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Abstract

Airborne and aerosol transmission of multidrug-resistant (MDR) bacteria
pose a major challenge in healthcare environments. This study evaluated
the performance of an electron-beam irradiation (EBI) system for
inactivating airborne MDR bacteria under controlled laboratory conditions.
To perform this assessment, clinical isolates of MDR Pseudomonas
aeruginosa, Acinetobactersp., Klebsiella sp., and methicillin-resistant
Staphylococcus aureus (MRSA) were aerosolized to simulate realistic
airborne transmission and subsequently introduced into the EBI system.
Downstream bacterial aerosols were collected using liquid impingers and
quantified by culture-based enumeration. CFU data were logio-transformed

prior to analysis. The EBI system reduced airborne bacterial loads by 4.01



logio for P. aeruginosa, 3.64 logio for Acinetobactersp., 3.64 logio for
Klebsiella sp., and 5.37 logio for MRSA, corresponding to disinfection
efficiencies of 99.98-99.999%. Scanning electron microscopy (SEM) and
elemental mechanistic study revealed morphological damage, including
membrane rupture, surface collapse, and loss of structural integrity,
suggesting that electron impact and electroporation may be major

mechanisms of inactivation.

These results demonstrate that EBI is a rapid and effective method for
mitigating airborne MDR bacterial threats, with potential for deployment in

healthcare, laboratory, and other high-risk indoor environments.
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1. Introduction

Healthcare-associated infections (HAIs) remain a critical public health
issue, representing one of the most significant contributors to morbidity and
mortality in modern healthcare [1]. Airborne transmission of multidrug-
resistant (MDR) bacteria amplifies this challenge by undermining traditional
infection control measures within healthcare environments [2,3]. These

pathogens account for a significant proportion of nosocomial infections,



leading to prolonged hospital stays, elevated treatment costs, and increased
mortality rates, particularly among immune-compromised patients [4-6].
Common MDR pathogens such as Pseudomonas aeruginosa, Acinetobacter
species, Klebsiella species, and methicillin-resistant Staphylococcus aureus
(MRSA) can persist in hospital air and on environmental surfaces, spreading
via aerosolization and contact with inadequately disinfected areas [7-9]. In
enclosed healthcare settings with poor ventilation, these microorganisms
can form stable airborne reservoirs, substantially heightening the risk of
hospital-acquired infections and localized outbreaks [10,11]. Conventional
air purification technologies, such as High-Efficiency Particulate Air (HEPA)
filtration, capture airborne particles as smal! as 0.3 pm with 99.97%
efficiency; however, their effectiveness is limited to mechanical trapping
rather than microbial inactivation [12,13]. Pathogens retained on filter
surfaces can remain viable, creating a potential source for re-aerosolization
or cross-contamination during filter maintenance and replacement [14,15].
Moreover, HEPA systems require high installation and operational costs,
frequent maintenance, and exhibit reduced performance in humid
environments [16,17]. They also show limited efficiency against smaller
virus-containing particles and lack real-time pathogen neutralization
capability [18,19]. These drawbacks underscore the need for innovative air
disinfection technologies capable of both capturing and actively inactivating
microorganisms in situ [20,21]. To address these limitations, several

advanced air purification strategies have been explored, including



ultraviolet germicidal irradiation (UVGI), electrostatic precipitation,
photocatalytic oxidation, and non-thermal plasma systems [22-25]. Among
these emerging technologies, electrically driven systems such as non-
thermal plasma and electron-based disinfection methods offer distinct
advantages by producing physical and electrical effects capable of directly

disrupting microbial structures [26,27].

The EBI system evaluated in this study generates high-energy electrons that
can directly damage microbial cell envelopes through electron impact and
can also induce electroporation via intense localized electric fields, leading
to irreversible membrane destabilization and cell death [28]. The single-
pass air disinfection efficacy of the EBI systeni was tested using a controlled
aerosolization laboratory model, to quantify the single-pass inactivation
efficiency and logio reductions of aecrosolized MDR bacteria of multidrug-
resistant (MDR) bacteria, inciuding P. aeruginosa, Acinetobacter species,
Klebsiella species, and methicillin-resistant S. aureus (MRSA), isolated from
clinical samples obtained at Hazrat Rasoul Hospital, Tehran, Iran. The
findings from this study will inform the future application and use of
electron-beam irradiation as an air-disinfection technology for enhancing
indoor microbial air quality and strengthening infection-control strategies in
healthcare and other critical indoor environments, addressing the urgent
need for alternative and novel disinfection approaches to address the

escalating threat of antimicrobial resistance.

2. Materials and methods



2.1 Bacterial isolates and Antibiogram Profiles

Clinical isolates of Acinetobactersp., S. aureus, Klebsiella and P. aeruginosa
were obtained from Hazrat-e Rasoul Hospital in Tehran, Iran. These isolates
were selected based on their demonstrated resistance to multiple antibiotic
classes (Table 1). Antibiogram testing was performed using the Kirby-Bauer
disk diffusion method in accordance with CLSI M100 guidelines (2023). All
experiments and methods were performed in accordance with relevant
guidelines and regulations. The study protocols and the use of clinical
isolates were reviewed and approved by the Ethics Committee of Iran
University of Medical Sciences (Approval ID: IR.IUMS.REC.1403.958).
Informed consent was obtained from all subjects and/or their legal
guardian(s). All isolates were compiletely anonymized to protect patient

privacy.

Table 1: Antibiogram profiles of multidrug-resistant (MDR) clinical isolates used in the

study.
Microorganism Sensitive (S) Resistant (R)
Acinetobacter —
Ampicillin - Sulbactam (10/10
Sp.

ng ), Ciprofloxacin (5 ug),
Cefepime (30 ng), Ceftriaxone
(30 pg ), Amikacin (30 pg),
Gentamicin (10 pg) ,

Trimethoprim -




Sulfamethoxazole
(1.25/23.75ng), Piperacillin -
Tazobactam (100/10 ng),

Doxycycline (30 pg),

Staphylococcus

aureus (MRSA)

Linezolid (30 ng),
Doxycycline (30 ng),
Trimethoprim -
Sulfamethoxazole

(1.25/23.751g)

Ciprofloxacin (5 ng),
Clindamycin (2 ug),
Erythromycin (15 pg), Cefoxitin
(30ug), Penicillin G (10 U),

Vancomycin (30 ug),

Klebsiella sp.

Doxycycline (30 ng),
Gentainicin (10 pg), Amikacin
(30 ng), Ciprofloxacin (5 pg),
Imipenem (10 pg), Meropenem
(10 pg),

,Piperacillin -
Tazobactam(100/10 ug ),

Ampicillin-Sulbactam (10/10

ng),

Pseudomonas

aeruginosa

Gentamicin (10 ng),

Amikacin (30 ug)

Piperacillin - Tazobactam
(100/10 pg), Cefazolin (30 ng),
Cefepime (30 ug),
Ciprofloxacin (5 pg), Imipenem

(10 pg), Meropenem (10 ug),




2.2 Bacterial Culture Preparation and Inoculum Standardization

Acinetobactersp., S. aureus, Klebsiella sp., and P. aeruginosa cultures were
grown on nutrient agar at 37 °C for 24 h, then transferred to Mueller-
Hinton (MH) broth and incubated in a shaker incubator at 37 °C for 2 h to
obtain a viable, standardized inoculum. Bacterial concentrations were
adjusted to approximately 10°CFU/mL based on optical density at 600 nm
(ODgpo) using a spectrophotometer. The cultures were then centrifuged and
resuspended in 0.9% physiological saline (Merck, Germany). Cell density
was further standardized using McFarland standards, and serial dilutions
were prepared. To confirm the final cell concentration, serial dilutions were
spread-plated on nutrient agar and colony-forming units (CFU) were

enumerated.

2.3 Experimental Setup

The device used in this study is an air-cleaning system with multiple layers
of electron beam emitters within a stainless-steel reactor (Model MD250,
PlasmaShield Ltd, Australia). The device was incorporated into the
experimental setup shown in Figure 1. Microorganisms were aerosolized
using a 3-jet Collison nebulizer (CH Technologies, Westwood, NJ, USA) at
an inoculum suspension concentration of 10° CFU/mL in 0.9% (w/v)
physiological saline (Merck, Germany). The nebulizer was positioned at the
start of a detachable stainless-steel pipeline (25 cm diameter, 70 cm length)

before entering the device. Airflow within the duct was maintained at 1 m/s,



and nebulization was achieved using compressed air at a flow rate of 14

L/min. Aerosol generation was performed continuously for 30 minutes.

Microorganisms downstream of the EBI unit were collected 120 cm beyond
the reactor outlet using three glass impingers (Unilab, 500 mL, borosilicate
glass 3.3) positioned inside the stainless-steel pipe at 120° intervals. Each
impinger operated at 26.67 L/min simultaneously with the nebulizer for 30
minutes using 0.9% saline as the collection medium. The impinger located
at the center of the pipe consistently showed the highest collection
efficiency and was therefore selected for serial dilutions and CFU
enumeration in all experiments. The other two impingers were used to

verify aerosol uniformity across the duct cross-section.

Aerosol uniformity was confirmed through preliminary experiments, where
CFU counts from the three impingers showed good agreement (typically
within *+ 0.3-0.5 log:o variation across replicates). In the final triplicate
experiments, the coetficient of variation (CV) among the three impingers in
control runs was less than 25% for all tested microorganisms, confirming
acceptable uniformity of aerosol distribution. Only data from the central
(highest-yield) impinger were used for quantitative analysis to ensure
maximum recovery and consistency. Prior to the main triplicate
experiments, multiple preliminary runs were conducted under identical
conditions to optimize and verify the stability of the aerosol generation and
sampling setup. The system was allowed to equilibrate for several minutes

after starting nebulization before formal sampling began. All experiments



were performed under controlled laboratory conditions with an average
temperature of 28 = 0.8 °C measured continuously at the chamber inlet.
Collected samples were serially diluted in physiological saline, and 100 pL
of each dilution was spread-plated onto nutrient agar plates in triplicate,
and incubated at 37 °C for 24 h prior to CFU enumeration. Each testing
condition was conducted in triplicate. Conditions included the EBI turned
on and also a negative control where the device was replaced with an empty

casing. This was repeated for each microorganism concentration.

The experimental setup consisted of a closed-loop stainless-steel duct
system. All connections between the nebulizer, stainless-steel piping, EBI
reactor (or empty casing for control), and downstream sampling section
were sealed with silicone gaskets and clamps to minimize aerosol leakage.
The system operated under slight negative pressure generated by the
vacuum pumps connected to the impingers, with the majority of the airflow
being drawn through the three impingers. Any excess air was exhausted

through a HEPA-filtered outlet to prevent environmental contamination.

To account for potential physical losses (e.g., wall deposition or transport
inefficiencies), negative control experiments (EBI device replaced with an
empty casing of identical dimensions) were performed under identical
conditions for each microorganism. The logio reductions reported in this
study represent the difference between the empty-casing control and the
active EBI condition, thereby isolating the inactivation effect of the

electron-beam irradiation from non-biological aerosol losses.
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Figure 1. Schematic of experimental setup.

2.4. Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics (version 27).
Because microbial count data typically follow a log-normal distribution, raw
CFU counts were logio-transformed prior to calculation of means and
standard deviations tc achieve normality and homogeneity of variance. All

results are therefore reported as mean logio (CFU) + SD.

For each microorganism, differences between control (device off) and EBI-
treated (device on) groups were compared using independent samples t-
tests. Statistical significance was set at p < 0.05. Logio reductions were
calculated as the arithmetic difference between the mean logio (CFU) values
of the control and EBI-treated samples. Disinfection efficacy (%) was

calculated from the back-transformed CFU values corresponding to the



reported logio means. Samples with no detectable colony growth were

assigned a value of 1 CFU prior to logio transformation.
.2.5. Scanning Electron Microscopy (SEM)

SEM analysis was performed to visualize the morphological alterations of
multi-drug resistant (MDR) bacteria following exposure to electron beam
irradiation. The experiments for both control and EBI-treated samples were
conducted using the full experimental setup (nebulization, duct transport, and

impinger collection). For controls, the EBI device was replaced with an empty

casing while all other conditions remained identical.

Microorganisms captured in the liquid impinger were carefully deposited
onto pre-cleaned glass slides and immediately fixed in a 2.5%
glutaraldehyde solution prepared in physiological saline at 25 °C for 24
hours to preserve cellular structures. After fixation, the glutaraldehyde
solution was discarded, and the samples were sequentially dehydrated in
graded ethanol solutions (70%, 90%, and 100%), each for 15 minutes, to
ensure complete removal of water. The dehydrated slides were
subsequently mounted on aluminum SEM stubs using conductive carbon
adhesive tape and sputter-coated with a 5 nm gold layer using an NSC
DSR1 sputter coater to enhance surface conductivity and imaging quality.
Imaging was performed using a Mira 3 (Tescan, Czech Republic) scanning
electron microscope operated at an accelerating voltage of 15 kV under
high vacuum conditions. Elemental characterization of the same samples

was carried out by energy dispersive X-ray spectroscopy (EDS) using Aztec



software (Oxford Instruments, UK) to evaluate surface elemental
composition and detect chemical alterations associated with bacterial

planktonic structures after EBI treatment.
3. Results

The single-pass disinfection performance of the EBI system against
aerosolized multidrug-resistant (MDR) bacteria is summarized in Table 2
and visualized in Figure 2. The EBI system achieved mean logio reductions
of 4.01 for P. aeruginosa, 3.64 for Acinetobacter sp., 3.64 for Klebsiella sp.,
and 5.37 for S. aureus (MRSA), corresponding to disinfection efficiencies of

99.98-99.999%. The highest inactivation was observed for MRSA.

Table 2: Quantitative single-pass disinfection performance of the electron-beam irradiation
(EBI) system against aerosolized multidrug-resistant (MDR) bacteria. Results are reported
as mean logio (CFU) = SD for control (device off) and EBI-treated (device on) conditions
obtained from triplicate experiments (n = 3 per condition). Logio reductions were
calculated as the difference between mean control and treated logio (CFU) values.
Disinfection efficacy (%) was calculated from CFU values derived from logie-transformed
data. Samples with no detectable colony growth were assigned a value of 1 CFU prior to
logio transformation.

MDR pathogen | Control EBI p Disinfection Mean
tested log10o(CFU) | log1o(CFU) | value | efficacy (%) Logio
+ SD + SD reduction
Pseudomonas 4.65 = 0.64 + <0.001 99.99 4.01
aeruginosa 0.43 1.11
Acinetobacter 5.64 + 2.01 + 0.06 99.98 3.64
0.08 1.75




Klebsiella 5.39 = 1.75 = 0.054 99.98 3.64
0.14 1.55
Staphylococcus| 6.22 * 0.84 = 0.02 99.999 5.37
aureus (MRSA) 0.28 1.46
. Error bars represent SD (n=3)
)
#9
=
2 4 1
Q
5
YER
22 |
-t
=
0 p
Pseudomonas Acinetohacter sp. Klebsiella sp. Staphylococcus aureus
aeruginosa (MRSA)

Figure 2. Single-pass logio reduction of aerosolized multidrug-resistant bacteria achieved

by the EBI system. Bers represent the mean + SD (n = 3). MRSA exhibited the highest

inactivation efficiency compared to the other tested species. Detailed p-values for control

versus EBI comparisons are presented in Table 2.

To complement these quantitative findings, scanning electron microscopy

(SEM) and energy-dispersive X-ray spectroscopy (EDS) were performed to

examine electron beam induced morphological and compositional

alterations in representative bacterial species, as described in the following

sections.




Figure 3 presents scanning electron micrographs (SEM) of untreated
(control) and EBI-treated multidrug-resistant (MDR) bacterial species,
including P. aeruginosa (A-B), S. aureus (MRSA). (C-D), Klebsiella sp. (E-F),
and Acinetobacter sp. (G-H). The control panels (A, C, E, G) show the
characteristic morphology of viable cells after undergoing the complete
aerosolization and impinger collection process (device off). P. aeruginosa and
Klebsiella sp. display smooth rod-shaped structures with intact outer
membranes; S. aureus appears as spherical cocci with well-defined,
continuous surfaces; and Acinetobacter sp. exhibits compact, oval-shaped
cells with uniform texture, features typical of healthy, actively growing
bacteria. In contrast, the EBI-treated panels (B, D, F, H) reveal extensive
structural collapse and severe morphological distortion across all species.
The treated P. aeruginosa and FKlebsiella sp. cells exhibit extensive surface
rupture and elongation collapse, indicating envelope disintegration and
cytoplasmic leakage. S. aureus cells lose their spherical integrity and
transform into fragmented, porous remnants, while Acinetobacter sp.
appears as completely disintegrated aggregates with loss of cellular
definition. These profound deformations confirm that electron beam
exposure leads to irreversible physical damage of bacterial envelopes [29-

31].

The observed destruction pattern is consistent with electron induced
damage, a primary mechanism in the EBI’s technology. The electrons

generated by the electron-beam emitters collide directly with microbial cell



walls, causing localized bond scission, surface sputtering, and nano-scale
ablation of membrane biomolecules. This exposure disrupts lipid bilayers,
peptidoglycan structures, and protein matrices, resulting in envelope
perforation, membrane collapse, and eventual cellular implosion. The
electron impact is further intensified by transient electroporation which
accelerates structural breakdown. Together, the SEM evidence in Figure 2
demonstrates that the EBI system exerts a direct electron-mediated
physical destruction effect on both Gram-positive and Gram-negative MDR
bacteria. This supports the quantitative results presented in Table 2 and
confirms that the predominant inactivation mechanismni is physical ablation

through electron impact rather than other mechanisms [32-35].
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Figure 3. Scanning electron microscope images of baseline/negative control (A)
Pseudomonas aeruginosa (C) Staphylococcus aureus (E) Klebsiella sp and (G)
Acinetobacter sp. and EBI destroyed microorganisms (B) P. aeruginosa (D) S. aureus (F)
Klebsiella sp. and (H) Acinetobacter sp.

Following the extensive evidence of electron impact-driven physical

ablation presented in Figure 3, further analysis was conducted to explore



additional EBI-induced damage pathways contributing to microbial
inactivation. While collision with high-speed electrons primarily causes
surface erosion and molecular ablation, the intense electric fields generated
within the EBI’s discharge zone are also capable of inducing
electroporation, a complementary mechanism that destabilizes bacterial
membranes at the nanostructural level [36]. To visualize this process, the
morphological effects of electron beam exposure on P. aeruginosa and S.

aureus (MRSA) were examined by SEM, as shown in Figure 4.

Figure 4 presents scanning electron micrographs (SEMs) depicting the
morphological alterations of P. aeruginosa (A-B) and S. aureus (MRSA) (C-
D) following exposure to high-speed electrons. The control panels (A, C)
show typical intact morphology: P. aeruginosa cells exhibit smooth, rod-
shaped surfaces with clearly defined envelopes, while MRSA appears as
regular spherical cocci with continuous cell walls and well-preserved
contours. In contrast, the treated cells (B, D) display distinct
electroporation-induced structural damage. P. aeruginosa demonstrates
localized membrane perforations, shallow depressions, and early signs of
cell wall rupture, suggesting the formation of pores caused by the intense
electric field generated within the electron discharge zone. Similarly, MRSA
cells reveal partial collapse and the appearance of nanoscale pits and
ruptures on the surface morphological evidence of electrical membrane

destabilization and pore coalescence [37-39].



These deformations are characteristic of irreversible electroporation, a key
antimicrobial mechanism of the EBI system. The device generates an
intense electric field that induces transmembrane potential differences
exceeding the dielectric threshold of bacterial membranes (typically > 1 V),
resulting in the formation of transient nanopores. Under sustained
exposure, these pores expand irreversibly, causing leakage of intracellular
components, disruption of osmotic balance, and eventual cell death. The
electroporation effect is further amplified by simultaneous high-energy
electron collisions within the device reactor, which together accelerate the
breakdown of the phospholipid bilayer and peptidogiycan structures

[31,34,40,41].

Collectively, the SEM findings in Figure 4 confirm that electroporation-
driven membrane perforation is a primary mechanism of inactivation in both
Gram-negative (Pseudomonas) and Gram-positive (S. aureus) bacteria. This
supports the earlier electron-impact mechanism and highlights the dual-
action behavior of the EBI technology, where electrical and physical
destructive processes work together to produce rapid, irreversible microbial

inactivation.
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Figure 4. SEM images of P. aeruginosa (A-B) and S aureus (MRSA) (C-D) before and after
EBI exposure. Electron beam-treated cells show nano-scale perforations and deformation
caused by electroporation and membrane destabilization.

To further support the morphologica! observations and demonstrate that
the observed damage is widespread, scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDS) were conducted on
multidrug-resistant (MDR) Acinetobacter sp. cells exposed to EBI (Figure
5). Low-magnification images confirmed that severe structural damage was

not limited to individual cells but occurred across bacterial populations.

In Figure 5A, the untreated control cells exhibit a smooth, intact
morphology with an elemental composition of 60.57 wt% C, 13.39 wt% O,
9.52 wt% Si, 0.59 wt% Mg, and 0.41 wt% Al, indicative of a carbon-rich,

protein-lipid envelope with negligible substrate exposure [42].



After electron beam exposure, Figure 5B shows localized membrane
deformation and the formation of a central crater. Corresponding EDS
spectra display 53.27 wt% C (—=7.30 wt%), 22.60 wt% O (+9.21 wt%), 11.62
wt% Si (+2.10 wt%), 0.81 wt% Mg, and 0.46 wt% Al, suggesting partial
oxidation, focal organic loss, and incipient exposure of the underlying glass

slide substrate.

In contrast, Figure 5C reveals severe surface erosion and fragmentation.
EDS analysis shows 23.06 wt% C (—37.51 wt% vs. control), 34.49 wt% O
(+21.10 wt%), 21.81 wt% Si (+12.29 wt%), 1.58 wt% Mg, and 0.78 wt% Al,
signifying extensive ablation of organic componernts and greater exposure of
the inorganic glass substrate. Low-magnification images (Figure 5D-E)
further confirmed that the damage was widespread. EDS spectra acquired
from these fields also showed consistent trends of substantial carbon

depletion and increases in oxygen and silicon signals.

As bacterial cells were deposited directly onto glass slides (with no
mediating layer such as carbon tape between the bacteria and the glass
substrate), progressive destruction of the cells resulted in increased
exposure of the silicon-rich glass substrate to the electron beam. These
features are consistent with a dual-mechanism pathway involving
electroporation-driven membrane disruption and electron impact-induced
ablation [38, 43-46]. However, due to potential substrate contributions and
sample heterogeneity, the EDS data are interpreted as qualitative

supportive trends rather than definitive quantitative measurements.



Element Wit% Element Wit% Element Wit%
C 60.57 C 53.27 C 23.06

0 13.39 (0] 22.60 0O 34.49

Si 9.52 Si 11.62 Si 21.81
Mg 0.59 Mg 0.81 Mg 1.58
Al 0.41 Al 0.46 | Al 0.78

Element Wt% Element Wt%

C 67.51 C 18.79

O 12.89 O 36.76

Si 7.81 Si 25.85
Mg 0.47 Mg 2.16
Al 0.26 Al 1.05




Figure 5. Scanning electron micrographs and EDS analysis of MDR Acinetobacter sp. (A-C)
High-magnification images showing progressive cellular damage after EBI exposure. (A)
Untreated control showing typical intact rod-shaped morphology. (B) Moderate damage
with crater formation. (C) Severe surface erosion and fragmentation. (D-E) Low-
magnification images demonstrating that the damage is widespread across the bacterial
population. (D) Untreated control. (E) EBI-treated sample showing extensive structural
destruction. Yellow boxes indicate representative areas selected for EDS analysis. EDS
spectra acquired from multiple regions showed consistent trends of carbon depletion and
increased silicon and oxygen signals in treated samples.

Although this study primarily relied on culture-based enumeration to
quantify viable bacteria, all logio reductions were calculated relative to
matched negative controls (empty casing) conducted under identical
conditions of nebulization, duct transport, and impinger collection. This
approach effectively accounts for potential physical aerosol losses and
transport inefficiencies. Furthermore, extensive SEM imaging, including
low-magnification views (Figures 3 and 5), provides compelling visual
evidence of widespread physical destruction of bacterial cells, including
membrane rupture, cytoplasmic leakage, and structural collapse. These
morphological observations strongly support that the observed reductions
in CFU counts reflect genuine microbial inactivation rather than incomplete

aerosol recovery.

4. Discussion

The EBI air-cleaning system demonstrated high efficacy in inactivating
aerosolized multidrug-resistant (MDR) bacteria, including Staphylococcus
aureus (MRSA), Pseudomonas aeruginosa, Klebsiella sp., and Acinetobacter
sp., under controlled laboratory conditions. The system achieved robust
single-pass disinfection performance, with mean logio reductions ranging

from 3.64 to 5.37, corresponding to disinfection efficiencies of 99.98-



99.999% (summarized in Table 2 and visualized in Figure 2). The highest
inactivation was observed for MRSA and P. aeruginosa, with mean logio
reductions of 5.37 and 4.01, respectively, while Klebsiella sp. and

Acinetobacter sp. exhibited mean logio reductions of 3.64.

Independent samples t-tests showed statistically significant reductions for
P. aeruginosa (p < 0.001) and MRSA (p = 0.02). The reductions observed
for Acinetobacter sp. (p = 0.06) and Klebsiella sp. (p = 0.054) approached
but did not reach the conventional significance threshold. Nevertheless,
when combined with the consistent morphological damage observed by
SEM across all species, these results support a broad susceptibility of MDR
bacteria to EBI. SEM and EDS analyses revealed morphological and
compositional changes consistent with significant cellular damage following
EBI exposure. These observations support the hypothesis that electron
impact and electroporaiion may contribute to bacterial inactivation.
Specifically, the images showed severe structural deformation, membrane
rupture, and loss of cellular integrity, while EDS indicated trends of carbon

depletion and oxygen enrichment.

These findings are further illustrated by the schematic in Figure 6, which
presents a proposed dual-action antimicrobial mechanism of the EBI
system: high-energy electron impact may cause ablation of the bacterial
envelope, whereas intense electric fields may induce electroporation,

creating nanoscale membrane pores. In combination, these processes



appear to accelerate cytoplasmic leakage, structural collapse, and eventual
cell death. When considered alongside the quantitative reductions observed
in aerosolized MDR bacteria, the morphological and elemental findings are
more consistent with EBI-driven inactivation arising primarily from physical
and electrical disruption than from chemical oxidation. However, the
present data do not allow firm conclusions regarding the exact contribution

of each mechanism, and further studies are needed to confirm these

A B C

Electroporation

Electron

Bombardment l

Dual-Action Mechanism

Particle Ablatior Membrane Rupture
hypotheses.

Figure 6: Proposed dual-action mechanism of airborne multidrug-resistant (MDR) bacterial
inactivation via Electron-Beam Irradiation (EBI). (A) Direct physical electron bombardment
leading to localized outer membrane ablation and structural fragmentation. (B)
Electroporation-induced stress resulting in localized membrane rupture, structural
collapse, and intracellular leakage. (C) The synergistic dual-action pathway combining

mechanical disruption and electrostatic field-induced envelope compromise, leading to

total cellular inactivation.

This study has certain limitations that should be acknowledged. The

bacterial reduction levels observed may have been negatively influenced by



the high humidity produced by the nebulizer during aerosolization. Elevated
moisture can temporarily reduce electrostatic activity and charge-transfer
interactions within the electron discharge field, which may have decreased
the disinfection efficacy. This humidity effect reflects the experimental
setup and is not necessarily representative of typical indoor environments,

where lower relative humidity is more common [42, 43].

Additionally, bacterial aerosols were generated from suspensions in 0.9%
(w/v) physiological saline. While this is a standard laboratory practice for
maintaining cell viability, it may not fully represent the complex chemical
composition of natural respiratory droplets or other clinical matrices (such
as saliva or sink-derived aerosols) in which these pathogens are transmitted
in healthcare settings. The composition of the suspending medium can
influence aerosol droplet evaporation, particle size distribution, and

bacterial inactivation kinetics.

Furthermore, a 3-jet Collison nebulizer was used to generate the bacterial
aerosols. Although widely employed in bioaerosol research, Collison
nebulizers can impose mechanical shear stress that may damage bacterial
cell membranes prior to EBI exposure. This pre-treatment effect could have
contributed, at least partially, to the morphological changes observed in the

SEM images and to the overall inactivation efficiency.

In addition, the maximum logio reduction achieved may have been limited

by the inoculum concentration tested. Future studies should investigate the



performance of the EBI system using more clinically relevant suspending
fluids (e.g., artificial saliva), gentler aerosol generation methods, and higher

microbial challenge concentrations under stricter containment conditions.

5. Conclusions

In summary, the electron-beam irradiation (EBI) system represents a
promising technology for mitigating airborne infections and indoor air
decontamination. Its chemical-free operation enables continuous
inactivation of airborne microorganisms and offers a practical strategy for
reducing exposure to multidrug-resistant bacterial acrosols. Therefore, in
healthcare, laboratory, and other high-risk environments, EBI-based air
treatment has the potential to contribute meaningfully to the prevention of
hospital-acquired infections, especialiy among vulnerable patient
populations. Quantitative microbial reductions, combined with consistent
qualitative trends of surface-level morphological disruption, indicate that
the system initiates rapid, physical and electrical cellular stress. Future
research should investigate the molecular and genetic consequences of EBI
exposure. Studies on bacterial gene expression will clarify how electron-
beam irradiation influences biofilm formation, antibiotic resistance
behavior, susceptibility to other disinfection methods, and overall
pathogenicity. In parallel, analyses of intracellular components, including
DNA integrity and chromosomal organization, are needed to determine how

electron beam-induced damage mechanisms affect genetic material and



internal structures. These investigations will extend evaluation from outer
envelope alterations to fundamental cellular and molecular pathways,
providing deeper insight into the biological impact of EBI treatment. In
addition, further evaluation under a wider range of environmental
conditions, together with expanded testing against viral and fungal
aerosols, will help define the broad antimicrobial spectrum of EBI and

enhance its suitability for real-world infection-control applications.
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