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Abstract
Biofilms may contain pathogenic and spoilage bacteria and can become a recurring problem in the dairy sector, with a nega-
tive impact on product quality and consumer health. Peracetic acid (PAA) is one of the disinfectants most frequently used 
to control biofilm formation and persistence. Though effective, it cannot be used at high concentrations due to its corrosive 
effect on certain materials and because of toxicity concerns. The aim of this study was to test the possibility of PAA remaining 
bactericidal at lower concentrations by using it in conjunction with reuterin (3-hydroxypropionaldehyde). We evaluated the 
efficacy of PAA in pure form or as BioDestroy®, a PAA-based commercial disinfectant, on three-species biofilms formed by 
dairy-derived bacteria, namely Pseudomonas azotoformans PFlA1, Serratia liquefaciens Sl-LJJ01, and Bacillus licheniformis 
Bl-LJJ01. Minimum inhibitory concentrations of the three agents were determined for each bacterial species and the fractional 
inhibitory concentrations were then calculated using the checkerboard assay. The minimal biofilm eradication concentra-
tion (MBEC) of each antibacterial combination was then calculated against mixed-species biofilm. PAA, BioDestroy®, and 
reuterin showed antibiofilm activity against all bacteria within the mixed biofilm at respectively 760 ppm, 450 ppm, and 
95.6 mM. The MBEC was lowered significantly to 456 ppm, 337.5 ppm, and 71.7 mM, when exposed to reuterin for 16 h 
followed by contact with disinfectant. Combining reuterin with chemical disinfection shows promise in controlling biofilm 
on food contact surfaces, especially for harsh or extended treatments. Furthermore, systems with reuterin encapsulation and 
nanotechnologies could be developed for sustainable antimicrobial efficacy without manufacturing disruptions.
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Introduction

Dairy processing plants frequently face the challenge of 
eradicating biofilms, which are a potential source of con-
tamination by spoilage and/or pathogenic microorganisms 
[1, 2]. Biofilms can form and spread easily on equipment 
surfaces because of the ability of some bacteria to attach 
thereto, aggregate, and produce a matrix of extracellular pol-
ymeric substances (EPS) [3]. The structure and composition 
of EPS matrix allow them to act as a physical barrier that 

reinforces bacterial defenses against physical and chemical 
attacks including cleaning and disinfection treatments [4, 5].

Despite the variety of means available to control biofilms, 
such as ultrasound, ozonation, and ultraviolet irradiation 
[6–9], the chemical approach remains the most commonly 
adopted in the dairy industry. This is mainly because the 
chemical agents ensure reliable and high hygiene standards, 
in addition to providing effective, scalable, cost-efficient, 
and time-saving solutions to the dairy sector. This method 
relies on a range of cleaning solutions and sanitizers, which 
are often used in high concentrations to maximize their bio-
film removal potential [10].

Peracetic acid (PAA) is one of the most widely used 
disinfectants in cleaning procedures because of its strong 
oxidizing properties, short time of action, and broad anti-
microbial spectrum covering all microbial groups, includ-
ing viruses, Gram-positive and Gram-negative bacteria, 
yeasts, and molds [2, 11–17]. It is recognized also for 
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its high compatibility with stainless steel, the most com-
mon material used in dairy processing equipment [18]. 
Unlike many other disinfectants, peracetic acid retains 
its antimicrobial activity even in the presence of organic 
matter. This partly explains its effectiveness as an antibi-
ofilm agent due to its ability to penetrate the EPS matrix 
[19–21]. Although it decomposes to two non-toxic com-
pounds, namely acetic acid and hydrogen peroxide, at the 
high concentrations used during sanitation operations, it 
may cause discomfort to workers, for example, irritation 
of skin and mucous membranes [22].

Reuterin (3-hydroxypropionaldehyde or 3-HPA) is a 
natural antimicrobial molecule produced by Lactobacillus 
reuteri during the anaerobic fermentation of glycerol [23]. 
This compound displays strong oxidizing properties and is 
active against Gram-positive bacteria including Staphylo-
coccus, Streptococcus, Clostridium, Bacillus, Leuconostoc, 
and Lactobacillus; Gram-negative including Escherichia, 
Shigella, Salmonella, Proteus, and Pseudomonas; and 
Saccharomyces cerevisiae, Penicillium roqueforti, and 
possibly other yeasts and molds [23–25]. Its efficacy at 
eliminating planktonic bacteria, alone or in combination 
with other antimicrobial compounds such as organic acids 
and bacteriocins, has been proven [26] but no studies have 
been focused on the antimicrobial activity of the reuterin-
peracetic acid combination. Furthermore, limited investi-
gations have been conducted to determine its effectiveness 
against biofilms [27, 28], especially in the dairy sector, and, 
to date, the synergistic effect between reuterin and peracetic 
acid on multispecies biofilms has not been examined. The 
aim of this study was to evaluate the efficacy of reuterin 
alone and in combination with an industrial disinfectant, 
namely peracetic acid or a peracetic-acid-based commercial 
disinfectant (BioDestroy®) on biofilms composed of three 
dairy biofilm producer species; Pseudomonas azotofor-
mans PFlA1, Serratia liquefaciens Sl-LJJ01, and Bacillus 
licheniformis Bl-LJJ01.

Materials and Methods

Bacterial Species

Three bacteria were selected to produce multi-species bio-
films. Pseudomonas azotoformans PFlA1 was collected from 
a Canadian dairy plant [29]. Serratia liquefaciens Sl-LJJ01 
and Bacillus licheniformis Bl-LJJ01 were isolated from bio-
films generated in the laboratory at 4 °C from raw milk using 
the CDC Biofilm reactor and identified by matrix-assisted 
laser desorption ionization-time of flight (MALDI-TOF) 
spectroscopy (Faculty of Veterinary Medicine, Université 
de Montréal, Quebec, Canada).

Biofilm‑Forming Capacity

The ability of bacteria to form biofilms was measured using 
the following two methods.

Crystal Violet Method

Single-species biofilm was grown in 96-well microtiter 
plates as detailed by Goetz et al. [29]. Briefly, pre-inocu-
lum was prepared by adding 20 µL of bacterial strain to 
10 mL of Bacto™ tryptic soy broth (BD Canada, Mis-
sissauga, Ontario) and incubated at 30 °C for 24 h (with 
shaking at 160  rpm for Ps. azotoformans PFlA1 only). 
The culture was diluted in tryptic soy broth at 1/1000 (Ser. 
liquefaciens Sl-LJJ01), 1/100 (Ps. azotoformans), or 1/10 
(B. licheniformis Bl-LJJ01) to a count of 6 log cfu mL−1, 
and microtiter plates (Corning Incorporated, 3595, Ken-
nebunk, ME, USA) were loaded with these suspensions 
(200 µL per well, in triplicate for each species). After 
24 h of incubation, biofilm was quantified, the cut-off OD 
(ODc) was defined, and the bacterial species was rated as 
non-adherent (OD ≤ ODC), weakly (ODC < OD ≤ 2 × ODC), 
moderately (2 × ODC < OD ≤ 4 × ODC), or strongly adherent 
(4 × ODC < OD), as proposed by Stepanović et al. [30].

Colony‑Forming Units (cfu) Method

After biofilm formation, planktonic cells were discarded by 
removing the bacterial suspensions and the microtiter plate 
wells were rinsed three times with PBS. Then, 200 µL of 
PBS was added to each well and the microtiter plate was 
sonicated at 40 kHz for 30 min using a Branson CPX2800H 
ultrasonic water bath (Branson Ultrasonics Corporation, 
Brookfield, CT, USA) at a power of 110 W. The bacterial 
suspensions thus obtained were diluted serially tenfold in 
a sterile 96-well microtiter plate, and the number of viable 
cells was determined by spot plating 10 µL on BD Difco™ 
tryptic soy agar (BD, Mississauga, Canada). After 24 h of 
incubation at 30 °C, the biofilm bacterial density was cal-
culated as follows:

where N is the number of colony-forming units and D is the 
dilution factor.

Multi‑species Biofilm Formation

The cross-streak method was used to ensure that no antago-
nistic action due to antimicrobial compound production 
existed between the bacteria in the multi-species biofilm. 
As described by Balouiri et al. [31], each bacterial species 

(1)Log10(cfu∕mL) = Log10(N × (1∕D) × 10)
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was streaked centrally on tryptic soy agar in a Petri plate. 
After 24 h of incubation at 30 °C, the other two species were 
added as a single streak perpendicular to the first. Antago-
nistic activity was revealed if an inhibition zone appeared at 
the junctions after 24 h of incubation at 30 °C.

The multi-species biofilms were formed according to the 
ASTM standard test method [32] with modifications. Briefly, 
the culture of each species was adjusted to 6 log cfu mL−1 as 
described above and then added (50 µL each) to an MBEC 
Assay® Biofilm Inoculator plate (Innovotech, Edmonton, 
AB, Canada) in triplicate and the plate was then incubated at 
30 °C for 24 h. Once formed, multi-species biofilm was first 
rinsed by placing the MBEC plate lid for 10 s in a 96-well 
microplate containing 200 µL of PBS, and then transferred 
onto another plate containing the same volume of PBS for 
30 min of sonication. After tenfold serial dilution, 10 µL 
of the biofilm suspension obtained was spotted on selec-
tive media and incubated as shown in Table 1. The bacterial 
density of each species within the biofilm was calculated 
as follows:

where X is the number of cfu counted in the spot, B is the 
volume plated (0.01 mL), V is the well volume (0.20 mL), 
A is the peg surface area (46.63 mm2), and D is the dilution.

Multi‑species Biofilm Structure

To assess visually bacteria viability in mixed biofilms and 
their appearance, scanning electron microscopy (SEM) 
and confocal laser scanning microscopy (CLSM) were 
performed.

SEM

Biofilm grown on MBEC microplate pegs was fixed in a 
mixture of 5% glutaraldehyde and 0.1 M cacodylate buffer 
then kept at 4 °C for 24 h (MBEC assay® procedural manual, 
version 2.1, Innovotech). The fixative solution was then dis-
carded, and the pegs were air-dried under a laminar flow 
hood for 72 h, then mounted on aluminum stubs, metalized 

(2)Log10
(

cfu∕mm2
)

= Log10
[

(X∕B)(V∕A)(D)
]

with gold (EMS 350 × Sputter Coater, Hatfield, PA), and 
observed at × 500, × 2000, and × 10,000 magnifications using 
a JEOL 6360LV scanning electron microscope (JEOL Inc., 
Tokyo, Japan) at 15 kV on SEI mode.

CLSM

Biofilm grown on the MBEC pegs was stained with Syto 9 
and propidium iodide using the Filmtracer™ LIVE/DEAD™ 
Biofilm Viability Kit (Catalog no. L10316). Viable and 
dead cells were observed using an inverted Leica TCS SP8 
confocal laser scanning microscope (Leica Microsystems 
CMS, Mannheim, Germany) with fluorescence excitation 
at 488 nm and 552 nm, respectively, for Syto 9 and propid-
ium iodide. The 3D images were obtained from the analysis 
of a z-stack of 50 images scanned with 0.533 µm spacing 
using a 40X/0.85 dry objective and Leica Application Suite 
X software (LAS X, Leica Microsystems). Biofilm average 
thickness was calculated from 21 z-stack images observed 
on different pegs using a custom macro https://​github.​com/​
alexa​ndreb​astien/​ImageJ-​Script-​Colle​ction/​tree/​master/​Clien​
ts/​Julie%​20Jean/​Biofi​lm%​20Thi​ckness for Fiji/ImageJ [37].

Antimicrobial Compounds

Peracetic acid was generated by mixing acetic acid 
(Sigma-Aldrich, 27,225-1L-R, St. Louis, MO, USA) and 
30% hydrogen peroxide (Sigma-Aldrich, 216,763, St. 
Louis, MO, USA) at a volume ratio of 1.5: 1, adding 10 M 
sulfuric acid (Fisher Scientific, 351,297–212, Ontario, 
Canada) at 1% w/w and holding at 30 °C in a water bath 
for 48 h [38]. The peracetic-acid-based commercial dis-
infectant BioDestroy® was provided by Sani Marc (Sani 
Marc Inc., Québec, Canada). The peracetic acid concentra-
tion in these two disinfectants was measured before each 
experiment using a method described elsewhere [39].

Reuterin at a concentration of 258 mM reuterin was pro-
duced according to Vimont et al. [25] and supplied by Dr. 
Ismail Fliss (Université Laval, Québec, Canada) and Labo-
ratoire Innodal (Québec, Canada).

Table 1   Culture media and growth conditions for distinguishing the bacterial species within the multi-species biofilms

Strain Culture medium Incubation conditions Reference

Total bacteria TSA medium with the addition of 0.004% bromothymol blue (w/v) (Sigma) 30 °C, 24 h, aerobic [33]
Ps. azotoformans CHROMagar™ Pseudomonas (Sigma) 30 °C, 24 h, aerobic [34]
Ser. liquefaciens CFC (Cephaloridine-Fucidin-Cetrimide) medium with the addition of 1% (w/v) 

L-arginine hydrochloride (Sigma) and 0.002% (w/v) Phenol Red (BDH)
20 °C, 48 h, anaerobic [35]

B. licheniformis TSA medium with the addition of 3% potassium phosphate dibasic (v/w) (Sigma) 50 °C, 24 h, aerobic [36]

https://github.com/alexandrebastien/ImageJ-Script-Collection/tree/master/Clients/Julie%20Jean/Biofilm%20Thickness
https://github.com/alexandrebastien/ImageJ-Script-Collection/tree/master/Clients/Julie%20Jean/Biofilm%20Thickness
https://github.com/alexandrebastien/ImageJ-Script-Collection/tree/master/Clients/Julie%20Jean/Biofilm%20Thickness
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Antibacterial Activity

Agar Well Diffusion Assay

The antibacterial activity of the disinfectants and reuterin 
against biofilm bacteria was evaluated by the agar diffusion 
method as described by [40]. Tryptic soy broth (25 mL) con-
taining 0.75% agar was inoculated with 1% of the bacterial 
culture obtained after 24 h of growth as described above and 
poured into Petri dishes. Wells 5 mm in diameter were made 
in the solidified medium, to which 80 µL of 0.5% peracetic 
acid, 0.05% BioDestroy®, 258 mM reuterin, and PBS 1X 
(negative control) were added. Growth inhibition zones were 
observed and measured after 18 h of incubation at 30 °C.

Minimum Inhibitory Concentration (MIC) and Minimum 
Bactericidal Concentration (MBC)

MICs for peracetic acid, BioDestroy®, and reuterin were 
determined for Ps. azotoformans PFlA1, Ser. liquefaciens 
Sl-LJJ01, and B. licheniformis Bl-LJJ01 using the broth 
microdilution method [41] in 96-well microplates (Corn-
ing Incorporated, Kennebunk, ME, USA). Briefly, three 
wells in a column were filled with 125 µL of antimicrobial 
agent by performing two-fold successive dilutions in TSB. 
Fifty microliters of each 24 h bacterial suspension diluted 
as described above was added. Wells containing 125 µL of 
medium inoculated with 50 µL of the corresponding strain 
and others containing only 175 µL of medium were used as 
positive and negative controls. The microplates were incu-
bated at 30 °C for 18 h and OD was measured at 595 nm 
using a microplate reader. The lowest concentration of 
microbial agent that prevented turbidity was noted as the 
MIC. To determine the MBC, 10 µL of bacterial suspension 
was sampled from wells displaying no turbidity and spotted 
on TSA. After 24 h of incubation, the lowest concentration 
of antimicrobial substance allowing no bacterial growth was 
called the MBC.

Synergistic Effects Between Antimicrobial Combinations

The checkerboard assay was carried out to determine possible 
interactions between disinfectants and reuterin in combina-
tion against biofilm and to calculate their fractional inhibitory 
concentration (FIC) as it has been described previously [26]. 
Peracetic acid and BioDestroy® were diluted serially in tryptic 
soy broth in a 96-well plate, starting at 16× MIC. Reuterin was 
diluted likewise on another plate starting at 8× MIC, and 50 µL 
of each of these dilutions was transferred to the corresponding 
wells containing 50 µL of peracetic acid or BioDestroy®. All 
wells except the negative control were then inoculated with 50 
µL of bacterial culture (6 log cfu mL−1). After 18 h of incuba-
tion at 30 °C, bacterial growth or inhibition was assessed by 

measuring OD at 595 nm in each well. Interactions between 
antimicrobial agents were defined as synergistic, additive, or 
antagonistic based on the fractional inhibitory concentration 
index (FICI) calculated as follows:

where A and B are the MIC of each disinfectant combined 
with reuterin (in wells without turbidity), and MICA and 
MICB are the MICs of each antibacterial agent alone.

FICI ≤ 0.5 indicates synergy, 0.5 < FICI ≤ 1 is additive, 
1 < FICI ≤ 4 is indifferent, and FICI > 4 is antagonistic.

Only the combinations for which FICI ≤ 1 were retained, 
and the FICs of the two antimicrobial agents (peracetic acid/
reuterin and BioDestroy®/reuterin) involved in these associa-
tions were used in the next step of the study.

Antibiofilm Activity

Initially, biofilms were grown in triplicate using MBEC 
microplates as described above. They were rinsed by placing 
the MBEC plate lid for 10 s on a 96-well microplate contain-
ing 200 µL of PBS per well, and then treated with the disin-
fectants alone, reuterin alone, and each disinfectant/reuterin 
combination. Based on previous calculations of FIC, concen-
trations corresponding to 2 × , 4 × , 6 × , 8 × , and 10 × the FIC 
for peracetic acid and reuterin in combination (PAA/reuterin) 
and to 5 × , 10 × , 15 × , 20 × and 25 × FIC for BioDestroy® and 
reuterin (BioDestroy®/reuterin) were used. The disinfectants 
and reuterin were used at these concentrations separately and 
in association with biofilm experiments.

MBEC plate lid was placed for 5 min (recommended 
by the manufacturer) on a microplate containing 200 µL 
of peracetic acid or BioDestroy® per well at their respec-
tive five concentrations (listed above) at room tempera-
ture. The disinfectants were then neutralized by immersing 
the MBEC pegs in microplate wells containing 200 µL of 
Dey-Engley neutralizing broth (D3435, Sigma-Aldrich, St. 
Louis, MO, USA) and sonicating for 30 min at 40 kHz 
and 110 W in the ultrasonic water bath [32]. The effect of 
reuterin alone on biofilms was tested at all concentrations 
(2, 4, 5, 6, 8, 10, 15, 20, and 25 times the FIC, 200 µL per 
well) after rinsing and incubating at room temperature for 
16 h. The pegs were rinsed twice in PBS solution and 
the remaining biofilm bacteria were recovered in PBS by 
sonication in a sterile 96-well plate (200 µL per well). 
Combined treatments involved exposure to disinfectant 
for 5 min and then to reuterin for 16 h at the concentra-
tions mentioned above. The pegs were rinsed twice with 
PBS to remove all remaining traces of neutralizer before 
contact with reuterin. Biofilm cells were recovered in PBS 
by sonicating the MBEC plate. The resulting suspension 
was diluted serially six times (tenfold) then spotted on a 

(3)A∕MICA + B∕MICB = FICI
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selective medium and incubated under the growth condi-
tions for each strain as shown in Table 1. The bacterial 
counts of the three strains were calculated for each anti-
microbial used alone and in combination using Eq. 2. The 
viable count reductions obtained for each treatment and 
bacterial species were calculated as follows:

Statistical Analysis

All experiments were performed three times. Inhibition 
of bacterial or biofilm growth was analyzed by two-way 
ANOVA and compared using the Tukey test with GraphPad 
Prism 9.2.0 software (GraphPad Software, San Diego, CA, 
USA). Data were expressed as mean ± standard deviation 
(SD), and p < 0.05 was considered statistically significant.

Results

Biofilm‑Forming Capacity

Based on measuring the OD of biofilms formed on 96-well 
plates, Ps. azotoformans PFlA1 and Ser. liquefaciens Sl-LJJ01 
are moderate producers of biofilm, whereas B. licheniformis Bl-
LJJ01 is a strong producer (OD = 1.27 ± 0.76, 0.97 ± 0.35, and 

(4)
Log10 reduction =

(

Mean log10 untreated pegs
)

−
(

Mean log10 treated pegs
)

2.87 ± 0.36, respectively, Fig. 1a). The bacterial densities were 
considerable (Fig. 1b), but contrary to what was expected, sig-
nificantly lower (p < 0.0001) in biofilms formed by B. licheni-
formis Bl-LJJ01 (4.77 ± 0.19 log10 cfu mL−1) than in those of 
Ps. azotoformans PFlA1 (7.72 ± 0.44 log10 cfu mL−1) and Ser. 
liquefaciens Sl-LJJ01 (7.57 ± 0.56 log10 cfu mL−1).

Multi‑species Biofilm Formation and Structure

As shown in Fig. 2, none of these bacterial species appears 
to have any antagonistic effect on either of the other two, and 
the three therefore can be propagated together.

The bacterial density of each species comprising the 
mixed-species biofilm is shown in Fig. 3. B. licheniformis 
Bl-LJJ01 reached a significantly lower count, at 3.77 log cfu/
mm2 versus 5.18 and 4.88 log cfu/mm2, respectively, for Ser. 
liquefaciens Sl-LJJ01 and Ps. azotoformans PFlA1.

Scanning electron microscopy revealed that 24-h mixed 
biofilms formed on MBEC microplates were dense and con-
tained practically confluent cell growth with a 3D structure 
(Fig. 4). At low magnification (× 500) holes and cracks are 
apparent, which are probably pores and water channels 
(white arrows in images a1 and a2). At higher magnifica-
tion (× 2000), some areas appeared smooth (top and bottom 
of image a3) compared to others, reflecting the presence of 
a large production of matrix. The bacteria showed a likely 
tenacious multilayer of cells bonded together by the EPS 
matrix (black arrows in image a4). CLSM images show a 

Fig. 1   Evaluation of biofilm 
formation by Ps. azotofor-
mans PFlA1, Ser. liquefaciens 
Sl-LJJ01, and B. licheni-
formis Bl-LJJ01 using crystal 
violet (a) and colony count-
ing (b). OD ≤ 0.46 indicates 
a non-producer of biofilm, 
0.46 < OD ≤ 0.92 a weak pro-
ducer, 0.92 < OD ≤ 1.84 a mod-
erate producer, and 1.84 < OD 
a strong producer. Values are 
mean ± SD (n = 3)
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heterogeneous structure (Fig. 4b1 and b2). Fluorochrome 
staining with Syto 9 and propidium iodide revealed that 
most cells were alive (green colored), with some presumed 
to be dead (red colored) in uneven distribution. The average 
thicknesses ranged from 4.76 to 29.76 µm (Figure S1 and 
Table S1 in supplementary material). Some examples are 
shown in Figs. 4b3, b4, and b5.

Antibacterial Activity

Agar Well Diffusion Assay

Both disinfectants and reuterin exhibited an effective anti-
bacterial effect against the three species tested, as shown in 
Fig. 5. Inhibition zones of 22.5–34.0 mm and 27.5–35 mm 
in diameter were obtained with respectively 5000 ppm per-
acetic acid and 500 ppm BioDestroy® whereas smaller zones 
of inhibition were observed with 258 mM reuterin (Table 2). 
Ps. azotoformans PFlA1 appeared to be less sensitive to reu-
terin (16 mm) compared to 25 mm for Ser. liquefaciens Sl-
LJJ01 and 19 mm for B. licheniformis Bl-LJJ01.

MIC and MBC Determination

The MIC and MBC of disinfectants and reuterin against 
Ps. azotoformans PFlA1, Ser. liquefaciens Sl-LJJ01, and B. 
licheniformis Bl-LJJ01 are reported in Table 3. The MIC 
of peracetic acid was the same for all bacteria and was half 
the MBC. BioDestroy® had a stronger antibacterial effect 
than peracetic acid and this was most notable for Ps. azo-
toformans PFlA1 followed by B. licheniformis Bl-LJJ01. In 
contrast, Ser. liquefaciens Sl-LJJ01 was the most susceptible 
of these three species to reuterin. However, the bactericidal 
effect of reuterin was the same for all three.

Fig. 2   Cross-streak tests of antagonism among Ps. azotoformans PFlA1, Ser. liquefaciens Sl-LJJ01, and B. licheniformis Bl-LJJ01. The absence 
of clearing at the intersections suggests compatibility in a biofilm

Fig. 3   Bacterial counts in mixed species biofilm (Ps. azotoformans 
PFlA1, Ser. liquefaciens Sl-LJJ01, and B. licheniformis Bl-LJJ01) 
grown on MBEC microplates and determined after 24 h of incubation 
in tryptic soy broth at 30 °C. Values are mean ± SD (n = 3)
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Synergistic Effects Between Antimicrobial Combinations

The checkerboard test was carried out and FICI values are 
reported in Table 4. Ps. azotoformans PFlA1 was chosen for 
the tests on the peracetic acid/reuterin combination, while Ser. 

liquefaciens Sl-LJJ01 was used for the BioDestroy®/reuterin. 
As shown in Table 4, both combinations were additive. The 
MICs of peracetic acid, BioDestroy®, and reuterin through 
these combinations were thus lowered from 152 ppm, 45 ppm, 
and 19.1 mM to 76 ppm, 22.5 ppm, and 4.78 mM, respectively.

Fig. 4   SEM (a) and CLSM (b) micrographs of mixed species biofilm 
(Ps. azotoformans PFlA1, Ser. liquefaciens Sl-LJJ01, and B. licheni-
formis Bl-LJJ01) grown for 24 h on MBEC microplate pegs. White 
arrows point to typical holes and cracks appearing on the biofilm sur-
face (a1). The black rectangle in a2 is shown magnified at × 2000 in 
a3 and at × 10,000 in a4. Black arrows indicate bacteria glued to each 

other with EPS matrix. CLSM magnifications are × 10 (b1) and × 40 
(b2). Biofilms were stained with LIVE/DEAD™ Biofilm Viabil-
ity Kit. Live cells are colored green and dead cells are colored red. 
Z-stack 3D images represent biofilm at thicknesses of 20  µm (b3), 
25 µm (b4), and 18 μm (b5)

Fig. 5   Antibacterial activity 
of 5000 ppm peracetic acid 
(A), 500 ppm peracetic-acid-
based disinfectant (B), and 
258 mM reuterin (C) against 
Ps. azotoformans PFlA1, Ser. 
liquefaciens Sl-LJJ01, and B. 
licheniformis Bl-LJJ01as shown 
by the agar well diffusion assay. 
PBS 1X was used as a negative 
control (D)

Table 2   Growth inhibition 
zone diameters produced by 
disinfectants and reuterin on 
tryptic soy agar seeded with 
Ps. azotoformans PFlA1, Ser. 
liquefaciens Sl-LJJ01, or B. 
licheniformis Bl-LJJ01

Values are mean ± SD (n = 3)
* Negative control

Antibacterial agent Inhibition zone (mm)

Ps. azotoformans Ser. liquefaciens B. licheniformis

Peracetic acid 34.00 ± 1.41 30.00 ± 0.00 22.50 ± 3.54
PAA-based disinfectant 35.00 ± 0.00 30.00 ± 0.00 27.50 ± 3.54
Reuterin 16.00 ± 1.41 25.00 ± 0.00 19.00 ± 1.41
PBS* 0.00 0.00 0.00
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Antibiofilm Activity

Treating the 24-h three-species biofilms developed on 
MBEC microtiter plate with peracetic acid, BioDestroy®, 
or reuterin alone and with combinations of both disinfect-
ants with reuterin at different concentrations gave the log 
reductions of viable count shown in Fig. 6. At 760 ppm of 
peracetic acid alone (10 times the FIC), Ps. azotoformans 
PFlA1 and Ser. liquefaciens Sl-LJJ01 were eliminated (4.84 
and 4.72 log reductions of cfu/mm2) whereas B. licheni-
formis Bl-LJJ01 was (3.93 log reduction of cfu/mm2) at 
608 ppm (8 times the FIC). Using reuterin alone at 47.8 mM 
(10 times the FIC) resulted in smaller reductions of Ps. azo-
toformans PFlA1 (2.26 log cfu/mm2) and Ser. liquefaciens 
Sl-LJJ01 (0.86 log cfu/mm2), whereas B. licheniformis 
Bl-LJJ01 was effectively eliminated (4.15 log cfu/mm2) at 
this concentration (p < 0.0001 for both comparisons). It is 
notable that the peracetic acid/reuterin combination halted 
growth of Ps. azotoformans PFlA1 and Ser. liquefaciens 
Sl-LJJ01 in the biofilm at concentrations no higher than 6 
times the FIC of these antibacterial agents (456 ppm and 
28.68 mM, p < 0.0001) and growth of B. licheniformis Bl-
LJJ01 at only twice the FIC (p < 0.0001, Fig. 6a). Results 
reported that BioDestroy® concentrations providing the 
eradication of the three bacteria within the biofilms were 
lower than those of PAA. Therefore, the MBEC values of 
BioDestroy® when used singly against the mixed biofilms 
were 450 ppm (20 × FIC) for Ps. azotoformans PFlA1 and 
Ser. liquefaciens Sl-LJJ01 and corresponded to 337.5 ppm 
(15 × FIC) for B. licheniformis Bl-LJJ01, achieving reduc-
tions of respectively 4.94, 4.72, and 3.93 log cfu/mm2). 
Furthermore, findings have demonstrated that reuterin alone 
had exerted an antibiofilm activity against all three species 

in biofilm, albeit at different concentrations (47.8 mM, 
71.7 mM, and 95.6 mM, respectively, for B. licheniformis 
Bl-LJJ01, Ps. azotoformans PFlA1, and Ser. liquefaciens 
Sl-LJJ01 with reductions of 4.15, 4.94, and 5.17 log cfu/
mm2). Reuterin made BioDestroy® more effective at eradi-
cating biofilm than both used separately as similar removal 
rates were attained with more reduced concentrations of the 
two components for B. licheniformis Bl-LJJ01 (at 112.5 ppm 
and 9.56 mM), Ps. azotoformans PFlA1 (at 225 ppm and 
47.8 mM), and Ser. liquefaciens Sl-LJJ01 (at 337.5 ppm and 
71.7 mM, p < 0.0001, Fig. 6b).

Discussion

Biofilms exist naturally as multi-species populations, even 
in regularly sanitized food processing facilities [42, 43]. 
They are inherently more difficult to remove than planktonic 
cells [44] and are more resistant to disinfectants [45–48], 
making tougher control strategies necessary. In this study, 
we examined reuterin in combination with peracetic acid in 
pure form and in a commercial disinfectant to see if syner-
gism could allow the use of these agents at reduced concen-
trations against multi-species biofilms containing one path-
ogen (Ser. liquefaciens Sl-LJJ01) and two spoilage bacteria 
(Ps. azotoformans PFlA1 and B. licheniformis Bl-LJJ01) 
commonly found in dairy processing plants. Our findings 
show that these species are moderate to strong formers of 
biofilm when grown alone under static conditions. When 
grown together, they readily formed dense, multilayered 
biofilms with 3D structures viewable by SEM and CLSM. 
In addition to pores and water channels which are indica-
tive of mature structures [49], the biofilm surface features 

Table 3   Minimum inhibitory concentrations (MIC) and minimum bactericidal concentrations (MBC) of the disinfectants and reuterin against the 
selected bacterial species

Bacterial strain MIC MBC

PAA (ppm) PAA- based disin-
fectant (ppm)

Reuterin (mM) PAA (ppm) PAA- based disin-
fectant (ppm)

Reuterin (mM)

Ps. azotoformans 152 11.25 19.1 304 45 38.2
Ser. liquefaciens 152 45 9.54 304 180 38.2
B. licheniformis 152  ≤ 11.25 19.1 304 90 38.2

Table 4   Fractional inhibitory 
concentrations (FICs) of the 
disinfectants combined with 
reuterin

Combination 1 Combination 2

PAA (ppm) Reuterin (mM) PAA-based disinfect-
ant (ppm)

Reuterin (mM)

FIC 76 4.78 22.5 4.78
FIC Index 0.75 1
Interaction Additive effect Additive effect
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include smooth areas suggesting the presence of consider-
able amounts of matrix material [50]. However, we find that 
bacterial densities are substantially lower within this mixed 
structure compared with the corresponding single-species 
biofilms, with predominance of Ps. azotoformans PFlA1 
and Ser. liquefaciens Sl-LJJ01. Dead cells are present in the 
multi-species biofilm, as revealed by CSLM. The reduced 
bacterial densities after 24 h of growth are not likely due to 
antagonism between the species, but could be due to deple-
tion of nutrients [51] or to differences in growth rate. B. 
licheniformis Bl-LJJ01 was apparently less dense in terms 
of cell concentration because it is not a fast-growing spe-
cies compared to the other two but produces EPS in large 
amounts as revealed by the mucoid colony appearance (sup-
plementary material) and OD measurement. Overproduc-
tion of EPS likely contributes to matrix formation, which is 
the cornerstone of biofilm development and structural sta-
bility [52, 53]. Dairy species of Bacillus species, notably B. 
licheniformis, have been characterized as having the ability 
to form mucoid and robust biofilms that reduce susceptibil-
ity to disinfectants [54–56].

Peracetic acid is the most widely used antimicrobial agent 
in dairy processing plants, thanks to its recognized bacte-
ricidal activity against Gram-positive and Gram-negative 
bacteria and its sporicidal action [57]. This was fully cor-
roborated in this study since all tested bacterial strains were 
found equally sensitive to this disinfectant. BioDestroy® was 
shown to be more effective with lower MIC values. This 
product contains other ingredients that may act synergisti-
cally with peracetic acid, including about 14% hydrogen per-
oxide, and was shown to be more bactericidal than pure per-
acetic acid. The effectiveness of peracetic acid against other 
bacterial species is known, such as Pseudomonas aeruginosa 
(160–1000 ppm), Staphylococcus aureus (160–4620 ppm), 
or Escherichia coli (160–2310 ppm) [58].

The antibiofilm properties of peracetic acid and 
BioDestroy® were also demonstrated in the present study. 
The MBEC values were significantly superior to the bac-
tericidal concentrations for all three species. For instance, 
concentrations up to 7.5 and 10 times higher were required 
to eliminate B. licheniformis Bl-LJJ01 and Ps. azotoformans 
PFlA1 in biofilm than in free suspension. This is likely due at 

Fig. 6   Antibiofilm activity of a peracetic acid (PAA) or b per-
acetic-acid-based disinfectant in the presence or absence of reuterin 
against Ps. azotoformans PFlA1, Ser. liquefaciens Sl-LJJ01, and B. 
licheniformis Bl-LJJ01 in mixed-species biofilm grown on MBEC 
microplate pegs. Biofilms were contacted with peracetic acid (pure or 

as a disinfectant) for 5 min then with reuterin for 16 h or not, or only 
with reuterin for 16 h. Peracetic acid concentrations start at 152 ppm 
(2 × FIC). Disinfectant concentrations start at 112.5 ppm (5 × FIC). 
Reuterin concentrations start at 9.56 mM (2 × FIC). Values plotted are 
mean ± SD (n = 3 independent experiments)
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least in part to the presence of the EPS matrix, which should 
hinder direct access of the chemical agent to the bacteria 
cells. In previous studies of the effectiveness of peracetic 
acid in prepared solutions or commercial products at differ-
ent concentrations and contact times, it has been confirmed 
that this compound is fast-acting against biofilm and more 
effective than quaternary ammonium compounds, chlorine, 
chlorine dioxide, sodium dichloroisocyanurate, hydrogen per-
oxide, ortho-phthalaldehyde, and alkaline-buffered glutaral-
dehyde [12, 21, 59]. It has been shown microscopically that 
peracetic acid acts by disturbing the biofilm structure, break-
ing down matrix components, reducing bacterial aggrega-
tion, and triggering changes in cell morphology due to major 
structural alterations. However, the concentrations found to 
eradicate biofilms vary from one study to another. In some 
cases, concentrations as low as 160 ppm were sufficient to 
eliminate or substantially reduce biofilms [60–64], while in 
others, concentrations up to 300 times higher were needed to 
achieve similar effects [65–68]. Based on these studies, the 
discrepancies in disinfectant tolerance could be attributable 
to the main biofilm bacterial species involved, the composi-
tion of the EPS matrix, the age of the biofilm, the hydrody-
namic conditions of biofilm growth, and the overall microbial 
composition. In addition, it has been shown that higher con-
centrations are needed to eradicate biofilms comprising more 
than one bacterial species because of the protective role that 
some members of the biofilm may exert on the whole com-
munity [69, 70]. We have observed this more recently [29] 
where the MBEC of peracetic acid against Ps. azotoformans 
PFl1A mono-species biofilm grown under similar conditions 
corresponded to 500 ppm, and was lower than the concentra-
tion found in the present work (760 ppm).

Although the antibiofilm properties of peracetic acid 
have been proven, its use is still limited to situations where 
high concentrations and extended exposure times (> 5 min 
according to the manufacturer’s recommendations) may be 
used to achieve the desired effects.

In this study, we have demonstrated that reuterin could 
have antibiofilm properties. Reuterin was shown to eliminate 
B. licheniformis Bl-LJJ01, Ps. azotoformans PFlA1, and Ser. 
liquefaciens Sl-LJJ01 in a multi-species biofilm. We also 
found that combining reuterin with peracetic acid alone or 
as the main active component of a commercial disinfectant 
allows the reductions obtained with the single agents to be 
reached at considerably lower concentrations, for all three 
bacteria. Lower MBECs were obtained especially for B. 
licheniformis Bl-LJJ01, which was eliminated by peracetic 
acid or BioDestroy® at concentrations 4 and 3 times lower 
than those of each agent alone. Preliminary tests (data not 
shown) indicated that the simultaneous application of reu-
terin with disinfectant did not increase their efficacy, whereas 
the FICI calculated for both combinations suggested additive 
effects. However, treating mixed-species biofilm initially with 

peracetic acid or BioDestroy® respectively at 456 ppm and 
337.5 ppm followed by 16 h of contact with reuterin elimi-
nated all bacteria. This suggests that reuterin requires more 
time to be effective, compared to peracetic acid, which is a 
fast-acting antibiofilm agent. A recent study of the antibi-
ofilm properties of reuterin [28] suggests that this compound 
at concentrations of 0.34 to 1.35 mM is effective within 24 h 
against a dual-species biofilm of Porphyromonas gingivalis 
and Treponema denticola. It has been reported that 24 h of 
exposure to 8 mM reuterin alone or 2 mM reuterin in combi-
nation with catechin decreased by 29.9% and 33.5% biofilm 
formation by Streptococcus mutans [71] and that prolonging 
this exposure could further reduce or eliminate the biofilm. 
This could be related to the mechanism of antimicrobial action 
of reuterin, which relies on the aldehyde moiety depleting free 
sulfhydryl groups such as glutathione and on proteins and 
enzymes, causing oxidative damage and loss of vital cell func-
tions [72, 73]. Despite a thorough study of this mechanism, 
it is still unclear how reuterin acts on bacterial cells embed-
ded in a protective matrix. In a study investigating on P. aer-
uginosa biofilm inactivation by glutaraldehyde (a disinfectant 
having two aldehyde groups), it was demonstrated that biofilm 
exposure to 50 mg/L for 10 h resulted in the same 2-log reduc-
tion obtained for planktonic cells exposed for 20 min [74]. 
These results suggest that like glutaraldehyde, reuterin has a 
slow diffusion into biofilm and that matrix and its constitu-
ents must significantly delay penetration to reach the target 
bacteria, probably because of its size or constituent moieties. 
Further research is needed to decipher the behavior of reuterin 
within biofilms. Application of reuterin after peracetic acid 
may be expected to enhance the antibiofilm action of the lat-
ter but may also be involved in preventing bacterial regrowth 
by inhibiting biofilm formation, as shown in a study where 
reuterin at 4.3 mM prevented Clostridium perfringens (Cp 
13124) from forming biofilms by affecting the expression of 
specific genes involved in cell adherence [75]. Furthermore, 
the prolonged action of reuterin could add value to peracetic 
acid sanitation by preventing the recolonization of freshly dis-
infected biofilms by bacteria able to use residual EPS to form 
secondary biofilms, or by inhibiting the establishment of other 
biofilm-forming microorganisms such as yeasts on the treated 
surfaces [76, 77].

Peracetic acid is considered a food-grade sanitizer [78], 
whereas reuterin currently is not even GRAS, unlike certain 
bacteriocins such as nisin and pediocin, although several stud-
ies have suggested its suitability for use in the dairy sector 
[79–83] and in the meat and fish industries [24, 84–87]. Other 
studies demonstrated that no relevant quality-related modifica-
tions like acidity and pH variations occur and affect dairy prod-
uct quality when reuterin is added to inhibit bacterial growth 
and extend shelf-life [88, 89]. Otherwise, studies conducted to 
assess the cytotoxicity of this antimicrobial agent showed that 
no skin sensitization was observed at 40 mg mL−1 (540 mM) 
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nor was hemolytic activity or damage to gastrointestinal tract 
cells at concentrations below 270 mM and as high as 1080 mM 
respectively [90, 91]. A number of advantages owing to the 
physicochemical properties of reuterin make it particularly 
valuable as an antibiofilm agent in the food industry. In addi-
tion to its water solubility [92], its stability over a wide range 
of pH (3–9) and at high concentrations of NaCl and milk fat 
(0.5–3%) and its increased effectiveness as the temperature 
rises (10–30 °C) have been shown [81, 82, 93–96].

Conclusion

The results of the present study demonstrate an antibiofilm 
activity of reuterin against three species in a mixed biofilm 
and that its association with peracetic acid or with a commer-
cial disinfectant containing peracetic acid effectively lowers 
the effective concentrations of both active agents. The per-
acetic acid and BioDestroy® concentrations thus lowered by 
virtue of this combination meet the approved regulatory con-
centrations for sanitizing product contact surfaces in process-
ing plants [97]. Introducing this natural antimicrobial agent 
into disinfectant formulations for suppressing biofilm growth 
would be advantageous by reducing the input of chemicals 
which, at high concentrations and over the long term, can be 
damaging to surfaces, exposed workers, and the environment. 
However, these conclusions are based on laboratory tests and 
further studies are needed to validate these results on a larger 
scale. Other research should be carried out to optimize the use 
of reuterin and to validate its effectiveness and practicality in 
an industrial setting. In this context, it is worth considering the 
integration of advanced technologies, such as the application 
of encapsulation systems and nanotechnologies on reuterin for 
the development of active ingredient disinfectant or new sani-
tizing approaches. This could present a promising prospect for 
the future, being able to ensure lasting antimicrobial action 
with minimal disruption to production processes.
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