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Abstract
Background: Environmental contamination with multidrug-resistant organisms (MDROs), 
including carbapenem-resistant Acinetobacter baumannii (CRAB) and multidrug-resistant 
Pseudomonas aeruginosa (MRPA), remains a major challenge in healthcare facilities. 
Hypochlorous acid water (HOCl) has emerged as a promising disinfectant owing to its 
strong antimicrobial activity and favorable safety profile. This study aimed to evaluate the 
bactericidal efficacy of atomized HOCl against CRAB and MRPA in a hospital room.
Methods: An atomization experiment was conducted in a two-bed room. CRAB and 
MRPA were prepared using drying and non-drying methods, respectively. HOCl (CLFine) 
at concentration of 40 and 300 ppm was atomized using ultrasonic humidifiers. Bacterial 
samples were collected at 0, 1, 3, and 5 h after atomization. Viable bacterial counts were 
determined by culture, and bactericidal efficacy was evaluated.
Results: Atomized HOCl exhibited time- and concentration-dependent bactericidal effects 
against CRAB and MRPA. CRAB and MRPA reached their limits of detection at 3 and 5 h post-
atomization at 40 ppm, and at 1 and 3 h at 300 ppm, respectively.
Conclusion: Atomized HOCl effectively inactivated CRAB and MRPA in a hospital room within 
3–5 h. These findings support the potential application of HOCl atomization as an adjunctive 
environmental disinfection strategy for controlling MDRO contamination in healthcare 
facilities. 
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Introduction

Background
The global increase in multidrug-resistant organisms (MDROs) poses a serious threat to patient safety and 

healthcare systems worldwide. Among these pathogens, carbapenem-resistant Acinetobacter baumannii 

(CRAB) and multidrug-resistant Pseudomonas aeruginosa (MRPA) are recognized as particularly 

problematic causes of healthcare-associated infections, especially in intensive care units (ICUs) and critically 
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ill or long-term hospitalized patients [1–4]. These organisms are frequently linked to ventilator-associated 

pneumonia, bloodstream infections, surgical site infections, and device-related infections and, therefore, to 

limited therapeutic options and increased mortality.

A. baumannii is of special concern because of its remarkable ability to survive for prolonged periods on 

dry surfaces, medical equipment, and hospital furnishings. Numerous investigations have demonstrated 

that hospital environments such as bed rails, ventilators, floors, and sinks act as persistent reservoirs for 

CRAB, contributing to sustained transmission and outbreak propagation despite routine cleaning [3–7]. 

Environmental persistence also plays a critical role in the transmission of P. aeruginosa, which is a highly 

adaptable opportunistic pathogen with intrinsic resistance to multiple antimicrobial classes and a strong 

capacity to acquire additional antimicrobial resistance. MRPA has increasingly been reported in healthcare-

associated infections, and environmental reservoirs, including water systems, sinks, and moist surfaces, play 

a crucial role in its persistence within healthcare facilities [1,2,8]. Therefore, environmental contaminants are 

key targets in infection prevention and control strategies.

Conventional disinfection practices largely rely on manual surface cleaning using liquid disinfectants, 

which may fail to achieve uniform decontamination in complex hospital environments. The effectiveness 

of these approaches is highly dependent on the operator’s technique, workload, and compliance, potentially 

leaving uncleaned areas that permit microbial survival [8].

Hypochlorous acid water (HOCl), a chlorine-based disinfectant generated by electrolysis, has attracted 

considerable interest because of its broad-spectrum antimicrobial activity, rapid bactericidal action, and 

relatively favorable safety profile compared with that of traditional chlorine disinfectants [9–11].

HOCl is a potent oxidizing agent that denatures and aggregates proteins and disrupts cellular membranes 

by interacting with unsaturated lipid layers [9,10]. In addition, HOCl is endogenously produced by 

myeloperoxidase in the human immune system and exhibits broad-spectrum antibacterial and antiviral 

activity [11,12]. HOCl is effective at low concentrations and causes less irritation and material corrosion 

than sodium hypochlorite (NaOCl), making it suitable for repeated use in healthcare environments [9,11,12]. 

HOCl has been used in surface disinfection, wound care, food sanitation, and water treatment, with 

documented efficacy against a wide range of pathogens, and has been approved by the U.S. Food and Drug 

Administration for these purposes [12].

Recently, the application of HOCl as an aerosol or mist has been proposed as a method for whole-room 

environmental disinfection, and inhalation of HOCl has been suggested as a therapeutic option for viral 

infections, such as those due to SARS-CoV-2 [13–15]. Experimental studies using controlled chambers 

have demonstrated that atomized or dry-mist HOCl can reduce bacterial bioaerosols, including those of P. 

aeruginosa, in a concentration- and time-dependent manner [10,14,16]. In a study using aerosol chambers (40 

× 40 × 100 cm), there was a significant decrease in the survival rate of P. aeruginosa after 30 min of exposure 

to HOCl compared to that after 3 min of exposure in an atmospheric simulation chamber system [16]. Dry-

mist HOCl effectively reduced bacterial and viral populations at 300–500 ppm as well as Bacillus subtilis 

spore and Aspergillus brasiliensis concentrations at 2000 ppm without damaging medical equipment [10].

However, evidence regarding the effectiveness of HOCl atomization in real hospital rooms against 

clinically important MDROs, such as CRAB and MRPA, remains limited.
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Objectives
Therefore, the present study aimed to evaluate the bactericidal efficacy of atomized HOCl against CRAB 

and MRPA in a hospital room. In addition, we compared the effects of atomization with those of direct 

spraying to assess the potential role of HOCl atomization as an adjunctive environmental disinfection strategy 

for infection control in healthcare facilities.

Methods

Bacterial preparation
CRAB and MRPA were isolated from a transtracheal aspirate sample of a patient (an 88-year-old male) 

who was admitted to the ICU due to pneumonia and sepsis. Bacterial identification was performed using 

matrix-assisted laser desorption ionization-time of flight mass spectrometry (bioMérieux), and antimicrobial 

susceptibility was tested using a VITEK 2 system (bioMérieux) with an AST-N414 gram-negative 

susceptibility card. A. baumannii showed resistance to all tested antimicrobials except minocycline, whereas 

P. aeruginosa demonstrated resistance to all antimicrobials except aztreonam. Bacteria were subcultured 

twice on MacConkey agar (Asan Pharmaceutical) before the experiment. CRAB and MRPA colonies were 

suspended in 5 and 20 mL of normal saline solution, respectively, to adjust their turbidity to a McFarland 

turbidity standard of 10. The isolates were prepared using drying and non-drying methods for CRAB and 

MRPA, respectively. For the drying method, five drops (2 μL each) of the CRAB suspension were placed 

along a center line drawn on the back of a Petri dish (diameter: 10 cm). The dishes were left in a biological 

safety cabinet for 2 h to allow complete drying under controlled humidity (~50%). For the non-drying 

method, 8 mL of the MRPA suspension was poured directly into a Petri dish [17].

Atomization of HOCl
This experimental study was conducted in a two-bed hospital room with a volume of 49 m³ at Gyeongsang 

National University Changwon Hospital, Changwon, Republic of Korea. All experiments were performed 

with both the air-conditioning and ventilation systems turned off.

The prepared Petri dishes were placed on a bed in the hospital room and the cover was opened 

before atomization. HOCl (CLFine, Nipro) at concentrations of 40 and 300 ppm and purified 

water were atomized using ultrasonic humidifiers. Purified water was used as the negative control. 

Eight ultrasonic atomizers (Seiko Giken, GLeer-100) were used to produce the aerosolized HOCl. A thermo-

hygrometer (Sato Keiryoki MFG, SK-L754) data logger was used to monitor the room temperature and 

humidity. A circulator (Iris Oyama, PCF-HM23) was used to evenly spread the aerosolized HOCl in the room 

(Fig. 1). All experiments were performed in triplicate. The relative humidity was maintained, approximately, 

at levels 20% higher than atmospheric humidity. As the atmospheric humidity was approximately 70%, 

the relative humidity was maintained at approximately 90% throughout the experiment. Increased relative 

humidity was maintained to ensure stable aerosol dispersion rather than to directly affect bacterial viability. 

Direct spraying of HOCl solutions (40 and 300 ppm) was performed in the positive controls. Briefly, HOCl 
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was sprayed twice onto the Petri dishes prepared with bacterial suspensions, with a contact time of 5 min. 

Bacteria were then recovered and cultured as described below. The U.S. Environmental Protection Agency 

(EPA) requires disinfectant products to be registered with specified contact times on their labels, which must 

be maintained for effective pathogen inactivation. Contact times for EPA-registered spray disinfectants 

commonly range from less than one minute to up to ten minutes depending on the formulation and target 

organisms, and a five-minute contact time falls within this standard range of label-approved contact times for 

surface disinfectants [18].

Fig. 1. Schematic representation (left) and real photography (right) of the hospital two-bed room at which 
the experiment was conducted. Eight humidifiers, two thermo-hygrometers, and one circulator were 
used for the experiment. The bactericidal effect of atomized HOCl against two bacteria, carbapenem-
resistant Acinetobacter baumannii (CRAB) and multidrug resistant Pseudomonas aeruginosa (MRPA), 
was evaluated. HOCl, hypochlorous acid water. 

Analysis of the bactericidal effect of atomized HOCl
Bacterial samples were collected before atomization and 1, 3, and 5 h after atomization [17]. After adding 

2 mL of 0.03% sodium thiosulfate solution (neutralizer) to the CRAB-adhered Petri dishes, the bacteria were 

scraped off, and 1 mL of this bacteria/neutralizer suspension was placed in a microtube. Regarding MRPA, 

1 mL of the bacterial solution in each Petri dish was placed in a microtube. These bacterial solutions were 

serially diluted 10-fold up to seven times with normal saline. Bacterial dilution (100, 10-1, 10-2, 10-3, 10-4, 10-5, 

10-6, and 10-7) samples (100 μL each) were cultured on Soybean Casein Digest agar (Kanto Chemical), and 

viable colony forming units (CFUs) were determined after incubation for 24 h at 37ºC. For CRAB, the viable 

bacterial count (CFU) was calculated as follows: measured colony count × dilution factor × 20. For MRPA, 

the viable bacterial count was calculated as colony count × dilution factor × 80. Bactericidal efficacy was 

expressed as the logarithmic reduction values (LRVs) or disinfection ratio, which was calculated using the 

following formula:

Lt = log10 (Mi/Mt)

where:

Lt: Logarithmic reduction value at time point t

Mi: Viable bacterial count before the atomization

Mt: Viable bacterial count after atomization at time point
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Results
Atomized HOCl exhibited time- and concentration-dependent bactericidal effects against CRAB and 

MRPA. At both 40 and 300 ppm, bacterial concentrations progressively decreased over time. Notably, 

CRAB was eradicated faster than MRPA. Specifically, the times to reach the limit of detection (LOD) —

defined as the concentration level at which bacteria are undetectable, that is, 0 CFU is formed— of CRAB 

and MRPA were 3 and 5 h, respectively, in the presence of HOCl at 40 ppm (Fig. 2). At 300 ppm, CRAB 

and MRPA were eradicated after 1 and 3 h, respectively. No bacterial inhibition was observed in purified 

water.

Direct spraying resulted in immediate and pronounced bactericidal effects against both organisms, with 

higher LRVs observed at earlier time points than with atomization. Both organisms effectively reached their 

LOD when treated with HOCl at 300 ppm, but variable bactericidal effects were observed when HOCl at 40 

ppm was used for treatment (Fig. 3). CRAB was reduced by 2 log when treated with HOCl at 40 ppm and 

by 5 log in the presence of HOCl 300 ppm, whereas MRPA showed 5–6 log reductions when sprayed with 

HOCl at 40 and 300 ppm.

Fig. 2. Logarithmic reduction values of (a) carbapenem-resistant Acinetobacter baumannii (CRAB) and 
(b) multidrug resistant Pseudomonas aeruginosa (MRPA) after 0, 1, 3, and 5 h of exposure to 40 ppm 
and 300 ppm of aerosolized HOCl (n = 3, mean ± SD). Purified water was used as negative control. 
HOCl, hypochlorous acid water; LOD, limit of detection.

(a)

(b)
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Discussion

Key results
In this study, we demonstrated that atomized HOCl exerted a time-dependent bactericidal effect against 

CRAB and MRPA in a hospital room with neither air-conditioning nor ventilation. Both tested HOCl 

concentrations (40 and 300 ppm) produced progressive reductions in viable bacterial counts, with near-

complete inactivation observed between 3 and 5 h.

Interpretation/comparison with previous studies
These findings support the effectiveness of mist HOCl exposure in the environmental decontamination 

of clinically relevant MDROs. Notably, MRPA was eradicated more slowly than CRAB, indicating that 

more rigorous efforts are required to disinfect MRPA-contaminated areas. The delayed eradication of MRPA 

compared with that of CRAB may be attributed to the intrinsic biofilm-forming capacity of P. aeruginosa, 

Fig. 3. Logarithmic reduction values of (a) carbapenem-resistant Acinetobacter baumannii (CRAB) 
and (b) multidrug resistant Pseudomonas aeruginosa (MRPA) after a 5-min exposure to 40 ppm and 
300 ppm of sprayed HOCl (n = 3, mean ± SD). Purified water was used as negative control. HOCl, 
hypochlorous acid water; LOD, limit of detection.

(a)

(b)
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which is known to reduce susceptibility to disinfectants by limiting penetration and promoting adaptive stress 

responses [2].

Direct spraying of HOCl resulted in rapid bacterial inactivation, consistent with previous studies 

demonstrating the strong contact-dependent antimicrobial activity of HOCl [9,11,12]. Compared to the 

effects seen after atomization, the higher and earlier bactericidal effects were expected after direct spraying, 

as direct application results in high local disinfectant concentrations. However, it appears that a high HOCl 

concentration (e.g., 300 ppm) is necessary to reach the bactericidal LOD, when using this direct spraying 

method.

Overall, HOCl atomization achieved comparable reductions in bacterial populations, highlighting the 

potential advantage of this approach for whole-room disinfection, where manual surface disinfection may be 

incomplete or impractical.

The clinical relevance of these findings is underscored by the importance of CRAB and MRPA as the 

major causes of healthcare-associated infections. CRAB is well known for its ability to persist on dry surfaces 

for extended periods and contributes to prolonged outbreaks in healthcare settings [3–7]. The demonstrated 

susceptibility of CRAB to HOCl mist suggests that atomization may help reduce environmental reservoirs 

that are not adequately addressed by routine cleaning practices.

Similarly, MRPA presents a critical challenge in infection control owing to its intrinsic resistance 

mechanisms, biofilm-forming capacity, and ability to colonize water-associated environments [1,2]. 

Numerous studies have identified sinks, drains, and moist surfaces as persistent sources of P. aeruginosa 

contamination and subsequent patient infection [19]. Previous experimental and in vivo studies have shown 

that HOCl can effectively inactivate P. aeruginosa on surfaces, in aerosols, and in infected tissues [10,16]. Our 

findings extend these observations by demonstrating the effectiveness of HOCl atomization against MRPA 

in a real hospital setting, suggesting the potential role of this approach in infection prevention and control.

The air-conditioning- and ventilation-off conditions applied in this study likely enhanced the disinfection 

efficacy by minimizing air exchange and allowing sustained exposure of bacteria to HOCl aerosols. 

Controlled chamber studies have highlighted the importance of stable humidity and aerosol concentrations 

for effective airborne disinfection [10,14,16], and our results support the applicability of these principles in 

hospital rooms.

Limitations
Our study has several limitations. First, only two species of MDROs were evaluated, and the results may 

not be generalizable to other pathogens. To the best of our knowledge, other MDROs, such as methicillin-

resistant Staphylococcus aureus, vancomycin-resistant enterococci, and carbapenem-resistant Klebsiella 

pneumoniae, have been tested in other countries. We focused on two clinically important gram-negative 

lactose non-fermenters. In addition, the two different methods (drying and non-drying) applied in this 

experiment may have interfered with the population decrease rates of the two different bacteria. Second, 

long-term environmental recolonization after atomization was not assessed. As we performed the bactericidal 

experiment using a Petri dish, the real bactericidal effects of various types of surfaces or materials in the 
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hospital setting may not be the same. Finally, quantitative statistical comparisons between disinfectant 

concentrations were limited by the sample size. For the experiment with the two bacteria, 240 Petri dishes 

were used for each concentration, and this seems to be the maximum number of Petri dishes that can be 

handled within 5 h.

Conclusion
This study provides strong evidence that atomized HOCl may serve as a useful adjunct to standard 

infection control measures, particularly in high-risk areas such as ICUs or isolation rooms. If 300 ppm is 

considered a high concentration of HOCl, 40 ppm could be safely used to eradicate CRAB and MRPA in 3 

and 5 h, respectively. From a practical perspective, HOCl atomization may be particularly useful as a terminal 

room disinfection strategy following the discharge of patients infected or colonized with CRAB or MRPA. 

This approach may complement routine manual cleaning by targeting residual environmental contaminants 

in areas that are difficult to disinfect through direct contact. In the future, the bactericidal effects of UV 

irradiation, glutaraldehyde vapor, and HOCl mist, alone or combined, should be compared and evaluated to 

maximize healthcare-associated infection control.
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