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A B S T R A C T

Outbreaks of Salmonella, especially in the poultry industry, pose significant food safety and public health chal
lenges. These outbreaks are often intensified by the limited effectiveness of widely used disinfectants, including 
chlorine-based agents like chlorine dioxide (ClO2) and sodium hypochlorite (NaOCl), particularly against bac
terial biofilms. Biofilm formation on food-contact surfaces shields Salmonella from sanitizers, leading to persis
tent contamination and increased resistance, emphasizing the need for more effective disinfection strategies. This 
study aimed to evaluate and compare the bactericidal and antibiofilm efficacy of peroxyacetic acid (PAA) with 
ClO2 and NaOCl against Salmonella enterica serovar Typhimurium (S. Typhimurium) on various food-contact 
surfaces, including stainless steel, plastic, silicon rubber, and chicken skin. PAA demonstrated the highest 
bactericidal and antibiofilm effectiveness, requiring lower concentrations than ClO2 and NaOCl, even in organic 
load-rich environments. Confocal microscopy and protein leakage assays demonstrated that PAA induces sig
nificant cell wall disruption of S. Typhimurium planktonic cells, unlike ClO2 and NaOCl, which were less 
effective under similar conditions. These findings suggest that PAA is a superior alternative for controlling 
Salmonella in poultry processing facilities, offering greater applicability for sanitation in processing facilities to 
enhance overall food safety.

Introduction

The rapid expansion of global poultry production and trade has 
increased opportunities for contamination with various foodborne 
pathogens, leading to outbreaks worldwide. Among these pathogens, 
Salmonella poses a particularly serious public health risk, often resulting 
in infections such as salmonellosis or gastroenteritis (Tan et al., 2022). 
According to the World Health Organization (WHO), over 2 billion cases 
of diarrheal disease occur globally each year, with approximately 1.3 
billion cases attributed specifically to salmonellosis (Popa and Papa, 
2021; Sun et al., 2021). In the United States alone, salmonellosis impacts 
about 1.35 million people annually, leading to 26,500 hospitalizations 
and 420 fatalities (Centers for Disease Control and Prevention [CDC], 
2024). In Europe, Salmonella outbreaks continue to be significant, with 
1,067 outbreaks reported in 2016, impacting over 9,000 individuals 

across EU Member States (European Food Safety Authority, 2017).
Among Salmonella enterica serovars, S. enterica serovar Typhimurium 

is particularly concerning, accounting for 19 % of human salmonellosis 
cases (Seo et al., 2020). Its broader host range, including poultry and 
human, along with the rapid acquisition of antimicrobial resistance, has 
led the pathogenicity status of this serovar strain to alarming levels 
(Wang et al., 2019). Furthermore, in food processing facilities, S. 
Typhimurium readily forms biofilms on various surfaces, such as stain
less steel, plastic, glass, and rubber. These biofilms act as persistent 
sources of contamination in the poultry processing industry, facilitating 
cross-contamination during processing and contributing to the spread of 
antimicrobial resistance genes (Chia et al., 2009; Kim et al., 2022; 
Mahamud et al., 2022). Chicken skin, in particular, is a hotspot for 
contamination and provides an ideal environment for bacterial adher
ence and growth. Its microstructures conducive to bacterial adherence, 
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including bushy feather follicles, deep channels, and cracks, as well as 
direct exposure to air and equipment surfaces, make it highly susceptible 
to cross-contamination during slaughtering or processing (Byun et al., 
2022; Rouger et al., 2017; Zhang et al., 2020). Consequently, controlling 
foodborne pathogens and understanding their survival mechanisms in 
poultry processing facilities have become essential to maintaining safety 
and hygiene in global meat-based food production systems (Byun et al., 
2021).

To combat these risks, poultry processing industries widely use 
chemical disinfectants, including chlorine-based chlorine dioxide (ClO2) 
and sodium hypochlorite (NaOCl), due to their low cost, availability, 
and effectiveness against Salmonella (Byun et al., 2021). However, the 
effectiveness of these chlorine-based disinfectants is often questioned 
due to the probability of losing effectiveness after interacting with 
organic matter (Byun et al., 2022). Additionally, the corrosiveness, 
consumer avoidance, and residual/carcinogenic effects of 
chlorine-based disinfectants on human health, along with alterations in 
chicken appearance, raise the demand for safer and more effective 
alternative options in poultry processing industries (Ae Kim et al., 2017; 
Domínguez Henao et al., 2018). In light of the challenges, peroxyacetic 
acid (PAA), a combination of acetic acid and hydrogen peroxide, has 
emerged as a promising agent for poultry processing industries to 
combat Salmonella effectively (Kataria et al., 2020). According to the U. 
S. Food and Drug Administration (FDA) and the EFSA Panel on Biolog
ical Hazards (BIOHAZ), peroxyacetic acid (PAA) is considered a safer 
and more environmentally friendly antimicrobial option. Under FDA 
regulation (21 CFR 173.370), it is approved for use on meat and poultry 
carcasses, parts, trim, and organs at a maximum concentration of 220 
ppm, effectively addressing concerns about chemical residues and 
toxicity in food applications (EFSA Panel on Biological Hazards [BIO
HAZ], 2014; U.S. Food and Drug Administration [USFDA], 2017). Be
sides, the strong oxidation capacity, less prone to organic matters, 
cost-effectiveness, and short exposure time make it a promising choice 
for large-scale applications, particularly in poultry carcass processing 
(Bauermeister et al., 2008; Domínguez Henao et al., 2018).

However, while PAA, ClO2, and NaOCl are well-established for 
general use in food processing, limited knowledge exists about their 
efficacy under varied processing conditions, particularly against S. 
Typhimurium biofilms on chicken skin and other food-contact surfaces. 
Therefore, this study aims to assess the bactericidal and antibiofilm 
effectiveness of PAA compared to ClO2 and NaOCl against S. Typhi
murium. Specifically, it evaluates the efficacy of each disinfectant under 
different processing conditions and on various surfaces, including 
stainless steel, plastic, and chicken skin. This research addresses a crit
ical gap in knowledge, providing insights into optimizing disinfection 
practices to enhance food safety in poultry processing.

Materials and methods

Strain selection and inoculum preparation

Salmonella enterica serovar Typhimurium ATCC 14028, NCCP 14772, 
and a wild strain (#Wild 3) were used for this study. We previously 
isolated six wild strains of S. Typhimurium from raw chicken skin 
samples purchased at a local market in Anseong-si, Gyeonggi-do, Korea. 
Among them, the #Wild 3 (isolated from breast skin) was selected based 
on its relatively higher planktonic growth in Tryptic soy broth (TSB, BD 

Difco, Franklin Lakes, NJ, USA) and stronger biofilm formation on 
stainless steel, as determined by preliminary screening experiments 
(Table 1). Planktonic and biofilm data were obtained using the standard 
spread plate count method on xylose lysine deoxycholate (XLD) agar 
(Oxoid, Thermo Fisher Scientific Inc., Waltham, MA, USA) agar plates. 
Bacterial stocks in 15 % glycerol were stored at − 80◦C for an extended 
period of use.

To create a wild-like condition by cohabiting multiple strains, we 
prepared a bacterial cocktail by co-culturing the selected strains of 
Salmonella (S. Typhimurium ATCC 14028, NCCP 14772, and wild strain 
#Wild 3). Strain compatibility was assessed in preliminary planktonic 
growth experiments (data not shown), confirming no dominance or 
inhibitory effects among the strains. For cocktail preparation, 40 μL of 
each strain was added to 10 mL of TSB and incubated overnight at 37 ◦C. 
Following incubation, a standardized suspension of the resulting cock
tail (105 CFU/mL) was prepared in 0.1 % buffered peptone water (BPW; 
Oxoid) to execute further experiments.

Preparation of the disinfectants

In the study, the different concentrations of each disinfectant were 
prepared before each experiment by diluting the commercially available 
concentrated forms with sterile distilled water (DW): a 16 % solution of 
peroxyacetic acid (PAA, Daesung C&S Co., Seoul, South Korea), a 200 
ppm chlorine dioxide (ClO2, LifeClean, Uddevalla, Sweden), and a 4 % 
solution of sodium hypochlorite (NaOCl, Yuhan Clorox Co. Ltd, Seoul, 
Korea). The chlorine content in ClO2 and NaOCl was measured and 
calibrated by the Hanna portable photometer (Hanna Instruments, Inc., 
Woonsocket, RI, USA) before diluting them with distilled water (DW).

Anti-bacterial efficacy assessments

Susceptibility tests of the disinfectants: The efficacy of three 
different disinfectants was analyzed against the planktonic cocktail 
culture of Salmonella Typhimurium by following an established labora
tory protocol (Byun et al., 2021). Briefly, overnight cultured standard
ized suspension of S. Typhimurium cocktail (105 CFU/mL; see ‘Strain 
Selection and Inoculum Preparation’ section) was incubated with 
different concentrations of ClO2, NaOCl, and PAA for 1 and 5 min, fol
lowed by neutralization with Dey–Engley neutralizing broth (D/E broth; 
Difco, Becton Dickinson, Franklin Lakes, NJ, USA). The concentrations 
of the disinfectants were chosen until the bacterial load reached an 
undetectable level. Then, each sample was incubated under two 
different conditions: clean, containing 0.3 % bovine albumin serum 
(BSA), and dirty, containing 3.0 % bovine albumin serum conditions to 
mimic real-world scenarios in poultry processing environments (Byun 
et al., 2021; Kim et al., 2023). The concentrations used in clean condi
tions were as follows: ClO2 (10, 20, 30, 40, 50 ppm), NaOCl (50, 100, 
150, 200 ppm), and PAA (10, 20, 30, 40, 50 ppm). For dirty conditions, 
the concentrations were ClO2 (40, 60, 100, 160, 180 ppm), NaOCl (75, 
150, 225, 300 ppm), and PAA (10, 20, 30, 40, 50 ppm).

Confocal Laser Scanning Microscopy (CLSM) analysis: The anti
microbial activities of the sanitizers were visually observed for the 
treated (ClO2: 40 ppm, NaOCl: 100 ppm, PAA: 30 ppm; exposure time: 5 
min) and non-treated cultures by CLSM analysis for both clean and dirty 
environment conditions, by following the established laboratory pro
tocols (Mahamud et al., 2024; Nahar et al., 2025). The FilmTracer™ 

Table 1 
Planktonic and biofilm formation of different strains of Salmonella Typhimurium.

Condition Salmonella Typhimurium strains

ATCC 14028 NCCP 14772 Wild 1 Wild 2 Wild 3 Wild 4 Wild 5 Wild 6

Planktonic 9.4 ± 0.13 9.4 ± 0.02 8.3 ± 0.01 8.6 ± 0.02 9.2 ± 0.05 8.5 ± 0.09 8.5 ± 0.02 8.6 ± 0.07
Biofilm 5.3 ± 0.07 4.1 ± 0.15 4.4 ± 0.17 4.0 ± 0.11 4.8 ± 0.02 4.1 ± 0.10 4.8 ± 0.04 4.7 ± 0.01
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LIVE/DEAD® Biofilm Viability Kit (Thermo Fisher Scientific Inc., USA) 
was used to check the live and dead bacteria stained with SYTO 9 and 
propidium iodide (PI). Stained samples were imaged by a confocal mi
croscope (LSM800Airy; Carl Zeiss, Oberkochen, Germany) equipped 
with the 40 × (1.2-mm-wide) water immersion objective.

Protein leakage assay: To determine the bactericidal actions of 
disinfectants via cell membrane damage-mediated intracellular protein 
leakage was tested against planktonic cells of S. Typhimurium, with 
slightly modified protocols (Mahamud et al., 2024; Zeng et al., 2010). 
Briefly, overnight cultured cocktail S. Typhimurium cells were centri
fuged at 10,000 rpm for 10 min at 4◦C and washed twice with 10 mL PBS 
to remove cell debris. A 250 μL bacterial suspension (109 CFU/mL) was 
treated with 1 mL PAA at different concentrations (10, 20, 30, and 50 
ppm) for 5 min. Then, treated samples were neutralized with an equal 
volume (1:1, v/v) neutralizer (0.1 N Sodium thiosulfate diluted in PBS) 
to prevent extended membrane-damaging actions of disinfectants. After 
5 min of neutralization, samples were centrifuged at 12,000 rpm for 3 
min, and 100 μL of supernatant was stained with 200 μL of diluted 
protein assay dye reagent concentrate (Bio-Rad, Hercules, CA, USA) for 
5 min. After 5 min, 200 μL of stained samples were taken into 96-well 
plates and measured for absorbance with a microplate reader at 595 
nm. Untreated bacterial supernatants that received only protein-dye 
were marked as the control group, while protein dye alone was 
marked as blank.

Antibiofilm efficacy assessments

Food-contact surface and chicken skin preparation: For biofilm 
growth, food-contact surfaces and chicken skin surfaces were prepared 
according to the established laboratory protocols (Kim et al., 2023; 
Mahamud et al., 2024). Three commonly used food-contact surfaces, 
ultra-high-weight polyethylene (plastic), silicon rubber, and stainless 
steel, were selected for this study. Each surface (2 × 2 cm2) was washed 
with detergent and washed twice with DW. All surfaces were autoclaved 
(121◦C) and dried in a hot air oven (60◦C) until use.

Fresh chicken skin was purchased from a local grocery store 
(Anseong-si, Korea) and prepared for the study according to the estab
lished laboratory protocols (Byun et al., 2022; Kim et al., 2023). The 
chicken skin was washed thrice with DW, and the extra fat content was 
removed from the skin. Surfaces were cut into (2 × 2 cm2) using sterile 
scissors and dipped in 70 % alcohol for 30 s, washed with DW, and dried 
in the safety cabinet under the UV light (Sankyo UV Co., Ltd., Seoul, 
South Korea) for 15 min, both sides to minimize the background mi
crobial community. Of note, while this combination of decontamination 
steps is based on established methods and is generally considered 
effective in reducing surface microbiota, quantitative validation of mi
crobial elimination was not performed in this study.

Biofilm disintegration assay: Antibiofilm assessment was done with 
different concentrations of ClO2, NaOCl, and PAA on food contact sur
faces (plastic, stainless steel, rubber) and chicken skin surfaces. For food 
contact surfaces, disinfectant concentrations were ClO2 (10, 30, 50, 100 
ppm), NaOCl (50, 100, 150, 300), and PAA (10, 20, 30, 50 ppm). For 
chicken skin surfaces, disinfectant concentrations were: ClO2 (5, 10, 20, 
30, 50, 100 ppm), NaOCl (5, 10, 20, 30, 50, 100, 150, 300), and PAA (10, 
20, 30, 50 ppm) were applied.

Briefly, sterile plastic, silicon rubber, and stainless steel were sub
merged in 10 mL of TSB containing a cocktail culture of S. Typhimurium 
(105 CFU/mL). The food-contact surfaces were incubated for 24 h at 
25◦C in a static environment. After incubation, the food-contact surfaces 
were removed and washed gently with sterile DW. Treatments with 
different concentrations of disinfectants were applied, followed by 
neutralization with D/E broth. Biofilms from the surfaces were detached 
using glass beads (1 g, 

∮
2 mm; Glastechnique, Seoul, Korea), according 

to the previously mentioned protocol (Nahar et al., 2021).
For chicken skin surfaces, biofilms were developed using a spot 

inoculation method, and the formed biofilms were detached following 

established laboratory protocols (Byun et al., 2021, 2022; Chowdhury 
et al., 2024). The chicken skin surface was inoculated with 100 μL of 
bacterial suspension (105 CFU/mL) and incubated at 4 ◦C for 2 hours to 
allow bacterial adherence, followed by incubation in a 10 ◦C chamber 
for 24 hours to facilitate biofilm formation. After incubation, skin sur
faces were rinsed with sterile DW (no neutralizing solution was used). 
Biofilms formed on the chicken skin were detached by placing samples 
into sterile Whirl-Pak® bags (Nasco, Fort Atkinson, WI, USA) containing 
10 mL of 0.1 % BPW, followed by mechanical maceration for 2 minutes 
at speed level 4 using a stomacher (BagMixer 400, Interscience Co., Saint 
Nom., France). Detached suspensions from both coupons and chicken 
skin were serially diluted and plated on XLD agar for enumeration. 
Microbial data were analyzed using the standard plate count method.

Field Emission Scanning Electron Microscopy (FE-SEM): Anti- 
biofilm activities were visualized for the biofilms grown on stainless 
steel, plastic, and chicken skin surfaces. The representative concentra
tion of each disinfectant [ClO2 (40 ppm), NaOCl (100 ppm), and PAA 
(30 ppm)] was chosen to conduct this analysis following the established 
laboratory protocols (Byun et al., 2021; Nahar et al., 2021). Biofilms of 
Salmonella on food contact surfaces and chicken skin were treated with 
disinfectants for 5 min. Samples were fixed in 2.5 % glutaraldehyde 
(Sigma-Aldrich, St. Louis, MO, USA) at room temperature for 4 hours, 
washed with PBS, and then post-fixed with 2 % osmium tetroxide 
(Sigma-Aldrich, St. Louis, MO, USA) for 2 hours. After fixation, dehy
dration was conducted using a graded ethanol series (50-100 %) and 
hexamethyldisilazane (HMDS; Sigma-Aldrich, St. Louis, MO, USA) so
lutions (33-100 %), followed by 3 hours of air drying in a fume hood. 
The samples were mounted on aluminium stubs using carbon tape, 
sputter-coated with platinum or gold-palladium, and observed using an 
FE-SEM (Carl Zeiss, Germany) with a 5 kV acceleration voltage and a 
5-mm working distance.

Statistical analysis

All experiments were conducted in triplicate, with at least three in
dependent biological replicates. Data from the three replicates (n = 3) 
are presented as the mean ± standard error of the mean (SEM). The 
graphs were built using GraphPad Prism (ver. 5.03; GraphPad Software, 
Boston, MA, USA). One-way ANOVA was used for statistical data anal
ysis by the IBM SPSS statistical software (ver. 25; Endicott, NY, USA). 
Tukey’s Post hoc test measured the level of significance (P < 0.05).

Results

Bactericidal efficacy of disinfectants against S. Typhimurium planktonic 
cells under clean and dirty conditions

The susceptibility assay aimed to evaluate the bactericidal efficacy of 
three disinfectants (ClO2, NaOCl, and PAA) at different concentrations 
and exposure times under two different conditions: clean (no organic 
load) and dirty (with organic load) against the planktonic population of 
S. Typhimurium cocktail. In both clean and dirty conditions, all disin
fectants showed significant (P < 0.05) bactericidal activity against S. 
Typhimurium, with increasing disinfectant concentrations and exposure 
times. In clean conditions, 40 ppm of ClO2, 150 ppm of NaOCl, and 40 
ppm of PAA were sufficient for completely eliminating the planktonic 
population of S. Typhimurium in 1 min (Fig. 1A, B, and C). While in dirty 
conditions, ClO2, NaOCl, and PAA required 180, 300, and 40 ppm, 
respectively, to completely kill the planktonic populations of S. Typhi
murium (Fig. 1D, E, and F). Interestingly, with the increase of exposure 
time from 1 min to 5 min, all disinfectants drastically reduced the 
planktonic population of S. Typhimurium and required lower disinfec
tant concentrations in both conditions. It was observed that at 5 min 
exposure time, the required bactericidal concentrations of ClO2, NaOCl, 
and PAA were 30, 100, and 20 ppm, respectively, in clean conditions 
(Fig. 1A, B, and C), while in dirty conditions, they required 140, 225, 
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and 30 ppm, respectively to completely kill the planktonic S. Typhi
murium cells (Fig. 1D, E, and F). In summary, although ClO2 and NaOCl 
showed a similar pattern of significant (P < 0.05) bactericidal actions in 
both cases, both disinfectants were less efficient in dirty conditions 
compared to clean conditions. In contrast, PAA showed an expeditious 
rate of bactericidal actions against S. Typhimurium planktonic cells in 
clean and dirty conditions by requiring lower concentrations than other 
disinfectants.

CLSM illustrations of bactericidal efficacy of disinfectants against S. 
Typhimurium planktonic cells under clean and dirty conditions

The CLSM analysis illustrated the bactericidal actions of the disin
fectants on treated planktonic populations of S. Typhimurium compared 
to the non-treated control group under clean and dirty environmental 
conditions with a 5 min exposure period. Green fluorescence represents 
the viable or survived S. Typhimurium planktonic population (stained 

Fig. 1. Time- and concentration-dependent bactericidal activity of disinfectants against S. Typhimurium planktonic cells under clean and dirty conditions. Panels A, 
C, and E represent treatments under clean conditions with ClO2, NaOCl, and PAA, respectively. Panels B, D, and F represent treatments under dirty conditions with 
the same disinfectants. Each panel shows the log CFU/mL reduction of S. Typhimurium planktonic cells following disinfectant treatment for 1 minute (●) and 5 
minutes (■) at increasing concentrations.

Fig. 2. Confocal laser scanning microscopic illustrations of S. Typhimurium planktonic cells treated with disinfectants for 1 min. Panels A and D denote untreated 
(control) cells under clean and dirty conditions, respectively; whereas disinfectants (ClO2, NaOCl, and PAA)-treated planktonic cells under clean conditions are 
denoted by B, C, and D, respectively, and under dirty conditions are denoted by F, G, and H, respectively.
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with SYTO 9), whereas injured or dead cells (stained with PI) with 
damaged membranes demonstrated yellow to red fluorescence. The 
untreated cells are exhibited as highly-dense populations in both con
ditions (Fig. 2A and E), while S. Typhimurium planktonic cells were 
significantly injured or killed by all selected disinfectants (ClO2, NaOCl, 
and PAA) under the clean conditions within 5 min exposure time 
(Fig. 2B, C, and D). However, in dirty conditions, both ClO2 (Fig. 2F) and 
NaOCl (Fig. 2G) showed negligible bactericidal activities against S. 
Typhimurium planktonic populations. In contrast, in dirty conditions, 
PAA also showed the most prominent bactericidal actions similar to 
clean conditions and killed all planktonic cells of S. Typhimurium after 5 
min exposure (Fig. 2H).

Leakage of intracellular protein

Because of the potent bactericidal actions of PAA observed in the 
previous experiments, intracellular component leakage due to 
membrane-damaging effects of PAA was assessed via spectrophoto
metric assay to understand the mechanistic actions of PAA against 
planktonic cells. It was observed that at 5 min exposure, the percentages 
of intracellular protein leakage were significantly (P < 0.05) increased 
in planktonic cells of S. Typhimurium with the increment of PAA con
centrations (Fig. 3). PAA, with the minimum concentration (10 ppm), 
showed the lowest membrane-damaging effects, while at the maximum 
concentration (50 ppm), the percentage of protein leakage was above 90 
%. Hence, the result indicates that PAA at increasing concentrations 
with an increased exposure period has detrimental effects on the cell 
wall membranes of S. Typhimurium planktonic cells.

Removal efficacy of disinfectants against S. Typhimurium biofilms on 
different food-contact surfaces

The survivability of residential cells of S. Typhimurium biofilms on 
different food contact surfaces (i.e., SS, P, and SR) was assessed. Results 
showed significant (P < 0.05) biofilm reduction on SS, P, and SR surfaces 
by all selected disinfectants with the increment of disinfectant concen
trations and exposure time. Amongst, ClO2 (100 ppm), at 1 and 5 min 
exposure time, showed notable reduction efficacy against biofilms on 
the SS surface (3.6 ± 0.06 and 4.8 ± 0.03 log CFU/cm2) (Fig. 4A), while 
the disinfectant showed the maximum actions against biofilms on the P 
(5.06±0.08 and 5.8 ± 0.01 log CFU/cm2) (Fig. 4B), followed by SR 
surface (4.43±0.14 and 4.92±0.04 log CFU/cm2) (Fig. 4C). In contrast, 

the resident population of S. Typhimurium biofilms on the SS (Fig. 4D) 
and P surface (Fig. 4E) showed resistance to NaOCl, even though the 
concentrations and exposure time were increased. However, at 5 min 
exposure time, NaOCl (300 ppm) reduced biofilms by 4.6 ± 0.01 log 
CFU/cm2 on the SR surface (Fig. 4F).

On the other hand, at 1 min exposure time, PAA (50 ppm) signifi
cantly (P < 0.05) reduced biofilms on SS and P surfaces (5.3 ± 0.01 and 
4.7 ± 0.16 log CFU/cm2, respectively), while biofilms on SR showed 
resistance to PAA (Fig. 4I). With the increment of exposure time from 1 
min to 5 min, PAA completely eradicated biofilms on SS and P surfaces 
(Fig. 4G, H), with a significant (P < 0.05) reduction rate (5.1 ± 0.36 log 
CFU/cm2) in the case of SR surfaces. To sum up, the results suggest that 
PAA was the most potent antibiofilm agent compared to chlorine-based 
disinfectants, and the increasing exposure time has a greater effect on 
the efficacy of all disinfectants.

FE-SEM illustrations of biofilms on food contact surfaces

This study has further chosen PAA as the representative disinfectant 
due to its most potent antibiofilm activities and its effects on biofilm 
structure and adhered bacterial cells by field emission scanning electron 
microscopy (FE-SEM). FE-SEM illustrations of biofilms on different food 
contact surfaces (SS, P, and SR surfaces) demonstrated a significant 
difference between cell aggregation in untreated control groups 
(Fig. 5A, C, and E) and PAA-treated (Fig. 5B, D, and F, respectively). 
Particularly, it was observed that PAA markedly detached the aggre
gated community of S. Typhimurium cells on SS (Fig. 5B) and P surfaces 
(Fig. 5D) after 5 min exposure. However, among the three food contact 
surfaces, the density of attached cells on SR surfaces (Fig. 5F) was 
reduced by the maximum number after treating with PAA for 5 min. The 
FE-SEM illustrations also show evidence that PAA could remarkably 
damage the cell membrane structure of biofilm cells on these food 
contact surfaces, which indicates its potential in controlling biofilms in 
food industry settings.

Removal efficacy of disinfectants against S. Typhimurium biofilms on 
chicken skin surfaces

This study also evaluated the biofilm removal performance of the 
disinfectants against S. Typhimurium biofilms on chicken skin surfaces 
to explain the applications of these disinfectants in chicken processing 
settings. It was observed that, at 1 min exposure time, ClO2 (100 ppm) 

Fig. 3. Assessment of intracellular protein leakage due to PAA treatment. Different lowercase letters (a − d) indicate significant differences compared to the control 
(P < 0.05).
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Fig. 4. Time and concentration-dependent biofilm-reducing efficacy of disinfectants against S. Typhimurium biofilms on different food contact surfaces. Panels A, D, 
and G represent biofilm reduction by ClO2, NaOCl, and PAA, respectively, on stainless steel surfaces. Panel B, E, and H correspond to biofilm treatment on plastic 
surfaces, and Panels C, F, and I show biofilm reduction on silicon rubber surfaces using the same disinfectants, respectively. Each plot displays log CFU/cm2 re
ductions following disinfectant treatment for 1 minute (●) and 5 minutes (■) at increasing concentrations.

Fig. 5. Field emission scanning electron microscopy illustrations of S. Typhimurium biofilms formed on different food contact surfaces treated with PAA. Untreated 
biofilms on stainless steel, plastic, and silicone rubber surfaces are denoted by A, C, and E, respectively, while PAA-treated (5 min exposure time) S. Typhimurium 
biofilms on stainless steel, plastic, and silicone rubber are denoted by B, D, and F, respectively. Biofilms were observed at × 5000 magnification.
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significantly (P < 0.05) eradicated (2.3 ± 0.02 log CFU/cm2) S. Typhi
murium biofilms on chicken skin surfaces, while with the increasing 
exposure time (5 min), it completely removed biofilms from the chicken 
skin surfaces (Fig. 6A). In contrast, at 1 min exposure time, NaOCl (300 
ppm) and PAA (50 ppm) poorly removed S. Typhimurium biofilms from 
the chicken skin surfaces (Fig. 6B and C). While with the increment of 
exposure time (5 min), PAA completely removed biofilms from the 
chicken skin surfaces; meanwhile, NaOCl could remove 2.6 ± 0.02 log 
CFU/cm2 biofilms from the food surfaces. Therefore, these results sug
gest that increased exposure times have significant (P < 0.05) effects on 

upregulating the antibiofilm efficacy of all disinfectants in the cases of 
food surfaces.

FE-SEM illustrations of biofilms on chicken skin surfaces

Disinfectant-treated biofilms on chicken skin surfaces were analyzed 
with FE-SEM illustrations to elucidate the anti-biofilm and bactericidal 
actions of all disinfectants. The untreated biofilms on chicken skin sur
faces were highly densely populated with undamaged cell membrane 
structures (Fig. 7A). At the same time, it was observed that all 

Fig. 6. Time and concentration-dependent biofilm-reducing efficacy of disinfectants against S. Typhimurium biofilms on chicken skin surfaces. The disinfectants 
(ClO2, NaOCl, and PAA) treated biofilms on the chicken skin surfaces are denoted by A, B, and C, respectively. Each plot displays log CFU/cm2 reductions following 
disinfectant treatment for 1 minute (●) and 5 minutes (■) at increasing concentrations.

Fig. 7. Field emission scanning electron microscopy illustrations of S. Typhimurium biofilms formed on chicken skin surfaces treated with disinfectants for 5 mi
nutes. Panel A denotes untreated biofilms on the chicken skin surface, whereas disinfectants (ClO2, NaOCl, and PAA) treated biofilms on chicken skin surfaces are 
denoted by B, C, and D, respectively. Biofilms were observed at × 5000 magnification.
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disinfectants (ClO2, NaOCl, and PAA) remarkably disrupted biofilm 
structures and significantly (P < 0.05) reduced the number of biofilm 
formers after 5 min exposure period (Fig. 7B, C, and D). ClO2 showed 
maximum biofilm-disrupting abilities with cell membrane-damaging 
actions between the two chlorine-based disinfectants. In contrast, 
though NaOCl partially damaged the cell structure of individually 
adhered cells, it had poor detachment effects on biofilms or aggregated 
cells on the chicken skin surfaces (Fig. 7B and C). However, compared to 
chlorine-based disinfectants, PAA had tremendously broken down the 
EPS structure of biofilms on chicken skin surfaces and showed drastic 
membrane-damaging effects on the resident population of the biofilms 
(Fig. 7D).

Discussion

Salmonellosis, a zoonotic gastrointestinal disease often caused by 
consuming Salmonella-contaminated poultry meat and eggs, presents 
significant challenges to global public health (Antunes et al., 2016; 
Djebbi-Simmons et al., 2019). The presence of Salmonella in poultry 
processing facilities indicates insufficient cleanliness and can facilitate 
biofilm formation, which in turn promotes cross-contamination and 
antimicrobial resistance (Damrongsaktrakul et al., 2021; Chowdhury 
et al., 2024). Therefore, effective control measures are needed to combat 
Salmonella and biofilms on food and food-contact surfaces in food pro
cessing environments.

This study evaluated the performance of various commercial disin
fectants, such as PAA, ClO2, and NaOCl, against S. Typhimurium in both 
planktonic states and biofilms on different food-contact and chicken skin 
surfaces. Results showed that the oxidative disinfectant PAA had the 
highest bactericidal and antibiofilm activity compared to the chlorine- 
based disinfectants ClO2 and NaOCl, consistent with findings from a 
previous comparative study between PAA and NaOCl (Kim et al., 2023). 
Confocal laser scanning microscopy (CLSM) and protein leakage assays 
indicated that PAA exerts strong bactericidal effects, potentially due to 
cell wall denaturation or increased permeability, leading to intracellular 
leakage or coagulation (Ao et al., 2021; Cano et al., 2022; Dery et al., 
2021; Kitis, 2004). PAA, as a potent oxidative disinfectant, generates 
reactive oxygen species (ROS) either directly or through reactions with 
other reactive chemical species. These ROS include hydroxyl radicals 
(HO•), acetoxyl radicals (CH3COO•), and peroxyacetoxyl radicals 
(CH3COOO•), along with the formation of acetaldehyde (CH3CHO) 
(Chen et al., 2021). Thereby, this disinfectant poses oxidative stress on 
bacterial cells, causing structural damage to cell wall proteins or lipo
protein bilayer cytoplasmic membrane, subsequently altering cell wall 
permeability and leading to the oxidation of sulfhydryl and sulfur 
linkages in intracellular proteins, enzymes, and other essential macro
molecules (Carletto et al., 2022; Shen et al., 2019).

In terms of antibiofilm efficacy, PAA, followed by ClO2, has shown 
the most potent antibiofilm actions against S. Typhimurium biofilms on 
various food contact surfaces. However, our investigation found PAA 
and ClO2 less effective against biofilms on silicon rubber surfaces 
compared to stainless steel or plastic surfaces. This might be happened 
due to differences in surface topography, hydrophobicity, or roughness 
of these food contact surfaces, as explained by another similar investi
gation on PAA and ClO2 against Listeria monocytogenes biofilms on 
different food contact surfaces, such as stainless steel, low-density 
polyethylene, polyvinyl chloride, polyester, and rubber surfaces (Hua 
et al., 2019). Additional studies support these findings, showing that 
PAA is more effective than NaOCl against S. Typhimurium biofilms on 
various surfaces, including stainless steel, plastic, nylon, and rubber 
(Kim et al., 2023; Megahed et al., 2019), and is recommended for 
decontaminating food processing surfaces in other industries as well 
(Mathew et al., 2018).

Besides food contact surfaces, our study found PAA in parallel, even 
better in exhibiting antibiofilm actions on the food matrix. For instance, 
its effects on S. Typhimurium biofilms on beef trimmings and chicken 

breast fillets were found to be significant (Ellebracht et al., 2005; Kumar 
et al., 2020), and another study reported a notable eradication (4.8 log 
reduction) of pre-formed S. Typhimurium biofilms on chicken neck skin 
(Acar et al., 2022). Our previous work also found PAA as a potent 
antibiofilm agent against biofilms of another Salmonella strain (S. 
Thompson) on chicken skin (Nahar et al., 2022).

The better antibiofilm efficacies of PAA compared to chlorine-based 
disinfectants are mainly manifested by the differences in chemical 
properties, mechanisms of action, and influence of external factors. In 
addition, PAA shows slower interactions with organic matter or biofilm 
matrix constituents than free chlorine, which facilitates the oxidative 
disinfectant to get sufficient time to show the maximum bactericidal 
efficacy against planktonic cells under organic constituents-rich condi
tions. Likewise, PAA can easily penetrate biofilms without interacting 
with the organic biofilm matrix and thus shows biofilm removal or 
bactericidal activities against biofilm residents (Cano et al., 2022; Zhang 
et al., 2019). In addition, the delayed interaction feature of PAA with 
organic components may also contribute to effective biofilm control on 
chicken skin surfaces without reducing antibiofilm efficacy (Zhang 
et al., 2019). In contrast, chicken skin surfaces are characterized by a 
fat-rich, unorthodoxly pitted, and creased surface, which facilitates 
strong attachment of bacteria to the skin surface (Nahar et al., 2022).

On the other hand, chlorine-based disinfectants, including ClO2 and 
NaOCl, usually show bactericidal actions by interacting with sulfur- 
containing amino acids-rich proteins of the cell membrane, leading to 
cell wall protein disruption, membrane permeability alterations, and 
intracellular oxidative stress (Bridges et al., 2022). However, their af
finity for organic matter reduces their efficacy, especially under condi
tions rich in organic matter (World Health Organization [WHO], 2008). 
Thereby, in our study, both ClO2 and NaOCl showed negligible bacte
ricidal actions against S. Typhimurium planktonic populations and 
required higher concentrations to kill the planktonic cells in the pres
ence of organic matter compared to clean conditions. The findings were 
also supported by a study on PAA against Pseudomonas aeruginosa PAO1, 
where they found that compared to NaOCl, PAA could more effectively 
inhibit the regrowth of biofilm cells, even in the presence of organic 
matter (Zhang et al., 2019).

In addition, the low diffusivity of chlorine within biofilms might be 
attributed to their lower antibiofilm and bactericidal actions on resi
dential populations, as observed in other studies (Clayton et al., 2021; 
Gkana et al., 2017). Therefore, the study observed that both ClO2 and 
NaOCl could not completely eradicate biofilms from food and 
food-contact surfaces. Nonetheless, in the present study, ClO2 showed 
better bactericidal and antibiofilm actions against S. Typhimurium than 
NaOCl, as observed in previous studies. For instance, a study observed 
that even though NaOCl was effective against planktonic cells, it could 
not effectively remove the pre-formed biofilms of S. Typhimurium 
(Corcoran et al., 2014). Similarly, another study reported that NaOCl 
completely failed to eradicate S. Typhimurium and Staphylococcus 
aureus biofilms from stainless steel surfaces (Gkana et al., 2017). Like
wise, in our previous study, ClO2 showed comparatively higher efficacy 
than NaOCl against Salmonella enterica serovar Enteritidis planktonic 
cells and established biofilms on different food contact surfaces and 
chicken skin surfaces (Byun et al., 2021). The difference between these 
two chlorine-based disinfectants might be due to the difference in their 
structural and functional groups. For instance, ClO2 can act in a wide 
range of pH due to its higher oxidation and diffusion ability (Banach 
et al., 2015), while NaOCl can only act within a specific pH range and 
shows a reduced diffusivity due to rapid NaOCl decomposition, caused 
by interactions with organic components of biofilms (Bridges et al., 
2022; Petridis et al., 2019).

Therefore, considering the findings of the study, PAA can be rec
ommended for eliminating S. Typhimurium biofilms in chicken pro
cessing plants. Nonetheless, this study has some limitations, such as the 
impacts of these commercial disinfectants on the EPS matrix, surface 
corrosiveness, and organoleptic properties of chicken skin. Therefore, 
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future studies should investigate these issues to suggest that disinfec
tants, particularly PAA, are effective antibiofilm cleaning agents in 
poultry slaughterhouses or the poultry processing industry.

Conclusion

This study demonstrates that PAA is a highly effective disinfectant 
for combating S. Typhimurium on both food and food-contact surfaces, 
outperforming chlorine-based disinfectants such as ClO2 and NaOCl. The 
strong oxidative properties of PAA allow it to disseminate biofilms more 
effectively, even in the presence of organic material that typically re
duces the efficacy of disinfectants. In contrast, ClO2 and NaOCl, while 
commonly used, showed limitations under similar conditions, especially 
on surfaces with complex topographies where biofilms can adhere 
strongly.

The findings suggest that PAA could play a crucial role in enhancing 
hygiene practices in poultry processing plants, where persistent biofilms 
pose serious food safety challenges. Despite its effectiveness, this study 
acknowledges that further research is needed to evaluate the impact of 
PAA on factors such as equipment durability and the sensory qualities of 
treated poultry. Addressing these aspects will help confirm the potential 
of PAA as a leading disinfectant for safer, cleaner poultry processing 
environments, supporting better public health outcomes.
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