SCientiﬁc Reports https://doi.org/10.1038/s41598-025-29528-8
Article in Press

Species-specificimpacts of radiofrequency
exposure on the structural and morphological
characteristics of Aedes aegypti and Aedes
albopictus eqgs

Received: 1 February 2025 Nazri Che Dom, Nik Muhammad Hanif Nik Abdull Halim, Nurul Huda Abd Rahman,
Accepted: 18 November 2025 Rahmat Dapari, Hasher Salim & Ahmad Taufek Abdul Rahman

Published online: 22 April 2026

Cite this article as: Dom N.C We are providing an unedited version of this manuscript to give early access to its
Halim N.M.H.N.A.. Rahman l\’l.H.A. etal. findings. Before final publication, the manuscript will undergo further editing. Please

Species-specific impacts of note there may be errors present which affect the content, and all legal disclaimers

radiofrequency exposure on the apply.
structural and morphological
characteristics of Aedes aegypti
and Aedes albopictus eggs. Sci Rep
(2025). https://doi.org/10.1038/
$41598-025-29528-8

If this paper is publishing under a Transparent Peer Review model then Peer
Review reports will publish with the final article.

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You do

not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


https://doi.org/10.1038/s41598-025-29528-8
https://doi.org/10.1038/s41598-025-29528-8
https://doi.org/10.1038/s41598-025-29528-8
http://creativecommons.org/licenses/by-nc-nd/4.0

oYU W N P

37

38

39

40

41

SPECIES-SPECIFIC IMPACTS OF RADIOFREQUENCY
EXPOSURE ON THE STRUCTURAL AND
MORPHOLOGICAL CHARACTERISTICS OF Aedes aegypti
AND Aedes albopictus EGGS

Nazri Che Dom!.2:3, Nik Muhammad Hanif Nik Abdull Halim!-4,
Nurul Huda Abd Rahman?, Rahmat Dapari®7*, Hasber Salim3,
Ahmad Taufek Abdul Rahman?9-10

1" Faculty of Health Sciences, Universiti Teknologi MARA (UiTM), UITM
Cawangan Selangor, 42300 Puncak Alam, Selangor, Malaysia,

2 Integrated Mosquito Research Group (I-MeRGe), Universiti Teknologi
MARA (UiTM), 42300 Puncak Alam, Selangor, Malaysia,

3 Institute for Biodiversity and Sustainable Development (IBSD), Universiti
Teknologi MARA, Shah Alam, Malaysia,

4 Setiu District Health Office, 22100 Bandar Permaisuri, Setiu,
Terengganu, Malaysia,

5 Antenna Research Centre, School of Electrical Engineering, College of
Engineering, Universiti Teknologi MARA, 40450 Shah Alam, Selangor,
Malaysia,

6 Faculty of Medicine and Health Sciences, Universiti Putra Malaysia,
43400, Serdang, Selangor, Malaysia.

7 Integrated Dengue Research and Development, Faculty of Medicine and
Health Sciences, Universiti Putra Malaysia, 43400, Serdang, Selangor,
Malaysia.

8 School of Biological, Sciences, Universiti Sains Malaysia, 11800,
Penang, Malaysia

9 School of Physics and Material Studies, Faculty of Applied Sciences,
Universiti Teknologi MARA, 40450, Shah Alam, Selangor, Malaysia

10 Centre for Astrophysics and Applied Radiation, Institute of Science,
Universiti Teknologi MARA, 40450 Shah Alam, Selangor, Malaysia.

* Correspondence author
drrahmat@upm.edu.my

ABSTRACT

Background: Radiofrequency electromagnetic fields (RF-EMFs) are
integral to wireless communication systems, and their potential biological
impacts on non-target organisms, such as mosquitoes, remain poorly

understood. This study aimed to investigate the effects of RF exposure on
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the structural and morphological characteristics of Aedes aegypti and
Aedes albopictus eggs, two major vectors of dengue and other arboviral
diseases, under controlled experimental conditions.

Methods: Laboratory and field strain eggs of Ae. aegypti and Ae.
albopictus were exposed to RF at frequencies of 900 MHz and 18 GHz for
24 hours, with unexposed eggs serving as controls. Structural changes
were analyzed wusing scanning electron microscopy (SEM), while
morphometric parameters (length, width, egg index, and surface area)
were measured using Image] software. Statistical analysis was conducted
using t-tests, with significance set at p < 0.05.

Results: Significant structural alterations were observed in the outer
chorionic cells (OCC) of eggs exposed to RF, particularly at 900 MHz. Ae.
aegypti eggs exhibited greater damage, including cell disappearance,
surface irregularities, and disrupted exochorionic networks (EN),
compared to Ae. albopictus. At 18 GHz, structural changes were milder
and limited to surface disorganization. Morphometric analysis revealed
that Ae. aegypti eggs were significantly larger than Ae. albopictus eggs in
the control group (p < 0.05). RF exposure at 900 MHz reduced egg size in
both species, while 18 GHz exposure resulted in species-specific effects.
Conclusion: This study highlights the frequency-dependent and species-
specific impacts of RF exposure on Aedes egg morphology and structure.
The findings suggest that RF exposure, particularly at 900 MHz, may affect
mosquito reproduction and population dynamics, with potential

implications for vector control strategies.
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INTRODUCTION

Mosquitoes remain a critical public health challenge worldwide, acting as
vectors for diseases that disproportionately affect tropical and subtropical
regions [1]. Among them, Aedes mosquitoes, particularly Aedes aegypti
and Aedes albopictus, are prominent vectors of arboviruses such as
dengue fever (DF), chikungunya, and Zika virus. Ae. aegypti, commonly
referred to as the "yellow fever mosquito," thrives in urban areas,
breeding in small, transient water containers, and exhibits a strong
preference for close human proximity [2]. In contrast, Ae. albopictus, or
the "Asian tiger mosquito," predominates in rural and suburban
environments [3-5]. Both species are widespread across Malaysia,
especially in densely populated regions like Selangor and Kuala Lumpur,
where environmental conditions, urbanization, and human activity create
ideal breeding grounds. The increased frequency and severity of dengue
outbreaks in Malaysia underscore the urgent need for effective mosquito
control strategies.

Efforts to control Aedes populations have historically relied on
chemical insecticides, yet growing insecticide resistance, environmental
concerns, and operational challenges necessitate alternative approaches
[6]. Biological and environmental management methods, while promising,
often lack the scalability or immediate impact required for large-scale

vector control [7]. Against this backdrop, understanding how emerging



91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

anthropogenic factors, such as exposure to radiofrequency
electromagnetic fields (RF-EMFs), influence Aedes mosquitoes could
offer new insights into their biology and control. RF-EMFs, integral to
global wireless communication networks, have expanded significantly
with the advent of fifth-generation (5G) technologies [8]. In the context of
integrated vector management (IVM), understanding RF impacts offers a
complementary perspective alongside chemical, biological, and
environmental control methods, potentially informing multi-pronged
intervention strategies in areas with high RF exposure levels.

Operating at frequencies up to 300 GHz, the higher ranges of these
networks overlap with the size of insect bodies, raising questions about
their potential biological impact. Although prior studies have explored RF
effects on various organisms, including reduced reproductive capacity in
fruit flies, impaired navigation in honeybees, and disrupted microbial
communities, the specific consequences for mosquito populations remain
unclear [9-15]. Limited research on Ae. aegypti has revealed inconsistent
impacts on flight ability and morphology under RF exposure, but these
studies are primarily confined to adult mosquitoes [16]. The effects of RF
on earlier developmental stages, particularly eggs, which are critical to
the population dynamics of mosquitoes, are poorly understood [17].

In Malaysia, where dengue cases place a significant burden on the
healthcare system, understanding the potential role of RF exposure on
Aedes populations is particularly relevant. Urban areas with high
population densities and extensive telecommunications infrastructure

may inadvertently influence mosquito behavior and life cycles through RF
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emissions. This raises critical questions: Could RF exposure alter the
development, viability, or structure of mosquito eggs? Might these
changes affect the survival and proliferation of Aedes populations,
thereby impacting disease transmission dynamics? This study seeks to
address these gaps by investigating the effects of RF exposure at 900
MHz and 18 GHz on the structural and morphological characteristics of
Ae. aegypti and Ae. albopictus eggs. By employing high-resolution
scanning electron microscopy (SEM), this research aims to elucidate
species-specific responses to RF exposure during early developmental
stages. The findings will provide foundational insights into how
anthropogenic RF exposure influences mosquito biology, with potential
implications for innovative dengue vector control strategies.

From a field application perspective, the potential influence of RF
exposure on early mosquito developmental stages could have significant
implications in urban and peri-urban environments where wireless
communication infrastructure is dense. In such RF-rich settings, any
structural compromise to eggs may reduce hatching success or weaken
subsequent larval development, thereby complementing existing vector
control interventions. Unlike conventional insecticide-based methods,
which often face operational resistance and environmental constraints,
RF-related impacts represent an indirect, passive environmental pressure
that could modulate population dynamics without direct chemical
intervention. By exploring these interactions, this study not only advances
fundamental understanding of mosquito egg biology under RF influence

but also offers preliminary insights into a novel, non-chemical dimension
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of integrated vector management (IVM). This study hypothesizes that the
structural and morphological changes in eggs differ significantly between
the two species upon RF exposure, reflecting their distinct biological

adaptations and susceptibilities.

METHODS

Mosquito Strain Collection

Laboratory strains of Ae. aegypti and Ae. albopictus eggs were sourced
from the Department of Medical Entomology, Infectious Diseases
Research Centre, Institute of Medical Research, Kuala Lumpur, Malaysia.
Field strains were collected over a 16-week period (March-June 2022)
using ovitrap surveillance in strategic sites with established Aedes
populations in Puncak Alam, Selangor. The ovitraps were black plastic
containers (8 cm diameter X 11 ecm height) with a 4 cm central opening
and a 14 cm X 3 cm paddle as oviposition sites. Approximately two-thirds
of the containers were filled with water, following established collection

protocols [18-20].

Mosquito Rearing and Cohort Establishment

Both field and laboratory strains were maintained under controlled
conditions (29 = 3°C, 75 = 10% RH, 12:12 light-dark cycle) in the vector
insectary at Universiti Teknologi MARA, Puncak Alam. Field strain eggs
were submerged in deionized water to induce hatching, and larvae were
identified taxonomically wusing stereomicroscopy based on key

morphological features [21-22]. For both species, larval development was
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monitored daily with nutritional supplementation using fine fish food
(TetraMin Plus Tropical Fish Flakes). To ensure virgin adult mosquitoes,
sex separation was performed at the pupal stage. Mating pairs (15 males
and 15 females) were introduced into rearing cages (30 x 30 x 30 cm)
with a 10% sucrose solution. A blood meal was administered using a
confined white mouse to facilitate egg production. Eggs were collected
daily on filter paper substrates over a week, and the F2 generation was

used for experiments to ensure consistent traits [23].

RF Exposure Setup

A custom-built polystyrene exposure chamber (49.5 cm X 62.0 cm x 37.0
cm) was utilized, equipped with a wideband antenna (A-Info LB8180-NF;
0.8-18 GHz, 12 dB gain). The RF source was a wideband signal generator
(Keysight N5173B EXG X-Series; 9 kHz-40 GHz) connected to a super
ultra-wideband amplifier. RF signals were transmitted via coaxial cables

to the antenna for precise exposure (Fig. 1).
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Fig. 1

Experimental setup for RF exposure. The system comprises (A) power
supply, (B) analog signal generator, (C) spectrum analyzer, (D) RF
antenna, (E) exposure chamber, and (F) sample plates containing mosquito
eggs. The RF signal is transmitted from the generator to the antenna via
an RF cable (G), enabling controlled exposure to specified frequencies
(900 MHz and 18 GHz) within the chamber.
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RF Exposure Protocol

Eggs of the F2 generation were visually inspected for defects using a
stereomicroscope before placement on filter paper within plastic
containers (16.5 cm x 7.5 cm X 10.0 cm). Eggs were used within 24-36
hours post-oviposition to minimize age-related structural changes. Prior to
exposure, eggs were partially air-dried for approximately 2 hours to
standardize surface moisture content. Eggs were exposed to RF
frequencies of 900 MHz and 18 GHz for 24 hours. The 24-hour exposure
duration was selected based on preliminary trials and published studies
demonstrating observable ultrastructural changes in insect eggs within
this time frame, while avoiding complete desiccation. The 900 MHz
frequency corresponds to widely used GSM cellular communication,
whereas 18 GHz lies within the millimeter-wave band of emerging 5G
networks. Both frequencies were chosen for their environmental relevance
in urban areas where Aedes mosquitoes are prevalent. A control group was

maintained under identical conditions without RF exposure.

Experimental Design

A factorial 3 x 3 X 2 X 2 randomized design was used. The four
independent variables were: (1) RF frequency (900 MHz, 18 GHz, control),
(2) exposure duration (24 hours, control), (3) mosquito strain (laboratory,

field), and (4) species (Aedes aegypti, Aedes albopictus).

Egg Structure Analysis
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Structural changes in eggs were analyzed using field emission scanning
electron microscopy (FESEM; Leo Supra 50 VP, Carl-Ziess SMT, Germany)
with a primary beam energy of 3 kV.

Eggs were fixed in 2.5% glutaraldehyde (2 h at 4°C), rinsed thrice in 0.1
M phosphate buffer (10 min each), post-fixed in 1% osmium tetroxide (1 h
at 4°C), dehydrated through graded ethanol series (30%, 50%, 70%, 90%,
95%, and 100% for 10 min each), and sputter-coated with a 20 nm gold
layer before imaging. For each treatment, nine eggs were analyzed,
representing three biological replicates (three eggs per replicate) from
independent oviposition events. High-resolution images (6,000x
magnification) were captured for each treatment group [24-26].
Morphological parameters (length, width, egg index, and surface area)
were assessed using Image] software based on SEM and light microscope
images (Olympus IX73) [27-30]. Measurements were conducted on nine
eggs per treatment, with egg index calculated as the length-to-width ratio

[31].

Data Analysis
Statistical analyses were performed using IBM SPSS Statistics (v25).
Differences in morphological parameters between RF-exposed and control

groups were assessed using t-tests, with significance set at p < 0.05.

Ethics statement
This study was conducted in compliance with ethical standards and

guidelines for animal research. The research protocol was reviewed and
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approved by the Committee on Animal Research and Ethics (UiTM CARE)
under the reference number UiTM CARE: 377/2022, dated 13th May 2022.
The approved duration for the study was from July 2022 to June 2023. All
experimental procedures involving animals were carried out with strict
adherence to institutional and national ethical guidelines to ensure the

humane treatment of the animals involved.

RESULTS

Effect of RF Exposure on Egg Structure

The control group revealed well-organized outer chorionic cell (OCC)
structures in both species, characterized by polygonal cells
(predominantly pentagonal and quadrilateral) and smooth, uniform
surfaces (Fig. 2). Notable differences were observed in the exochorionic
network (EN), with Ae. aegypti displaying a larger, reticulated EN pattern,
while Ae. albopictus exhibited a solid, perforated EN structure. These
findings indicate species-specific morphological markers under natural
conditions.

Exposure to 900 MHz RF induced significant structural damage in
both species, with distinct degrees of alteration (Fig. 3). In Ae. aegypl,
the OCC cells became highly distorted or disappeared entirely, and surface
abnormalities such as ruptures and debris were prominent. Key OCC
components, including the central tubercle (CT), peripheral tubercle (TP),
and EN, were poorly defined, and the overall structure appeared
disorganized. Similarly, Ae. albopictus eggs displayed fragmented OCC

structures and surface damage, but the alterations were comparatively
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less severe. While both species showed signs of RF-induced damage, Ae.
aegypti exhibited more pronounced effects, including greater loss of OCC
cells and disrupted EN patterns.

The effects of 18 GHz RF exposure were relatively mild compared to
900 MHz (Fig. 4). In Ae. aegypti, minor inconsistencies in OCC
organization and surface texture were observed, while Ae. albopictus
showed slight disorganization of OCC components. In both species, the CT
and TP remained discernible but displayed subtle signs of degradation, and
the EN was less cohesive than in the control group. These findings suggest
that while 18 GHz RF exposure induces structural changes, its impact on

egg morphology is less significant than that of 900 MHz RF.
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Fig. 2. Scanning electron microscopy (SEM) of eggs of Ae. aegypti
(A - D) and Ae. albopictus (E - H) at control RF exposure. The figures
represent details of outer chorionic cell (OCC) with central tubercle (CT),
peripheral tubercle (TP), and exochorionic network (EN), respectively.
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Fig. 3. Scanning electron microscopy (SEM) of eggs of Ae. aegypti
(A - D) and Ae. albopictus (E - H) at 900 MHz RF exposure. The
figures represent details of outer chorionic cell (OCC) with central
tubercle (CT), peripheral tubercle (TP), and exochorionic network (EN),
respectively.
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293 Fig. 4. Scanning electron microscopy (SEM) of eggs of Ae. aegypti

294 (A -D) and Ae. albopictus (E - H) at 18 GHz RF exposure. The figures
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represent details of outer chorionic cell (OCC) with central tubercle (CT),
peripheral tubercle (TP), and exochorionic network (EN), respectively.

Effect of RF Exposure on Egg Morphology

Morphometric analysis of egg parameters, including length, width, surface
area, and egg index, revealed significant differences between Ae. aegypti
and Ae. albopictus across control and RF exposure groups (Table 1, Table
2).

In the control group, Ae. aegypti eggs were significantly longer than
those of Ae. albopictus in the laboratory strain (p = 0.04), while no
significant difference was observed in the field strain (p = 0.74). Under
900 MHz RF exposure, Ae. aegypti eggs consistently exhibited greater
lengths than Ae. albopictus in both laboratory (p = 0.04) and field strains
(p=0.04). However, at 18 GHz RF, no significant differences in egg length
were observed between the two species (p > 0.05). Egg width analysis
revealed no significant differences between species in the laboratory
strain control group (p = 0.85), but in the field strain, Ae. albopictus eggs
were significantly wider than those of Ae. aegypti (p = 0.03). RF exposure
at 900 MHz and 18 GHz showed no significant effects on egg width for
either species in both strains (p > 0.05). Similarly, egg surface area
differed significantly in the control laboratory strain, where Ae. aegypti
eggs had a larger surface area than Ae. albopictus (p = 0.04). However,
no significant differences were observed in the field strain under control
conditions (p = 0.30). RF exposure at 900 MHz did not significantly alter
egg surface area in either species, but at 18 GHz, Ae. albopictus eggs in

the laboratory strain exhibited a significantly larger surface area than Ae.
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aegypti eggs (p = 0.03). Egg index values in the control group showed no
significant differences between species in the laboratory strain (p = 0.55).
However, in the field strain, Ae. aegypti eggs had a significantly higher
egg index than Ae. albopictus (p = 0.01). Under 900 MHz RF exposure,
egg index values were comparable between species for both strains (p >
0.05). At 18 GHz, no significant differences were observed in the
laboratory strain (p = 0.48), but in the field strain, Ae. aegypti eggs had a

significantly higher egg index than Ae. albopictus eggs (p=0.03).
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Table 1: Egg morphology characteristic measurements for the laboratory strain of Ae. aegypti and Ae.

albopictus for each RF exposure

Morphome Control 900 MHz 18 GHz
tric
characteris
tics
Ae. aegypti Ae. p- Ae. aegypti Ae. p- Ae. aegypti Ae. p-
albopictus value albopictus value albopictus value
Length (um) 745.63 = 661.24 + 0.04* 726.87 = 685.76 = 0.04* 726.89 726.20 = 0.12
19.82 8.37 * 23.34 12.11 * +34.52 15.53
Width (um) 202.42 = 201.20 = 0.85 194.32 + 176.44 + 0.76 198.88 190.40 + 0.66
16.65 11.77 19.48 10.24 +27.49 8.77
Egg index 3.70 £ 0.24 349+=1.00 055 3.76+0.40 4.06=+0.88 0.37 3.71 £0.50 3.90 £ 0.62 0.48
(nm)
Surface 751.80 = 703.52 = 0.04* 726.87 = 738.08 = 0.08 727.92 790.24 = 0.03**
area (pm?) 23.75 2.23 * 23.34 3.28 +36.17 4.22

All values are expressed in mean and + standard deviation (SD). #*Significant difference at p < 0.05

Table 2: Egg morphology characteristic measurements for the field strain of Ae. aegypti and Ae. albopictus for

each RF exposure

Morphome Control 900 MHz 18 GHz
tric
characteris
tics
Ae. aegypti Ae. D- Ae. aegypti Ae. p- Ae. aegypti Ae. D-
albopictus value albopictus value albopictus value
Length (um) 672.71 = 666.84 = 0.74 702.21 = 658.44 + 0.04* 689.49 659.40 = 0.11
36.13 6.34 61.59 11.89 * +18.98 7.16
Width (um) 200.14 = 239.64 = 0.03** 211.02 = 198.76 =+ 0.12 209.29 228.24 + 0.09

35.26 5.52 52.44 14.42 +26.21 7.02



Egg index 3.47 £0.70 2.81 £0.30 0.01** 3.56=+1.09 3.66+143 0.86 3.34+0.40 2.93+0.37 0.03**

(nm)
Surface 703.20 + 698.24 + 0.30 678.35 + 674.56 + 0.98 685.14 681.28 + 0.10
area (pm2) 62.13 1.72 38.58 3.00 +20.55 1.86

338  All values are expressed in mean and + standard deviation (SD). **Significant difference at p < 0.05
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DISCUSSION

This study provides novel insights into the effects of radiofrequency (RF)
exposure on the structural and morphological properties of Aedes aegypti
and Aedes albopictus eggs, focusing on two RF frequencies, 900 MHz and
18 GHz. The findings align with the growing concern about the biological
impacts of RF exposure, especially in light of rapid urbanization and
increasing reliance on wireless technologies. Both species, as significant
vectors of dengue fever and other arboviral diseases, are known for their
adaptability to urban ecosystems, which makes understanding their
susceptibility to environmental factors, such as RF exposure, critical [32].

The results demonstrate significant species-specific responses to RF
exposure. The structural integrity of the eggs, particularly the outer
chorionic cells (OCC), was compromised at 900 MHz, as evidenced by the
disappearance and distortion of OCC cells. This level of RF exposure
resulted in visible surface damage, including cracks and debris,
particularly in Ae. aegypti eggs, which appeared more vulnerable
compared to Ae. albopictus. These findings corroborate earlier research
indicating that RF exposure can induce cellular damage and morphological
alterations in insects, suggesting potential implications for mosquito
reproduction and population dynamics [33-36]. The differences in
susceptibility between the two species may be attributed to physiological
variations, such as differences in eggshell structure and exochorionic
network (EN) configurations, which appeared more robust in Ae.
albopictus[37-39]. From an applied entomology standpoint, these findings

provide a conceptual framework for integrating RF exposure effects into
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mosquito management considerations, particularly in high-density urban
zones where both vector abundance and RF emission levels are elevated.
While direct RF-based control is not currently feasible, understanding the
species-specific vulnerabilities of eggs can help refine predictive
population models and inform risk mapping in urban epidemiology. Such
knowledge may be particularly relevant for anticipating how
environmental RF ‘background noise’ interacts with other ecological
factors, potentially shaping Aedes egg survival rates and influencing
vector-borne disease transmission patterns. This applied relevance
directly addresses the importance of the study beyond laboratory settings,
despite its current limitations in demonstrating direct field efficacy.

The effects of 18 GHz RF exposure were relatively mild compared to
900 MHz. In Ae. aegypti, minor inconsistencies in OCC organization and
surface texture were observed, while Ae. albopictus showed slight
disorganization of OCC components. In both species, the CT and TP
remained discernible but displayed subtle signs of degradation, and the
EN was less cohesive than in the control group. These findings suggest
that while 18 GHz RF exposure induces structural changes, its impact on
egg morphology is less significant than that of 900 MHz RF. These findings
suggest that while 18 GHz RF exposure induces structural changes. It is
important to note that EN structures in control eggs appeared less intact
than those reported in high-resolution SEM studies of Aedes aegypti
eggshells, possibly due to fixation artifacts inherent to our preparation
method, highlighting the need for methodological optimization [40-41].

This may be attributable to fixation-induced artifacts during sample
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preparation, which we acknowledge as a methodological limitation. Future
work should optimize fixation protocols to preserve ultrastructural
integrity. Its impact on egg morphology is less significant than that of 900
MHz RF.

Control group analysis revealed significant differences in egg
morphology between the two species. Ae. aegypti eggs were larger, with a
broader and more reticulated EN, compared to the smaller eggs of Ae.
albopictus, which exhibited a narrower and more solid EN. These
differences reflect species-specific adaptations to their respective
habitats. The larger size and reticulated EN in Ae. aegypti may enhance
nutrient and water retention, supporting embryonic development in urban
environments. Conversely, the solid EN in Ae. albopictus likely provides
additional protection against desiccation and environmental stress,
consistent with its ability to thrive in diverse habitats, including rural and
suburban areas [42-44].

The observed morphological and structural changes in mosquito
eggs exposed to RF can be explained by several mechanisms. At 900 MHz,
the longer wavelength facilitates deeper energy penetration, leading to
localized heating effects, as reported in prior studies. This thermal effect
may disrupt cellular structures, alter membrane properties, and increase
evaporation rates, resulting in reduced egg size and surface irregularities.
On the other hand, the effects of 18 GHz RF were primarily confined to the
surface layers, which could explain the milder changes observed in this
study. The findings also suggest that the physiological and genetic makeup

of the two species may influence their responses to RF exposure [45]. For
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instance, the thicker eggshells in Ae. aegypti may enhance nutrient
retention, while the compact EN in Ae. albopictus may confer greater
resistance to RF-induced damage. These variations align with previous
research on the role of eggshell structure in providing mechanical
protection and supporting embryonic development in mosquitoes and
other insects [46-48].

While our results indicate potential structural and morphometric
changes that may influence reproductive success, we emphasize that this
study did not directly measure hatching rates or egg viability. Therefore,
any inference about reproductive impact should be treated as preliminary
and interpreted with caution. Our observations are consistent with reports
from other insect taxa where RF exposure has been linked to altered egg
morphology and developmental abnormalities. Similar to findings in
honeybees and fruit flies, frequency-dependent structural impacts may
influence early-stage survival, though the magnitude of effect is species-
specific [48-54]. By extending this research to mosquito eggs, this study
highlights the potential for RF exposure to influence early developmental
stages, which could have downstream effects on mosquito populations and
disease transmission.

While this study provides valuable insights, several limitations
warrant further investigation. The study focused on two RF frequencies,
900 MHz and 18 GHz, and future research should explore a broader range
of frequencies to better understand the spectrum of RF impacts.
Additionally, the long-term effects of RF exposure on mosquito life cycles

and reproductive success remain unclear. Expanding this research to
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include other mosquito species and environmental conditions could
provide a more comprehensive understanding of the ecological

implications of RF exposure.

CONCLUSION

This study underscores the importance of examining the biological effects
of RF exposure on mosquito vectors in the context of global urbanization
and increasing wireless technology use. The findings highlight significant
species-specific and frequency-dependent impacts on the structural and
morphological properties of Ae. aegypti and Ae. albopictus eggs. By
bridging gaps in existing knowledge, this research provides a foundation
for future studies on the potential role of RF exposure in vector control

strategies and its broader implications for public health.

Funding

The author(s) received no specific funding for this work.

Availability of data and material
All data generated or analysed during this study are included in this

published article.

Acknowledgement
The authors wish to express their heartfelt gratitude to the organisations
that were instrumental in the completion of this project. A special note of

appreciation is extended to the Faculty of Health Sciences at Universiti



464

465

466

467

468

469

470

471

472

473

474

475

476

477

478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495

Teknologi MARA (UiTM) and Faculty of Medicine and Health Sciences,

Universiti Putra Malaysia (UPM) for their invaluable technical support and

guidance during this research project.

Competing interests

The authors affirm that they have no known financial or interpersonal

conflict that would have an impact on the research work presented in this

study.

Author Contributions Statement

N.M.H.N.A.H., N.C.D., N.H.A.R,, R.D., H.S., AT.A.R. wrote the main

manuscript text, tables and figures. All authors reviewed the manuscript.

REFERENCES

1.

Nasir S, Asrar M, Rasul A, Hussain SM, Aslam N, Ahmed F, et al.
Potential impact of global warming on population dynamics of dengue
mosquito, Aedes albopictus Skuse (Diptera; Culicidae). Pakistan
Journal of Agricultural Sciences. 2018;55(4).

Rozilawati H, Tanaselvi K, Nazni WA, Mohd Masri S, Zairi J, Adanan
CR, Lee HL. Surveillance of Aedes albopictus Skuse breeding
preference in selected dengue outbreak localities, peninsular
Malaysia. Tropical Biomedicine. 2015;32(1):49-64.

Tomé HV, Pascini TV, Dangelo RA, Guedes RN, Martins GF. Survival
and swimming behavior of insecticide-exposed larvae and pupae of
the yellow fever mosquito Aedes aegypti. Parasites & Vectors. 2014;
7:1-9.

Sukiato F, Wasserman R], Foo SC, Wilson RF, Cuthbert RN. The
effects of temperature and shading on mortality and development
rates of Aedes aegypti (Diptera: Culicidae). Journal of Vector Ecology.
2019;44(2):264-70.

Che Dom N, Faiz Madzlan M, Nadira Yusoff SN, Hassan Ahmad A,
Ismail R, Nazrina Camalxaman S. Profile distribution of juvenile Aedes



496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537

10.

11.

12.

13.

14.

15.

16.

17.

species in an urban area of Malaysia. Transactions of The Royal
Society of Tropical Medicine and Hygiene. 2016;110(4):237-45.

Chou LY, Wilson RF, Dykes GA, Clarke CM. Why are A edes
mosdquitoes rare colonisers of Nepenthes pitcher plants? Ecological
entomology. 2015;40(5):603-11.

Kettle DS. Medical and veterinary entomology. Croom Helm Ltd;
1984.

Bhatt CR, Thielens A, Billah B, Redmayne M, Abramson M]J, Sim MR,
et al. Assessment of personal exposure from radiofrequency-
electromagnetic fields in Australia and Belgium using on-body
calibrated exposimeters. Environmental Research. 2016; 151:547-63.
Pi Z, Khan F. An introduction to millimeter-wave mobile broadband
systems. IEEE communications magazine. 2011;49(6):101-7.
Cucurachi S, Tamis WL, Vijver MG, Peijnenburg W], Bolte JF, de Snoo
GR. A review of the ecological effects of radiofrequency
electromagnetic fields (RF-EMF). Environment International. 2013;
51:116-40.

Panagopoulos DJ, Karabarbounis A, Margaritis LH. Effect of GSM 900-
MHz mobile phone radiation on the reproductive capacity of
Drosophila melanogaster. Electromagnetic Biology and Medicine.
2004;23(1):29-43.

Vacha M, Puzova T, Kvicalovda M. Radio frequency magnetic fields
disrupt magnetoreception in American cockroach. Journal of
Experimental Biology. 2009;212(21):3473-7.

Levitt, B. B., Lai, H. C., & Manville, A. M. (2022). Effects of non-
ionizing electromagnetic fields on flora and fauna, Part 2 impacts:
how species interact with natural and man-made EMF. Reviews on
Environmental Health, 37(3), 327-406.

Cammaerts MC, De Doncker P, Patris X, Bellens F, Rachidi Z,
Cammaerts D. GSM 900 MHz radiation inhibits ants' association
between food sites and encountered cues. Electromagnetic Biology
and Medicine. 2012;31(2):151-65.

Dev SR, Birla SL, Raghavan GS, Subbiah J. Microbial decontamination
of food by microwave (MW) and radio frequency (RF). Microbial
Decontamination in The Food Industry. 2012; 274-299. Woodhead
Publishing.

Poh AH, Moghavvemi M, Shafiei MM, Leong CS, Lau YL, Mahamd
Adikan FR, et al. Effects of low-powered RF sweep between 0.01-20
GHz on female Aedes aegypti mosquitoes: A collective behaviour
analysis. PLoS One. 2017;12(6): e0178766.

De Borre E, Joseph W, Aminzadeh R, Miller P, Boone MN, Josipovic I,
et al. Radio-frequency exposure of the yellow fever mosquito (Ae.



538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

aegypti from 2 to 240 GHz. PLoS Computational Biology. 2021 Oct
28;17(10): €1009460.

Awang MF, Dom NC. The effect of temperature on the development
of immature stages of Aedes spp. against breeding containers.
International Journal of Global Warming. 2020;21(3):215-33.
Shahrudin NA, Dom NC, Ishak AR. Temperature stress effect on the
survival of Aedes albopictus (Skuse) (Diptera: Culicidae) adult
mosquito: an experimental study. Malaysian Journal of Medicine &
Health Sciences. 2019;15.

Faull KJ, Williams CR. Differentiation of Aedes aegypti and Aedes
notoscriptus (Diptera: Culicidae) eggs using scanning electron
microscopy. Arthropod Structure & Development. 2016;45(3):273-80.
Rueda LM. Pictorial keys for the identification of mosquitoes (Diptera:
Culicidae) associated with dengue virus transmission. Zootaxa.
2004;589(1):1-60.

Christopher S. Aedes Aegypti (L.), the Yellow Fever Mosquito. Its life
history, bionomics, and structure. Cambridge University Press, New
York, 1960;133(3463):1473-4.

Alphey L. Genetic control of mosquitoes. Annual Review of
Entomology. 2014; 59:205-24.

Win MM, Swe TT, Sett KM, Mya MM, Latt AZ, Soe K, et al. Structural
differentiation of Aedes aegypti and Aedes albopictus eggs using
Scanning Electron Microscope. Journal of Biological Engineering
Research and Review. 2018;5(1):09-12.

Suman DS, Shrivastava AR, Pant SC, Parashar BD. Differentiation of
Aedes aegypti and Aedes albopictus (Diptera: Culicidae) with egg
surface morphology and morphometrics using scanning electron
microscopy. Arthropod Structure & Development. 2011;40(5):479-83.
Junkum A, Jitpakdi A, Komalamisra N, Jariyapan N, Somboon P, Bates
PA, Choochote W. Comparative morphometry and morphology of
Anopheles aconitus eggs under scanning electron microscope. Revista
do Instituto de Medicina Tropical de Sao Paulo. 2004; 46:257-62.
Harbach RE, Knight KL. A mosquito taxonomic glossary. XV. The egg.
Mosquito Systematics (USA). 1978.

Othman AN, Suryani Zainudin NF, Zaidan UH, Shamsi S. A
Comparative Study on the Larvicidal Effects of Piper sarmentosum
(Kaduk) Leaves Extracts against Aedes aegypti. Pertanika Journal of
Science & Technology. 2021;29(4).

Aldridge RL, Kline J, Coburn JM, Britch SC, Boardman L, Hahn DA, et
al. Gamma-irradiation reduces survivorship, feeding behavior, and
oviposition of female Aedes aegypti. Journal of the American Mosquito
Control Association. 2020;36(3):152-60.



580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Mains JW, Mercer DR, Dobson SL. Digital image analysis to estimate
numbers of Aedes eggs oviposited in containers. Journal of the
American Mosquito Control Association. 2008;24(4):496.
Mundim-Pombo AP, Carvalho HJ, Rodrigues Ribeiro R, Leén M, Maria
DA, Miglino MA. Aedes aegypti: egg morphology and embryonic
development. Parasites & Vectors. 2021;14(1):1-2.

Inhan-Garip A, Aksu B, Akan Z, Akakin D, Ozaydin AN, San T. Effect
of extremely low frequency electromagnetic fields on growth rate and
morphology of bacteria. International Journal of Radiation Biology.
2011;87(12):1155-61.

Suman DS, Shrivastava AR, Parashar BD, Pant SC, Agrawal OP,
Prakash S. Scanning electron microscopic studies on egg surface
morphology and morphometrics of Culex tritaeniorhynchus and Culex
quinquefasciatus (Diptera: Culicidae). Parasitology Research. 2008;
104:173-6.

Seckin E, Basar FS, Atmaca S, Kaymaz FF, Suzer AY, Akar A, Sunan
E, Koyuncu M. The effect of radiofrequency radiation generated by a
Global System for Mobile Communications source on cochlear
development in a rat model. The Journal of Laryngology & Otology.
2014;128(5):400-5.

Panagopoulos DJ, Chavdoula ED, Nezis IP, Margaritis LH. Cell death
induced by GSM 900-MHz and DCS 1800-MHz mobile telephony
radiation. Mutation Research/Genetic Toxicology and Environmental
Mutagenesis. 2007;626(1-2):69-78.

Aitken R]J, Bennetts LE, Sawyer D, Wiklendt AM, King BV. Impact of
radio frequency electromagnetic radiation on DNA integrity in the
male germline. International Journal of Andrology. 2005;28(3):171-9.
Kumar A, Kaur S, Chandel S, Singh HP, Batish DR, Kohli RK.
Comparative cyto-and genotoxicity of 900 MHz and 1800 MHz
electromagnetic field radiations in root meristems of Allium cepa.
Ecotoxicology and Environmental Safety. 2020; 188:109786.

Hawley WA. The biology of Aedes albopictus. Journal of the American
Mosquito Control Association. Supplement. 1988; 1:1-39.

Huang TQ, Lee MS, Oh E, Zhang BT, Seo JS, Park WY. Molecular
responses of Jurkat T-cells to 1763 MHz radiofrequency radiation.
International Journal of Radiation Biology. 2008;84(9):734-41.

Isoe, J., Simington, C. J., Oscherwitz, M. E., Peterson, A. J., Rascén Jr,
A. A., Massani, B. B., ... & Riehle, M. A. (2023). Characterization of
essential eggshell proteins from Aedes aegypti mosquitoes. BMC
biology, 21(1), 214.

Isoe, Jun, Lauren E. Koch, Yurika E. Isoe, Alberto A. Rascon Jr, Heidi
E. Brown, Brooke B. Massani, and Roger L. Miesfeld. "Identification
and characterization of a mosquito-specific eggshell organizing factor



623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665

42.

43.

44.

45.

46.

47.

48.

49.

50.

o1.

in Aedes aegypti mosquitoes." PLoS biology17, no. 1 (2019):
e3000068.

Xia S, Cosme LV, Lutomiah J, Sang R, Ngangue MF, Rahola N, Ayala
D, Powell JR. Genetic structure of the mosquito Aedes aegyptiin local
forest and domestic habitats in Gabon and Kenya. Parasites &
Vectors. 2020;13(1):1-3. (61)

Serpa LL, Monteiro Marques GR, de Lima AP, Voltolini JC, Arduino
MD, Barbosa GL, Andrade VR, de Lima VL. Study of the distribution
and abundance of the eggs of Aedes aegypti and Aedes albopictus
according to the habitat and meteorological variables, municipality of
Sao Sebastiao, Sao Paulo State, Brazil. Parasites & Vectors.
2013;6(1):1-1.

Marinotti O, Ngo T, Kojin BB, Chou SP, Nguyen B, Juhn J, Carballar-
Lejaraza R, Marinotti PN, Jiang X, Walter MF, Tu Z. Integrated
proteomic and transcriptomic analysis of the Aedes aegypti eggshell.
BMC Developmental Biology. 2014; 14:1-1.

Champion SR, Vitek C]J. Aedes aegypti and Aedes albopictus habitat
preferences in South Texas, USA. Environmental Health Insights.
2014;8: EHI-S16004.

Vargova B, Majlath I, Kurimsky J, Cimbala R, Kosterec M, Tryjanowski
P, Jankowiak ., RasSi T, Majlathova V. Electromagnetic radiation and
behavioural response of ticks: an experimental test. Experimental and
Applied Acarology. 2018; 75:85-95.

Patenkovi¢ A, Savi¢ T, Kenig B, Kurbalija-Novici¢ Z, Andelkovi¢ M.
The impact of extremely low frequency electromagnetic field (50Hz,
0.25 mT) on fitness components and wing traits of Drosophila
subobscura. Genetika. 2015;47(3):967-82.

Mirabolghasemi G, Azarnia M. Developmental changes in Drosophila
melanogaster following exposure to alternating electromagnetic
fields. Bioelectromagnetics: Journal of the Bioelectromagnetics
Society, The Society for Physical Regulation in Biology and Medicine,
The European Bioelectromagnetics Association. 2002;23(6):416-20.
Sota T, Mogi M. Interspecific variation in desiccation survival time of
Aedes (Stegomyia) mosquito eggs is correlated with habitat and egg
size. Oecologia. 1992; 90:353-8.

Sawabe K, Mogi M. Differences in energy metabolism and adult
desiccation resistance among three Aedes (Stegomyia) species
(Diptera: Culicidae) from South Sulawesi, Indonesia. Journal of
Medical Entomology. 1999;36(1):101-7.

Panagopoulos DJ, Chavdoula ED, Margaritis LH. Bioeffects of mobile
telephony radiation in relation to its intensity or distance from the
antenna. International Journal of Radiation Biology. 2010;86(5):345-
57.



666
667
668
669
670
671
672
673
674
675

52.

53.

54.

Levengood WC. A new teratogenic agent applied to amphibian
embryos. Development. 1969;21(1):23-31.

Buttiglione M, Roca L, Montemurno E, Vitiello F, Capozzi VI, Cibelli
G. Radiofrequency radiation (900 MHz) induces Egr-1 gene
expression and affects cell-cycle control in human neuroblastoma
cells. Journal of Cellular Physiology. 2007;213(3):759-67.

Xia S, Cosme LV, Lutomiah J, Sang R, Ngangue MF, Rahola N, Ayala
D, Powell JR. Genetic structure of the mosquito Aedes aegyptiin local
forest and domestic habitats in Gabon and Kenya. Parasites &
Vectors. 2020;13(1):1-3.



