron loss, and alterations in brain structure (Akakin et al., 2021; Arslan et al., 2022; 

Eskandani and Zibaii, 2024). At the molecular level, EMF is linked to oxidative stress, mitochondrial dysfunction, and 

disrupted calcium signaling, all of which compromise neuronal health (Saliev et al., 2019; Lai, 2021; Leach et al., 2025). 

These disturbances particularly affect the cerebellum, which is crucial for motor coordination and cognitive functions 

(Cordelli et al., 2023; Mehmet et al., 2024). Previous studies demonstrated that exposure to 900 MHz EMF leads to 

Purkinje cell degeneration and oxidative imbalance, although antioxidant treatments such as luteolin can mitigate these 

effects (Arslan et al., 2022). Additionally, a neurobehavioral investigation reported that EMF exposure led to impaired 

balance and coordination, which may be partially explained by damage to cerebellar neurons (Ganjalikhan-hakemi et al., 

2023).   

The challenges associated with electromagnetic radiation have prompted the development of materials designed to 

absorb or block such radiation (Rong et al., 2025). Traditional absorbers, such as conductive materials, dielectric 

ceramics, and magnetic composites, often encounter challenges including impedance mismatch, high density, and limited 

biocompatibility (Ren et al., 2025). Consequently, natural plant-based biomaterials have garnered interest due to 

sustainability, cost-effectiveness, and multifunctional properties (Shi et al., 2025). Agricultural by-products, including 

porous carbon from coconut shells, Agave atrovirens, and Opuntia ficus-indica powders, have demonstrated considerable 

potential for microwave absorption (Simón et al., 2019; Kumar and Kuanr, 2024). Specifically, measurements of 

reflection, transmission, and absorption parameters between 1.7-2.6 GHz indicated that Opuntia ficus-indica acts as a 

high-loss dielectric material. The presence of a fibrous multilayered internal structure and high-water content promotes 

greater absorption and lower transmission (Lee et al., 2024; Alves et al., 2025), whereas the observed increase in 

reflection of the Opuntia material suggests a relatively high dielectric constant. These combined properties support that 

Opuntia can function effectively as a natural electromagnetic shielding material (Erdem, 2026). Based on waveguide 

measurements, Opuntia ficus-indica functioned as a moderate microwave-absorbing material, showing an absorption 

coefficient near 0.23 in the 8-13 GHz range, which indicated potential applicability of Opuntia ficus-indica as a natural 

electromagnetic shielding material (Simón et al., 2019).  

The mechanisms by which Opuntia interacts with EMF, particularly the susceptibility of the fetal cerebellum, 

remain poorly understood. Therefore, the present study aimed to evaluate the effects of fresh, dried, gel, and powder 

forms of Opuntia cochenillifera (O. cochenillifera) as natural dielectric materials in reducing EMFs in pregnant mice, 

utilizing morphological and spectroscopic analyses to elucidate their interactions with EMW and assess their potential as 

environmentally friendly shielding materials. 

 

MATERIALS AND METHODS 

 

Ethical approval 

Ethical approval for all animal procedures was obtained from the Medical and Health Research Ethics Commission 

of Diponegoro University, Indonesia (No. 116/EC-H/KEPK/FK-UNDIP/IX/2023). Experiments were conducted in 

accordance with the institution’s guidelines and internationally recognized standards for the care and use of laboratory 

animals, and reporting follows the ARRIVE recommendations where applicable.  Throughout the study, animal welfare 

was prioritized by minimizing pain, stress, and discomfort. All procedures were carried out by trained personnel to 

ensure proper handling and reduce distress. Human endpoints and strategies to minimize distress were applied 

throughout. In addition, the study adhered to the principles of the 3Rs (Replacement, Reduction, and Refinement), and 

the minimum number of animals necessary to achieve the scientific objectives was used.   

 

Animals 

A total of 56 BALB/c mice were used in the present study, consisting of 42 females and 14 males, all aged 2-3 

months and weighing 25-30 g. The mice were acclimated to the laboratory environment for seven days, with 

environmental conditions maintained at 24 ± 2°C, 50-60% humidity, and a 12-hour light/dark cycle. Animals had free 

access to water and food pellets. Following acclimatization, mating was conducted overnight (12 hours) starting at 6:00 

PM, with females and males housed together at a 3:1 female-to-male ratio. The next morning, vaginal plugs and swabs 

were inspected to confirm mating. Males were immediately removed after confirmation, and only the pregnant females 

were retained for the study. The pregnant females were then randomly assigned to six experimental groups, with seven 

mice in each group. The treatment groups consisted of healthy mice serving as the positive control, mice exposed to 

EMW as the negative control, and four EMW-exposed groups fitted with belts containing fresh, dried gel, or powdered 

cactus, respectively. Successful breeding was confirmed at gestational days 10 (G10) and 13 (G13), evidenced by a 3-4 g 
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increase in female body weight. Weight changes were used to monitor pregnancy status, with weight gain indicating 

successful gestation and sudden loss suggesting prenatal complications or miscarriage (Neres et al., 2008). The pregnant 

mice were housed in 45 × 45 × 25 cm polypropylene cages, with absorbent wood chip bedding replaced three times daily 

to maintain clean and comfortable living conditions. Cage positions were rotated regularly to minimize environmental 

variation.  

 

Experimental design and treatment procedures 

The study comprised one healthy control group (HCG) containing mice that were not exposed to EMW radiation, a 

negative control group (NCG), and four experimental groups (E1-E4). The NCG was exposed to EMW without any 

protective intervention, whereas the experimental groups (E1-E4) were each fitted with abdominal belts containing 

different forms of O. cochenillifera to mitigate the effects of EMW. Mice in the first experimental group received a belt 

with fresh cactus sliced into small fragments (E1), mice in the second experimental group received a belt containing sun-

dried cactus processed into a coarse powder (E2), in the third experimental group, mice received a belt containing a 

cactus gel extract prepared by macerating cactus in 70% ethanol and formulated into a gel (E3), and mice in the fourth 

experimental group received a belt containing cactus powder obtained by dehydrating the gel extract used in E3 into a 

fine powder (F4). All treatment groups were exposed to continuous EMW radiation from a cellular phone operating at 

900 MHz and 2.45 GHz Wi-Fi, with a whole-body specific absorption rate (SAR) of 1.74 W/kg, for 24 hours daily 

during gestational days 1–19. Each belt was constructed from a sterilized plastic bag filled with one of the cactus 

preparations (fresh, dried, gel, or powdered extract) and shaped to fit the abdominal contour of the mice. Before 

application, the abdominal fur was removed to ensure direct skin-to-skin contact. The belt was securely attached using a 

waterproof adhesive plaster, ensuring uniform positioning and uninterrupted skin contact throughout EMW exposure. 

The belts were examined daily and replaced as needed to ensure proper hygiene and secure connections. 

 

Belt composition and application 

Each therapeutic belt comprised a waterproof adhesive patch measuring 15 × 3 cm, including a 2 × 1 cm central 

capsule constructed from a modified paper clip. The belt contained the cactus formulation corresponding to each 

treatment group. The cactus formulations were not administered trans-dermally or orally, and there was no direct 

biochemical contact with the cutaneous cells or systemic antioxidant mechanisms. The cactus served as a physical 

interface engineered to reflect or absorb incoming EMWs, providing a non-invasive protective mechanism.   

 

Sample collection 

On gestational day 20, euthanasia was performed via intraperitoneal injection of ketamine. Euthanasia was 

performed via intraperitoneal injection of ketamine (Ket-A-100, injection 100 mg/mL, Indonesia) at a dose of 120 mg/kg 

body weight, which is commonly used in rodents to induce deep anesthesia and achieve humane euthanasia. The selected 

dose is within the established range of 85-200 mg/kg for ketamine in mice. Mice were observed for loss of pedal reflex 

to confirm adequate anesthesia before dissection (Jamal et al., 2008; Hohlbaum et al., 2018). Following confirmation of 

death, the pregnancy was terminated, and the maternal and fetal cerebellar tissues were carefully dissected. The samples 

were immediately fixed in 10% neutral buffered formalin for 24-48 hours. After fixation, tissues underwent established 

paraffin-processing, including graded ethanol dehydration (70%, 80%, 90%, 95%, 100%), xylene clearing, and 

embedding in paraffin blocks. Paraffin blocks were sectioned at a thickness of 4-5 µm using a rotary microtome and 

mounted on glass slides. The slides were then subjected to Hematoxylin-Eosin (H&E) staining, consisting of 

hematoxylin nuclear staining, differentiation, bluing, eosin counterstaining, dehydration, clearing, and coverslip 

mounting. Histological preparations were examined under a light microscope for structural assessment in accordance 

with histopathology protocols (Ghoneim and Arafat, 2016; Javaeed et al., 2021). 

 

X-ray Fluorescence analysis 

The elemental composition of the O. cochenillifera preparations was determined using an energy-dispersive X-ray 

fluorescence spectrometer (EDX-7000, Shimadzu Corporation, Japan). Samples weighing 0.5-1 g were dried to constant 

weight, homogenized, and pressed into pellets before analysis. Measurements were carried out at 50 kV and 1 mA with a 

200-second acquisition time, and the spectra were analyzed using the manufacturer's energy-dispersive X-ray 

fluorescence (EDXRF) software package (Santo et al., 2025). 

 

Fourier transform infrared spectroscopy analysis 

Functional group characterization was performed using a Fourier transform infrared spectrometer equipped with a 

diamond attenuated total reflectance (ATR) accessory (IRSpirit ATR, Shimadzu Corporation, Japan). Spectra were 

collected from 4000-400 cm⁻¹ with a resolution of 4 cm⁻¹ and 32 scans per sample. Baseline correction and 

normalization were performed using the built-in LabSolutions IR software (Gieroba et al., 2023). 
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Statistical analysis 

All statistical analyses were performed using SPSS version 26.0. Data normality was assessed using the Shapiro-

Wilk test, which indicated a non-normal distribution for cerebellar tissue examinations in both maternal and fetal 

samples. Therefore, nonparametric statistical methods were employed for group comparisons. The Kruskal-Wallis test 

was used to compare across groups, followed by post-hoc pairwise comparisons using the Mann-Whitney U test. The 

present results were presented as mean ± standard deviation (SD), with statistical significance defined as a p-value less 

than 5% (p < 0.05). 

 

RESULTS AND DISCUSSION 

 

The HCG exhibited Purkinje cells arranged in a continuous monolayer at the junction of the molecular and granular 

layers, characterized by large euchromatic nuclei and intact morphology. In contrast, the NCG revealed disorganized 

Purkinje cell alignment, reduced cellularity, and degenerative features, including pyknotic nuclei and areas of focal loss. 

In the treatment groups (E1-E4), Purkinje cells remained detectable as a distinct monolayer, with only minimal 

degenerative changes compared to the NCG. Group E1 exhibited a well-preserved morphology, closely resembling 

HCG. Groups E2-E4 demonstrated a well-defined Purkinje cell layer characterized by decreased yet recognizable 

cellular alignment, and overall histological preservation was greater than that observed in the NCG. 

The descriptive results indicated that the HCG and treatment groups (E1-E4) exhibited relatively comparable 

Purkinje cell size and count, with mean values ranging from 1.39-1.40 µm for cell size and 9.4-9.6 cells for cell count. In 

contrast, the NCG consistently demonstrated reduced values, with an average Purkinje cell size of 1.13 ± 0.22 µm and a 

cell count of 4.80 ± 2.00. A similar trend was observed in fetal Purkinje cell measurements, with NCG values remaining 

significantly lower than those in the HCG and E1–E4 groups (Table 1). Significant overall differences were observed 

across all six groups (HCG, NCG, E1, E2, E3, and E4) for Purkinje cell size and count, as well as for fetal parameters (p 

< 0.05). The NCG demonstrated statistically significant differences compared to the HCG and all treatment groups for all 

parameters (p < 0.05). However, no statistically significant differences were found among the experimental groups (E1-

E4), nor between the HCG and any of the experimental groups (p > 0.05). The current findings suggested that the 

experimental interventions effectively maintained Purkinje cell morphology at levels comparable to HCG, whereas NCG 

consistently exhibited impairment across all parameters. 

 
 

HCG   NCG    E1  
                                                                                                             

E2   E3    E4  

 
Figure 1. Mice fetal cerebellar Purkinje cell. HCG: Health control group, NGC: Negative control group, E1: Fresh cactus belt (raw cactus), E2: 

Desiccated cactus belt, E3: Cactus extract gel belt, E4: Cactus extract powder belt (dehydrated extract). H&E, 400×. 
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Figure 2. Maternal cerebellar Purkinje cells of Female 2-3 months old mice. HCG: Health control group, NGC: Negative control group, 

black arrow: Reduced number of cells, E1: Fresh cactus belt (raw cactus), E2: Desiccated cactus belt, E3: Cactus extract gel belt, E4: Cactus extract 

powder belt (dehydrated extract). H&E, ×400.  

 

Table 1. Effects of cactus-based interventions on maternal and fetal Purkinje cell size and count across experimental 

groups 

Group 
Maternal Purkinje 

Size (µm) 

Maternal  

Purkinje Count 

Fetal Purkinje  

Size (µm) 

Fetal  

Purkinje Count 
P value 

HCG 1.39 ± 0.20ᵃ 9.60 ± 1.80ᵃ 1.37 ± 0.22ᵃ 9.40 ± 2.10ᵃ <0.000 

NCG 1.13 ± 0.22ᵇ 4.80 ± 2.00ᵇ 1.09 ± 0.19ᵇ 4.60 ± 1.80ᵇ - 

E1 1.40 ± 0.23ᵃ 9.50 ± 1.70ᵃ 1.38 ± 0.24ᵃ 9.50 ± 1.90ᵃ <0.000 

E2 1.40 ± 0.21ᵃ 9.40 ± 1.80ᵃ 1.39 ± 0.23ᵃ 9.60 ± 1.70ᵃ <0.000 

E3 1.39 ± 0.22ᵃ 9.60 ± 1.90ᵃ 1.37 ± 0.20ᵃ 9.50 ± 2.00ᵃ <0.000 

E4 1.39 ± 0.19ᵃ 9.50 ± 1.80ᵃ 1.38 ± 0.21ᵃ 9.40 ± 1.80ᵃ <0.000 

HCG: Healthy control group, NCG: Negative control group, E1: Fresh cactus belt (raw cactus), E2: Desiccated cactus Belt, E3: Cactus extract gel belt, 

E4: Cactus extract powder belt. P values were calculated relative to the negative control group (NCG). Data are expressed as mean ± standard deviation 

(SD). ᵃᵇMeans significant differences between groups are indicated by different superscript letters within the same column, as determined by Mann–

Whitney post hoc tests following Kruskal–Wallis analysis (p < 0.05).  

 

Mineral composition and Fourier transform infrared spectroscopy   

The results of the X-ray fluorescence demonstrated notable differences in mineral compositions among the raw 

cactus, dried cactus, cactus extract gel, and cactus extract powder preparations (Table 2). Dried cactus demonstrated the 

highest calcium oxide (CaO) concentration of 1.90%, whereas the cactus extract gel was significantly enriched in 

HCG NCG 

E1 E2 

E3 E4 
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potassium oxide (K₂O, 8.45%) and chloride (Cl, 5.43%). Magnesium oxide (MgO) was significantly elevated in the 

cactus extract gel (1.49%) compared to the other forms of cactus. Trace elements such as iron (III) oxide (Fe₂O₃), silver 

oxide (Ag₂O), and iodine were mostly identified in the raw cactus, whereas bromine (Br) was exclusively present in the 

cactus extract gel and powder. 

Fourier-transform infrared (FTIR) spectroscopy revealed essential functional groups in all samples (Table 3). Raw 

cactus spectra revealed significant hydroxyl stretching (3305 cm⁻¹), carbonyl amide (1636 cm⁻¹), and 

ether/polysaccharide peaks, indicative of elevated water and carbohydrate contents. Dried cactus exhibited preserved 

hydroxyl and aromatic ring signals and heightened ester/protein-associated peaks. The cactus extract gel demonstrated 

pronounced carbonyl stretching (1722 cm⁻¹), suggestive of esters or carboxylic acids, and aromatic and amine 

functionalities. The cactus extract powder exhibited pronounced hydroxyl and phenolic signals, intricate polysaccharide 

bands, and substituted aromatic ring patterns. The current results indicated that drying increased the CaO and K₂O. 

Simultaneously, extraction, especially in the gel form, significantly enriched K₂O, Cl, and MgO, along with notable 

functional groups associated with aromatic compounds and polysaccharides. The variability in biological activities 

among the cactus forms might be attributed to the differences in their chemical and structural characteristics.  

 

Table 2.  Mineral contents of cactus preparations determined by X-ray fluorescence 

Mineral Raw cactus Dried cactus Cactus extract gel Cactus extract powder 

CaO 0.288% 1.90% 0.05% 0.12% 

MgO 0.0728% 0.353% 1.49% 0.0953% 

K₂O 0.0553% 1.37% 8.45% 0.764% 

Cl 0.0683% 0.245% 5.43% 0.349% 

Trace elements Fe₂O₃, Ag₂O, I, RuO₂, TeO₂, ZrO₂/Nb₂O₅ Fe₂O₃, P₂O₅, SO₃, SrO Br, P₂O₅, SO₃, Rb₂O P₂O₅, SO₃, Br, Rb₂O 

CaO: Calcium oxide, MgO: Magnesium oxide, K₂O: Potassium oxide, Cl: Chloride, Fe₂O₃: Iron (III) oxide, Ag₂O: Silver oxide, I: Iodine, RuO₂: 
Ruthenium oxide, TeO₂: Tellurium oxide, ZrO₂: Zirconium oxide, Nb₂O₅: Niobium oxide, P₂O₅: Phosphorus pentoxide, SO₃: Sulfur trioxide, SrO: 

Strontium oxide, Br: Bromine, Rb₂O: Rubidium oxide 

 

Table 3. Representative Fourier transform infrared spectroscopy bands and assigned functional groups observed across 

cactus-derived samples 

Sample Main peaks (cm⁻¹) Key functional group 

Raw cactus 
3305 (O–H), 2110 (Alkyne/N=C=O), 1636 (C=O amide),  

1018 (C–O–C) 

Hydroxyl, amide, ether/polysaccharide, 

reactive triple bond 

Dried cactus 
3265 and 2917 (O–H, C–H), 1606 (C=C aromatic),  

1316 and 1033 (C–O/C–N ester) 
Hydroxyl, aromatic ring, ester/protein 

Cactus extract gel 
3217 (O–H), 1722 (C=O ester), 1584 (C=C aromatic/N–H),  

1047 (C–O) 

Hydroxyl, ester/carboxylic acid, 

aromatic/amine, carbohydrate 

Cactus extract 

powder 

3324 (O–H), 1593 (C=C aromatic/amide), 1030–1068 (C–O),  

749 and 670 (Aromatic sub.) 

Hydroxyl, phenolic, polysaccharide, 

substituted aromatic rings 

 

Impacts of electromagnetic waves on maternal and fetal Purkinje cells 

The present study demonstrated that Purkinje cell size and count in the HCG and experimental groups (E1-E4) were 

maintained at comparable levels. In contrast, the NCG exhibited significantly reduced values and distinct histological 

degeneration (p < 0.05). The present findings indicated that exposure to EMFs without protective measures compromised 

cerebellar integrity, whereas controlled interventions were able to mitigate this damage. 

Purkinje cells, which serve as the primary neurons of the cerebellar cortex, exhibited high susceptibility to oxidative 

stress because of elevated metabolic demands, complex dendritic architecture, and mitochondrial dependence 

(Altunkaynak et al., 2016; Manolaras et al., 2023; Chui et al., 2024). Increased reactive oxygen species (ROS) can lead 

to mitochondrial malfunction, lipid peroxidation, protein oxidation, and DNA damage, ultimately inducing apoptosis 

through caspase activation and jeopardizing neuronal survival (Chen et al., 2003; Liu et al., 2025; Toader and Covache-

busuioc, 2025). The impairment of ion channel function and synaptic communication has been implicated as a 

contributing factor, further disrupting Purkinje cell physiology and heightening the risk of degeneration (Orfali et al., 

2024). Furthermore, oxidative stress can compromise ion channel function by inducing oxidative modifications in 

protein channels, which alter the gating properties of voltage-gated and ligand-gated ion channels, further disrupting 

neuronal physiology and enhancing vulnerability to degeneration (Georgiou and Margaritis, 2021; Orfali et al., 2024). 
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Previous studies examining the effects of 900-MHz EMFs on the cerebellum using histopathological and 

immunohistochemical techniques reported the presence of pyknotic nuclei in Purkinje cells and granular layer neurons, 

along with a marked reduction in cytoplasmic content in the EMF-exposed groups (Bas et al., 2022). Depending on the 

frequency, intensity, and duration of exposure, EMWs can produce diverse cellular effects. Ion channel impairment 

occurs through a mechanism in which non-ionizing EMFs disturb the electrochemical balance across cellular 

membranes, modify cation flux, and impair voltage-gated ion channel function. Such disturbances may increase 

oxidative stress through the activation of membrane-associated enzymes such as NADPH oxidase (NOX), resulting in 

the overproduction of ROS, compromised cellular function, and even DNA damage, which is implicated in 

carcinogenesis (Georgiou and Margaritis, 2021; Panagopoulos and Karabarbounis, 2021). Several studies have indicated 

that EMF-induced disruption of ion channels was associated with the generation of ROS and oxidative stress via NOX 

activation, resulting in subsequent cellular damage, including DNA strand breaks (Georgiou and Margaritis, 2021). The 

specific function of NOX in facilitating oxidative stress during EMF exposure continues to be a primary focus of 

investigations (Georgiou and Margaritis, 2021). 

 

Cellular stress response 

 Exposure to non-ionizing EMF activates a cellular stress response, a protective mechanism designed to preserve 

cellular integrity (Lai and Levitt, 2024). The cellular response involves a series of molecular and cellular alterations, 

such as cell cycle arrest and activation of repair mechanisms to manage macromolecular damage (Meyer et al., 2024). 

This cellular reaction is not specific to EMF but is a general reaction to several stressors and can lead to repair or, in 

cases of severe damage, cell death (Haidar et al., 2025). The stress response follows a non-linear pattern dependent on 

dose and timing and may influence several health outcomes, such as cancer risk and nerve regeneration (Lai and Levitt, 

2024). These approaches revealed the complex nature of EMWs' interactions with biological systems (Meyer et al., 

2024). Biological responses to EMF were substantially affected by the parameters of exposure. While excessive or 

improperly regulated exposure may lead to oxidative stress and cellular damage, carefully controlled EMF application 

has been associated with adaptive or therapeutic effects, such as enhanced tissue repair and increased bacterial 

susceptibility to antibiotics (Haidar et al., 2025). 

The cerebellar alterations observed in the present study are consistent with the cellular stress response described in 

the literature. Exposure to non-ionizing EMFs triggered a conserved cellular defense response characterized by cell-cycle 

arrest, enhanced DNA and protein repair pathways, and, in instances where damage surpassed repair capacity, apoptotic 

cell death (Lai and Levitt, 2024). The observed mechanistic pattern aligned with the structural disruptions noted in 

maternal and fetal cerebella following EMF exposure, suggesting that cerebellar tissue experienced a transition toward 

maladaptive stress responses. 

Oxidative stress has been widely identified as a central mediator of EMF-induced cellular injury in neural tissues. 

Numerous in vitro and in vivo studies have demonstrated that EMF exposure increased ROS, disrupted mitochondrial 

function, and promoted oxidative DNA and protein damage (Saliev et al., 2019; Schuermann and Mevissen, 2021). The 

findings of reduced Purkinje cell counts and altered cerebellar morphology in fetal mice, alongside corresponding 

changes in EMF-exposed dams, were related to these mechanisms. The cerebellum, particularly Purkinje neurons, is 

highly susceptible to oxidative imbalance, which aligns with the ROS-driven injury observed in the present study 

(Schuermann and Mevissen, 2021). 

According to multiple studies, EMF biological effects are strongly influenced by exposure dose, duration, 

developmental stage, and the inherent vulnerability of neural tissue (Tian et al., 2022; Lai and Levitt, 2024). These 

findings are consistent with the more pronounced alterations observed in fetal cerebellar tissue in the present study, as 

the developing brain exhibits immature antioxidant defenses and a higher proliferative index, making it especially 

vulnerable to EMF-induced oxidative stress and stress-response activation. Consequently, although EMF exposure may 

result in adaptive or neutral outcomes, the prenatal cerebellum is far more likely to experience growth impairment or 

structural disruption under the same exposure conditions (Tian et al., 2022). 

 

Potential electromagnetic wave attenuation and mineral composition 

Iron oxide (Fe₂O₃) is widely known as an effective microwave absorber owing to its dual contribution to magnetic 

and dielectric loss mechanisms (Akinay et al., 2023; Ghosh et al., 2023). Incorporating α-Fe₂O₃ nanostructures into 

composites has indicated delivering reflection loss values greater than −30 dB within the gigahertz range, largely due to 

interfacial polarization and magnetic resonance effects (Mensah et al. 2022; Zheng et al., 2022). The notable EMW 

absorption capacity of Fe₂O₃-based materials in engineered composites, attributed to combined magnetic and dielectric 

loss, suggested that even low concentrations of Fe₂O₃ particles within biological matrices may contribute to partial wave 

attenuation before deep tissue penetration (Lesbayev et al., 2025; Lodi et al., 2025). 



Armalina et al., 2026 

 

354 

In contrast, CaO and MgO function predominantly as dielectric agents, enhancing polarization under alternating 

EMFs. The MgO-based ceramics and glass-ceramics are widely used for dielectric applications in microwave and 

radiofrequency systems (Hu et al., 2021). The current results demonstrated that MgO or CaO/MgO mixtures could serve 

as dielectric buffers in composite matrices (Cabeza et al., 2002). The ability of such oxide particles to attenuate incident 

EMFs when incorporated into biological tissues has not yet been experimentally validated, necessitating focus on in vivo 

investigations (Lodi et al., 2025; Reghunath et al., 2025a). The observed polarization causes dipole alignment and energy 

loss, converting electromagnetic energy into localized heat at the microstructural level (Muradyan et al., 2025). Under 

these conditions, dried cactus preparations demonstrated the highest combined CaO and MgO content, suggesting a 

strong dielectric contribution to EMW attenuation. 

Potassium oxide (K₂O), which was relatively abundant in the cactus gel, may help modulate the local dielectric 

properties of the hydrated matrix. Absorption efficiency in engineered EMW-absorbing materials relies heavily on 

precise control of permittivity and impedance matching with free space, typically achieved through dielectric and/or 

magnetic loss mechanisms (Gabriel et al., 1996a; Ruscica et al., 2024). Any involvement of K₂O-rich biological matrices 

in modulating impedance and attenuating EMW remains theoretical, as no direct in vivo data are currently available 

(Akinay et al., 2023; Chen et al., 2024). The combination of K₂O-rich domains and organic components 

facilitates dielectric heterogeneity, resulting in enhanced multiple scattering and efficient attenuation of EMW 

transmission (Reghunath et al., 2025b). 

The presence of chloride ions (Cl⁻) in hydrated matrices can influence ionic conductivity, dielectric response, and 

microstructural organization, thereby modulating the interaction of these materials with alternating EMFs. Studies have 

documented this effect in inorganic composites like chloride-exposed cement pastes, where Cl⁻ alters impedance and 

dielectric behavior. However, whether similar effects happen in biological gcenchenels remains unknown and has not 

been proven (Hu et al., 2016). 

Chloride ions increase ionic conductivity in hydrogels, a useful property for sensors (Ji et al., 2025). In cement 

materials, chloride and moisture changes can alter electrical properties and create irregularities that scatter, reflect, or 

reduce EMWs (Hu et al., 2019, 2020; Elseady et al., 2023; Mizobuchi et al., 2026). Cl⁻ affects ion distribution and 

interfacial conductivity in anti-corrosion coatings, thereby altering wave propagation through the material (Zhang et al., 

2021; Tzaneva and Kostov, 2023). These mineral oxides and salts contribute to three principal electromagnetic 

attenuation mechanisms. Iron oxide (Fe₂O₃) predominantly promoted magnetic loss through the hysteresis mechanism 

and eddy-current dissipation, while dielectric oxides such as CaO, MgO, and K₂O enhanced dielectric loss via dipole 

polarization and relaxation under alternating EMFs (Zhang et al., 2022; 2025). Additionally, components such as K₂O 

and Cl⁻ can induce impedance mismatch and microstructural heterogeneity in hydrated matrices, leading to multiple 

scattering and reflection that further reduce EMW transmission (Liang et al., 2021; Katheriya et al., 2025). 

 

Interaction of dielectrics with organic functional groups 

The FTIR spectroscopy analysis provided insight by identifying organic functional groups capable of interacting 

with EMW. All cactus samples displayed pronounced O–H stretching bands between 3200 and 3500 cm⁻¹, indicating the 

existence of hydroxyl-rich compounds, such as phenolics and polysaccharides. These functional groups demonstrated 

high polarity, allowing interaction with alternating electric fields in the gigahertz range via mechanisms such as dipole 

rotation and dielectric heating, as reported by Gabriel et al. (1996b), Soria et al. (2021), and Wang et al. (2023).  

Cactus gel and powder extracts exhibited significant C=O stretching bands at approximately 1720 cm⁻¹, indicative 

of esters and carboxylic acids. Carboxyl groups improved hydrophilicity and surface polarity, yet recent findings 

indicated that their effectiveness in reducing EMWs may rely on their interactions with conductive elements. In hydrated 

matrices, these groups may still promote the dissipation of microwave energy via intermolecular collisions (Płowaś-

Korus and Buchner, 2021). The C-O stretching region (1030-1068 cm⁻¹) observed in all samples indicated the presence 

of polysaccharides capable of forming hydrogen-bonded networks. These networks, especially when ionically 

crosslinked with Ca²⁺ or Mg²⁺ derived from the mineral component, can create inhomogeneous dielectric domains within 

the polymer matrix. These domains enhanced electromagnetic dispersion and reduced the penetration depth in bio-based 

composites (Prashanth et al., 2024). The aromatic C=C vibrations detected in the dried cactus and gel extract during the 

present study indicated the presence of phenolic compounds that may participate in π-electron resonance interactions 

with EMEs. These interactions may contribute slightly to overall EMEs reduction, despite being less efficient than ionic 

or polar processes. 

 

Coordinated neuroprotective effects on the maternal and fetal cerebellum 

The preservation of cerebellar profiles in the cactus-treated groups was likely attributable to the synergistic action of 

mineral- and organic-based attenuation mechanisms. Mineral oxides act as inorganic shielding agents, contributing to 
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stable dielectric and magnetic losses, whereas organic polar groups enable dynamic dipole-based dissipation. This dual-

mode attenuation reduces the net EMW energy reaching the cerebellum, thereby minimizing microstructural disruption. 

From a biological perspective, reduced EMW exposure may result in preserved Purkinje cell morphology, decreased 

neuronal apoptosis, and maintained organization of the cerebellar layers. Although inflammatory and oxidative stress 

biomarkers were not directly measured, histological assessments of the present study supported the neuroprotective 

effect. Differences among the cactus preparations may stem from their composition. Dried cactus is rich in CaO and 

MgO, exhibiting strong dielectric loss potential. Cactus gel extract had very high levels of K₂O and Cl, which enhance 

scattering and impedance mismatch. Cactus powder extract contained a balanced mix of minerals and organic matter, 

offering stable shielding. Raw cactus had lower oxide levels but higher water content, which might have promoted 

dielectric heating and scattering through water dipoles. Although substantial differences were observed in the XRF and 

FTIR profiles among the four O. cochenillifera formulations (raw, dried, gel extract, powder), no considerable 

differences were detected in the cerebellar outcomes of maternal and fetal mice. The current findings indicated that 

electromagnetic shielding was influenced less by specific mineral levels and more by collective physicochemical features 

such as bound water content, ionic composition, and polysaccharide matrix structures (Simón et al., 2019). According to 

foundational studies on dielectric properties, water dipole polarization and ionic conduction are the primary factors 

influencing the dielectric behavior of biological and hydrated plant materials, whereas differences in mineral 

composition have only a limited effect on radiofrequency (RF) reduction (Meenu et al., 2025). 

Microwave absorption studies on plant-based materials such as Opuntia have revealed that cladodes exhibited high 

absorption coefficients, a characteristic attributed to their hydrated polysaccharide framework, even when chemical 

composition differs (Gupta et al., 2024). Consequently, all four cactus formulations probably provided sufficient 

dielectric shielding to prevent RF exposure from reaching biologically damaging levels. The neuroprotective effects 

were similar across all cactus formulations, despite differences in their XRF/FTIR profiles.  

 

CONCLUSION  

 

All four forms of O. cochenillifera, including raw, dried, gel extract, and powder, demonstrated comparable 

neuroprotective effects. Each cactus preparation, regardless of its differing XRF and FTIR profiles, provided robust 

dielectric shielding. This protection effectively prevented EMW-induced cerebellar damage and maintained the 

morphology and number of maternal and fetal Purkinje cells, achieving levels similar to those of healthy mice. The 

current findings indicated that the observed neuroprotective effects stem from common physicochemical properties 

shared across the cactus preparations, rather than from any single form. Therefore, cactus-derived materials show 

potential as effective, bio-based agents for protecting the nervous system from EMW exposure during pregnancy. This 

approach offered a sustainable and safer alternative to conventional synthetic composites, with particular relevance for 

maternal health due to the heightened vulnerability of pregnant individuals to EMW exposure. Future studies should 

focus on long-term neurodevelopmental investigations on maternal and fetal cerebellar structures, mechanistic 

investigations clarifying oxidative stress and signaling pathways underlying EMW-induced cerebellar alterations, and 

optimization of cactus extract formulations to maximize neuroprotective efficacy during pregnancy. 
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