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A B S T R A C T   

The failure of current sanitation practices requires the development of effective solutions for microbial control. 
Although combinations using antibiotics have been extensively studied to look for additive/synergistic effects, 
biocide combinations are still underexplored. This study aims to evaluate the antimicrobial effectiveness of dual 
biocide and triple biocide/phytochemical combinations, where phytochemicals are used as quorum sensing (QS) 
inhibitors. The biocides selected were benzalkonium chloride (BAC) and peracetic acid (PAA) – as commonly 
used biocides, and glycolic acid (GA) and glyoxal (GO) – as alternative and sustainable biocides. Curcumin (CUR) 
and 10-undecenoic acid (UA) were the phytochemicals selected, based on their QS inhibition properties. A 
checkerboard assay was used for the screening of chemical interactions based on the cell growth inhibitory ef-
fects against Bacillus cereus and Pseudomonas fluorescens. It was observed that dual biocide combinations resulted 
in indifference, except the PAA + GA combination, which had a potential additive effect. PAA + GA + CUR and 
PAA + GA + UA combinations also triggered additive effects. The antimicrobial effects of the combinations were 
further evaluated on the inactivation of planktonic and biofilm cells after 30 min of exposure. These experiments 
corroborated the checkerboard results, in which PAA + GA was the most effective combination against plank-
tonic cells (additive/synergistic effects). The antimicrobial effects of triple combinations were species- and 
biocide-specific. While CUR only potentiate the antimicrobial activity of GA against B. cereus, GA + UA and PAA 
+ GA + UA combinations promoted additional antimicrobial effects against both bacteria. Biofilms were found to 
be highly tolerant, with modest antimicrobial effects being observed for all the combinations tested. However, 
this study demonstrated that low doses of biocides can be effective in bacterial control when combining biocides 
with a QS inhibitor, in particular, the combination of the phytochemical UA (as a QS inhibitor) with GA and PAA.   

1. Introduction 

In industrial settings, microbial safe levels are ensured by the 
implementation of Good Manufacturing Practice (GMP) and Hazard 
Analysis and Critical Control Points (HACCP) plans, which settle on 
biofilm prevention by the identification, assessment, and control of 
hazards (Blom, 2015; Sharma & Anand, 2002). The selection of sanita-
tion practices to prevent or readily control the established biofilms de-
pends on the process conditions, such as surface material, type of biocide 
used, contact time, and microbial contaminants (Parish et al., 2003). 
Sanitation comprises cleaning (i.e. application of alkaline- or acid-based 
cleaning formulations) and disinfection steps (i.e. application of physical 
methods, like UV light and ultrasounds, or antimicrobial compounds/ 

biocides) that trigger the removal of organic and mineral residues, and 
microbial damage or eradication (Iniguez-Moreno et al., 2021). How-
ever, even after regular sanitation, bacteria can persist on surfaces, 
within biofilms (Stoller et al., 2019). 

The increased antimicrobial tolerance of biofilm cells has been 
related to several mechanisms, including the process conditions that 
affect biofilm development and the intrinsic properties of the biofilm 
resident cells (Simões et al., 2010). For example, Iniguez-Moreno et al. 
(2021) demonstrated that biofilm removal (by enzymes and biocides) 
was influenced by the type of surface material (stainless steel and 
polypropylene) and nutrient load (presence of food debris). The intrinsic 
properties comprise low cell accessibility and chemical interaction of 
biocides with biofilm constituents, microenvironment heterogeneity, 
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nutrient limitation and slow growth rate, production of degradative 
enzymes, cell-to-cell communication by quorum sensing (QS) mecha-
nisms, and presence of persister cells (Bridier et al., 2011). 

Nowadays, the possibility of cross-resistance between biocides and 
antibiotics or other biocides is a well-recognized phenomenon (Pereira 
et al., 2020). Capita et al. (2019) demonstrated that the continuous 
exposure to sub-lethal concentrations of disinfectants [i.e. sodium hy-
pochlorite, peracetic acid (PAA), and benzalkonium chloride (BAC)] 
promoted acquired tolerance to other biocides and the resistance to 
antibiotics by Cronobacter sakazakii and Yersinia enterocolitica. Further-
more, several operating and geometric characteristics result in the use of 
sub-lethal concentrations, particularly the use of low biocide doses, 
inappropriate storage with loss of antimicrobial effectiveness, presence 
of high organic load as interfering substances, and a gradient distribu-
tion around corners and difficult-to-reach of specific parts of the system, 
particularly the so-called dead zone (Capita et al., 2019). 

Given the systematic failure of current sanitation practices against 
biofilm cells and the rising biocide tolerance and antibiotic cross- 
resistance, the demand for new antimicrobial solutions has emerged. 
The development of antimicrobial formulations based on already 
approved active compounds is an attractive alternative strategy for the 
development and registration of novel disinfecting products (European 
Union, 2012). Combination-based approaches have been explored to 
obtain improved antimicrobial effects, particularly for antibiotic com-
binations (with specific cellular targets) (Gonzales et al., 2015; Mei 
et al., 2022; Stein et al., 2015). The combination of antibiotics with QS 
inhibitors has also revealed improved antimicrobial effects (Brackman 
et al., 2011; 2016; Hawas et al., 2022). QS inhibition can mitigate mi-
crobial pathogenesis and virulence (by attenuating the expression of 
virulence factors and preventing biofilm formation) and increase anti-
microbial susceptibility (Borges et al., 2017; Li et al., 2022; Mayer et al., 
2020; Wei et al., 2020). However, the outcomes from the combinations 
with biocides (with multiple cellular targets) remain underexplored 
since it is expected that additional molecules would have little room for 
a suitable activity that would enable synergism (Noel et al., 2021). 

The present study aims to evaluate the potential of dual biocide and 
triple biocide/QS inhibitor combinations on the antimicrobial action 
against planktonic and biofilm cells. Bacillus cereus and Pseudomonas -
fluorescens were selected as model food spoilage microorganisms that 
are typically found in food industry settings (Scales et al., 2014; Soni 
et al., 2016). Firstly, the potential of glycolic acid (GA) and glyoxal (GO) 
(Fernandes et al., 2020; 2022a) in enhancing the antimicrobial effects of 
commonly used biocides (BAC and PAA) was assessed (dual biocide 
combinations). Triple combinations were further tested by combining 
these biocides with selected QS inhibitors [phytochemicals with low 
toxicity – curcumin (CUR) and 10-undecenoic acid (UA) (Fernandes, 
Borges, Gomes, Sousa, & Simões, 2023)]. Two- and three-dimensional 
checkerboard assays and fractional inhibitory concentration index 
(FICI) calculations were performed to evaluate the role of the chemical 
interactions on cell growth inhibition (during 24 h of exposure). The 
antimicrobial effects of dual biocide combinations (at distinct concen-
trations) were evaluated in the inactivation of planktonic and biofilm 
cells, after 30 min of exposure. The most effective dual biocide combi-
nations, based on the triple FICI values and cell inactivation, were 
selected for assessing the antimicrobial and antibiofilm activity of triple 
combinations (dual biocide/QS inhibitor). 

2. Materials and methods 

2.1. Bacterial strains and growth conditions 

Bacillus cereus strain isolated from a disinfection solution and iden-
tified by 16S rRNA gene sequencing (Simões et al., 2007) and Pseudo-
monas fluorescens ATCC 13525 T were selected as representative Gram- 
positive endospore-forming and Gram-negative bacterial models, 
respectively. Selected strains have been used as target bacteria for 

antimicrobial tests against planktonic and biofilm cells (i.e. antimicro-
bial activity and mode of action) (Fernandes, Gomes, & Simões, 2020, 
2022; Fernandes, Gomes, Sousa, & Simões, 2022). Both bacteria were 
grown overnight using a sterile synthetic nutrient medium (5 g/L of 
glucose, 2.5 g/L of peptone and 1.25 g/L of yeast extract in 0.2 M 
phosphate buffer, pH 7, all from Merck, Germany) at 30 ◦C with agita-
tion (120 rpm). Overnight grown cultures were centrifuged (3772 × g, 
10 min) and washed once with phosphate buffer saline [PBS, 8 g/L of 
NaCl (VWR, Belgium), 0.2 g/ L of KCl (VWR, Belgium), 1.44 g/L of 
Na2HPO4 (Chem-Lab NV, Belgium) and 0.24 g/L of KH2PO (VWR, 
Belgium), pH 7.4]. The cell pellets were then resuspended in tryptic soy 
broth (TSB) or PBS and adjusted to a cellular density according to the 
requirements of each assay. 

2.2. Biocides and quorum sensing inhibitors/phytochemicals 

The selection of biocides for dual combinations was performed based 
on previous results about their antimicrobial effects on planktonic and 
biofilm cells (Fernandes, Gomes, & Simões, 2020, 2022). Glycolic acid 
99% (w/w) (GA; Sigma-Aldrich, USA) and glyoxal 40% (w/v) (GO; 
Sigma-Aldrich, Denmark) were selected as sustainable biocide alterna-
tives to improve the antimicrobial effects of benzalkonium chloride 
(BAC; Sigma-Aldrich, Denmark) and peracetic acid 38–40% (w/v) (PAA; 
Merck, Germany) – two commonly used biocides (Simões et al., 2010). 
Biocide solutions were aseptically and freshly prepared in sterile TSB for 
checkerboard assays or sterile distilled water for antimicrobial inacti-
vation tests against planktonic and biofilm cells. For triple biocide/QS 
inhibitor combinations, the selected QS inhibitors/phytochemicals were 
curcumin (CUR) 95% (total curcuminoid content), from Turmer-
ic rhizome, and 10-undecenoic acid (UA) 99%, both from Alfa Aesar 
(Germany). These were previously characterized as QS inhibitors (Fer-
nandes, Borges, Gomes, Sousa, & Simões, 2023). Stock phytochemical 
solutions were freshly prepared in 100% DMSO, adequate dilutions were 
performed to ensure a final concentration of 6% (v/v) of DMSO. 

2.3. Combination screening – Checkerboard assay 

Dual biocide combinations evaluated the potential of GA/GO to 
improve the antimicrobial activity of BAC/PAA. For that, a two- 
dimensional checkerboard assay was used to determine the role of 
chemical interactions on the effects of cell growth inhibition after 24 h of 
exposure (Buchmann et al., 2022). Bacterial pellets were resuspended in 
TSB and adjusted to 108 colony forming units per mL (CFU/mL). In total, 
20 µL of bacterial suspension was added to 80 µL of TSB and 100 µL of 
biocidal solution (50 µL/50 µL of BAC/GA, BAC/GO, PAA/GA, or PAA/ 
GO). Each column contained increasing concentrations of PAA (12.5, 25, 
50, 100, 160, 200, 320, 400, 800, 1000, and 1600 µg/mL) or BAC (0.5, 1, 
2, 3, 4, 5, 10, 15, 20, 40, and 80 µg/mL) and each row contained 
increasing concentrations of GA (200, 400, 800, 1000, 1250, 1500, 
2000, 2500, and 5000 µg/mL) or GO (12.5, 25, 50, 100, 250, 300, and 
500 µg/mL). The selected concentrations were based on the minimum 
inhibitory concentration (MIC) of each biocide (see supplementary file). 

The effects of triple combinations (dual biocide/QS inhibitor) were 
assessed through a three-dimensional checkerboard assay (Stein et al., 
2015). For that, each well was filled with 20 µL of bacterial suspension, 
68 µL of TSB, 100 µL of biocidal solution (50 µL/50 µL of BAC/GO, PAA/ 
GA, or PAA/GO), and 12 µL of the QS inhibitor (CUR or UA). Two- 
dimensional checkerboard plates were prepared as previously 
described by adding BAC or PAA and GA or GO. Then, each plate was 
filled with different concentrations of QS inhibitor (third compound) – 
CUR at 9.375, 18.75, and 37.5 µg/mL for B. cereus and at 18.75, 37.5, 
and 75 µg/mL for P. fluorescens; UA at 50, 100, and 200 µg/mL for B. 
cereus and at 125, 250, and 500 µg/mL for P. fluorescens (concentrations 
below the MIC, see Table S1). Two- and three-dimensional checkerboard 
plates were incubated for 24 h at 30 ◦C with agitation (160 rpm). 
Absorbance at 610 nm was measured before (0 h) and after incubation 

S. Fernandes et al.                                                                                                                                                                                                                              



Food Research International 167 (2023) 112680

3

(24 h) using a microtiter plate reader (SPECTROstarNano; BMG Labtech, 
Germany). 

For all wells with no detectable growth, the Fractional Inhibitory 
Concentration (FIC) was calculated according to Equation (1), where 
MICX corresponds to the lowest concentration of the biocide or QS in-
hibitor tested (X) which inhibited cell growth. The Fractional Inhibitory 
Concentration Index (FICI) was estimated as the sum of each FIC (FICA 
+ FICB for dual biocide combinations and FICA + FICB + FICC for triple 
combinations). 

FIC =
MICX in combination

MICX alone
(1) 

The antimicrobial effects of the combination were defined as syn-
ergistic for FICI ≤ 0.5, additive for 0.5 < FICI ≤ 1, indifferent for 1 <
FICI < 4, and antagonist for FICI ≥ 4 (Ju et al., 2022). The FICI repre-
sents the mean of three independent experiments, whereas the lowest 
FICI was selected (corresponding to the best combination). 

Additionally, experimental data of dual biocide combinations were 
modelled using Combenefit software (version 2.021, available at https 
://sourceforge.net/projects/combenefit/, accessed on June 2022), 
which allowed the visualization of antimicrobial effects of combinations 
according to the Loewe model as a function of concentration (Di Veroli 
et al., 2016) – see Figures S1-S4. Furthermore, two-dimensional check-
erboard plates were analysed for biofilm prevention. For that, after in-
cubation during 24 h of bacterial suspension with dual biocide 
combinations, biofilm formation was quantified by crystal violet stain-
ing as described by Fernandes et al. (2022) and experimental data, as a 
percentage of biofilm inhibition, was modelled using Combenefit soft-
ware (Figures S5-S8). 

2.4. Potential for cell inactivation by dual biocide and triple combinations 

The antimicrobial activity of dual biocide combinations (BAC/GO, 
PAA/GA, and PAA/GO) against planktonic and biofilm cells was 
assessed based on both FICI values and cell inactivation after 30 min of 
exposure, where the most promising triple combinations (dual biocide/ 
QS inhibitor) were picked for assessing the inactivation of planktonic/ 
biofilm cells. 

2.4.1. Inactivation of planktonic cells 
The antimicrobial activity as the inactivation of planktonic cells was 

performed according to the European Standard EN 1276 (2009) with 
some modifications. Bacterial pellets were resuspended in PBS and 
adjusted to 108 CFU/mL. A volume of 1 mL of cell suspension was added 
to 1 mL of sterile distilled water and maintained in contact for 2 min. For 
dual biocide combinations, 8 mL of biocidal solution (4 mL/4 mL of 
BAC/GO, PAA/GO, or PAA/GA) was added to reach the desired con-
centrations (BAC: 4, 10, and 40 µg/mL; GA: 100, 200, 400, and 1000 µg/ 
mL; GO: 12.5, 25, 125, and 5000 µg/mL; PAA: 1.25, 5, 25, 50, and 100 
µg/mL). Triple combinations were performed by adding 3.7 mL/3.7 mL 
of PAA/GA and 0.6 mL of QS inhibitor to reach the desired concentra-
tions: GA at 100 µg/mL; PAA at 1.25 and 10 µg/mL; CUR at 150 µg/mL; 
and UA at 100 µg/mL. Biocide concentrations were selected based on 
data modelled using Combenefit software, corresponding to synergy/ 
indifference (Figures S1-S4). Furthermore, to enable the quantification 
of synergistic/additive effects of tested combinations, concentrations 
were selected to ensure that substantial inactivation of planktonic cells 
was not achieved for individual compounds, i.e. the sum of cell inacti-
vation of each compound tested alone should not correspond to the total 
inactivation. QS inhibitor concentrations were selected based on the 
MIC (Table S1), ensuring that it provided negligible inactivation during 
the exposure time, when tested alone. Control samples comprised single 
biocide effects (replacing a biocide by sterile distilled water and QS 
inhibitor with DMSO), single QS inhibitor effects (replacing both bio-
cides with sterile distilled water), and dual biocide/QS inhibitor com-
bination effects (replacing a biocide by sterile distilled water). Positive 

controls were performed by adding sterile distilled water/DMSO instead 
of biocides and QS inhibitors. After 30 min of exposure at room tem-
perature, biocide neutralization using a universal neutralizer [30 g/L of 
polysorbate 80 (VWR Chemicals, France), 30 g/L of saponin (VWR 
Chemicals, Belgium), 1 g/L of L-histidine (Merck, Japan), 3 g/L of 
lecithin (Alfa Aesar, Germany), 5 g/L of sodium thiosulphate (Labkem, 
Spain) in 0.0025 M phosphate buffer (EN 1276, 2009) was performed 
according to Fernandes et al. (2020). Then, surviving cells were quan-
tified by CFU counting onto tryptic soy agar (TSA, TSB with 1.5% w/v 
agar) after appropriate serial dilution in sterile saline solution (0.85% w/ 
v NaCl) and incubation at 30 ◦C for 24 h. For each condition, at least 
three independent experiments were performed with two replicates. The 
limit of detection of the method is 2.7-Log CFU/mL. The inactivation of 
planktonic cells was evaluated by logarithmic reduction (Log CFU/mL 
reduction) as Log(X0/X), where X0 and X are the counts of CFU/mL for 
unexposed (positive control) and exposed bacteria, respectively. 

Additionally, for different concentrations of PAA + GO combina-
tions, the measurement of pH (phenomenal pH 1100 L, VWR, Germany) 
was performed over time (during 30 min) to assess the chemical 
decomposition of PAA (Figure S9). 

2.4.2. Inactivation of biofilm cells 
The 48 h-old biofilms (mature biofilms) were grown in 96-well 

polystyrene microtiter plates as previously described (Fernandes et al., 
2022). For dual biocide combinations, biofilms were exposed to 200 µL 
of biocide solution (100 µL/100 µL of BAC/GO, PAA/GO, or PAA/GA) at 
the desired concentrations (BAC: 40 and 100 µg/mL; GA: 100, 400, 
1000, 2000, and 10000 µg/mL; GO: 100, 125, 250, 300, and 5000 µg/ 
mL; PAA: 100, 125, 200, 400, and 500 µg/mL). Triple combinations 
were performed by adding 94 µL/94 µL of PAA/GA and 12 µL of QS 
inhibitor to reach desired concentrations: GA at 1000 µg/mL; PAA at 
200 µg/mL; CUR at 150 µg/mL; and UA at 1000 µg/mL. Biocide con-
centrations were selected based on data simulation using Combenefit 
software for the prevention of 24 h-old biofilm formation, corresponding 
to synergy/indifference effects (Figures S5-S8). Furthermore, to enable 
the evaluation of synergistic/additive effects of the combinations tested, 
concentrations were selected to ensure that substantial inactivation of 
biofilm cells was not achieved for individual compounds, i.e. the sum of 
inactivation of each compound tested alone should not correspond to the 
total inactivation. QS inhibitory concentrations were selected based on 
MIC (Table S1), ensuring that it provided negligible inactivation during 
the exposure time when tested alone. Control samples were performed 
by replacing a biocide with sterile distilled water and QS inhibitor by 
DMSO (single-biocide effect), both biocides by sterile distilled water 
(single QS inhibitor effect), and a biocide with sterile distilled water 
(dual biocide/QS inhibitor combination effect). Positive controls were 
performed by adding sterile distilled water/DMSO instead of biocides 
and QS inhibitors. After exposure for 30 min, antimicrobial solutions 
were discarded and neutralized for 15 min (Fernandes et al., 2022). 
Then, surviving cells were quantified in terms of cell culturability (CFU/ 
cm2). For each condition, at least three independent experiments were 
performed with two replicates. The limit of detection of the method is 
1.5-Log CFU/cm2. The inactivation of biofilm cells was evaluated by 
logarithmic reduction (Log CFU/cm2 reduction) as Log (X0/X), where X0 
and X are the count of CFU/cm2 for unexposed (positive control) and 
exposed biofilms, respectively. 

2.5. Classification of antimicrobial effect of combinations 

The antimicrobial effect of dual and triple combinations was classi-
fied according to the definitions of “Synergism”, “Antagonism”, “Indif-
ference”, and “Additive effects” from the European Committee on 
Antimicrobial Susceptibility Testing (EUCAST, 2000). Synergism 
occurred when the combination caused cell inactivation statistically 
significantly higher than the sum of inactivation from biocide/QS in-
hibitor alone (P < 0.05). Antagonism was observed when the 
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combination caused cell inactivation statistically significantly lower 
than the most active compound (P < 0.05). Indifference occurred when 
no statistically significant differences were observed for the cell inacti-
vation promoted by the combination compared to the most active 
compound (P > 0.05). Finally, the additive effect occurred when no 
statistically significant differences were found between the cell inacti-
vation caused by the combination and the sum of cell inactivation from 
biocide/QS inhibitor alone (P > 0.05) and the cell inactivation from the 
combination was statistically significantly higher than the most active 
compound (P < 0.05). 

2.6. Statistical analysis 

Experimental data were analysed through the calculation of the 
mean and standard deviation (SD) for all conditions. The antimicrobial 
effects of dual biocide, dual biocide/QS inhibitor, and triple combina-
tions were classified based on statistical differences between samples 
using unpaired t-test with Welch’s correction from the statistical pro-
gram GraphPad Prism 6.0 for Windows (GraphPad software, La Jolla 
California, USA). Statistical differences were established for a proba-
bility level of 95% (P < 0.05). 

3. Results and discussion 

Combination-based approaches are gaining increasing interest to 
exploit synergistic/additive effects using already approved compounds 
to help control bacterial tolerance/resistance worldwide and to provide 
solutions for the lack of development of new effective antimicrobial 
compounds (Buchmann et al., 2022; Ju et al., 2022; Oliveira et al., 2022; 
Pietsch et al., 2020). These approaches have been extensively addressed 
for antibiotics, to increase the therapeutic activity/decrease antimicro-
bial resistance (Tabcheh et al., 2023). Synergistic effects were achieved 
for different dual antibiotic and antibiotic-biocide combinations (Ju 
et al., 2022; Pietsch et al., 2020). The antimicrobial effects were found as 
specific to the antibiotic-biocide combination. For example, chemical 
interactions from gentamicin and meropenem caused synergistic and 
antagonistic effects, respectively (Pietsch et al., 2020). Phytochemicals 
(compounds from the secondary metabolism of plants) were also used in 
combination-based approaches. Very few authors have demonstrated 
synergistic effects from phytochemicals with recognized anti-QS activity 
combined with antimicrobial compounds (Brackman et al., 2016; Mal-
heiro et al., 2019; Monte et al., 2014; Ning et al., 2021). These molecules 
were found to improve the antimicrobial activity of antibiotics by the 
downregulation of resistance mechanisms of bacteria and inhibition of 
virulence factors (Buchmann et al., 2022; Oliveira et al., 2022). 

Studies concerning biocide combinations are required to increase the 
antimicrobial susceptibility of planktonic and biofilm cells to disinfec-
tion processes. Looking for more effective antimicrobial strategies 
against planktonic/biofilm cells than the current antimicrobial solu-
tions, the present study focused on dual biocide combinations (PAA and 
BAC combined with GA or GO), followed by triple combinations using 
phytochemicals with recognized anti-QS activity (CUR and UA). In a 
first attempt, chemical interactions of dual biocide and triple combi-
nations on cell growth inhibition were evaluated by checkerboard assay, 
after 24 h of exposure. Generally, synergistic effects from antibiotic 
combinations are validated by time-kill assays (during 24 h) (Buchmann 
et al., 2022; Ju et al., 2022). However, the exposure time of biocides is 
generally quite short (5 min). Thus, synergistic/additive effects were 
confirmed by the quantification of the inactivation of planktonic and 
biofilm cells of B. cereus and P. fluorescens after 30 min of exposure. The 
checkerboard assay was a good screening approach, even considering a 
high contact time, which allowed not only the evaluation and selection 
of potential synergistic/additive combinations but also the definition of 
concentrations to be validated in the following antimicrobial inactiva-
tion tests against planktonic/biofilm cells using typical exposure time of 
a disinfection process (Chino et al., 2017). 

3.1. Chemical interactions of dual biocide and triple combinations – 
Checkerboard assay 

The antimicrobial effects of dual biocide combinations against B. 
cereus and P. fluorescens according to the checkerboard assay are sum-
marized in Table 1. All dual biocide combinations resulted in indifferent 
effects (1 ≤ FICI < 4) against both bacteria, except PAA + GA which 
resulted in additive effects (0.5 < FICI < 1). There was a 2-fold and 4- 
fold reduction of MIC for PAA when measured alone versus in combi-
nation with GA against B. cereus and P. fluorescens, respectively. Addi-
tionally, Combenefit analysis demonstrated that synergy/antagonism 
can occur across a wide range of concentrations for all combinations, but 
not for all the concentrations (Fig. 1 and Figures S1-S4). For example, 
against B. cereus, the PAA + GA combination resulted in synergy for a 
specific range of concentrations (12.5–200 µg/mL of PAA and 200–400 
µg/mL of GA), while another range triggered antagonistic effects 
(12.5–200 µg/mL of PAA and 1000–1500 µg/mL of GA). Distinct anti-
microbial effects from synergy to antagonism on combination patterns 
were also demonstrated by Kashif et al. (2017) for different concentra-
tions of clinically relevant anticancer drugs. In addition, the BAC + GA 
combination resulted in a wide-range antagonism zone (zone coloured 
from yellow to red in Fig. 1). BAC causes the greatest antimicrobial 
activity under neutral to slightly alkaline conditions and its activity 
decreases under acidic conditions (Frozza et al., 2021). Thus, the com-
bination of BAC with a weak acid (GA) may potentiate the reduction of 
antimicrobial activity and consequently, BAC + GA did not proceed for 
the triple combinations and the inactivation of planktonic/biofilm cells 
was not evaluated. 

The potential chemical interactions of triple combinations were also 
screened by the checkerboard assay. CUR and UA (at sub-inhibitory 
concentrations) were combined with dual biocide combinations (BAC 
+ GO, PAA + GA, and PAA + GO) against B. cereus and P. fluorescens. 
According to the FICI results (Table 2), additive effects (0.5 < FICI < 1) 
were observed for all triple combinations, except for the BAC + GO +
CUR against B. cereus. The low FICI values for triple combinations 
compared to dual biocide combinations are indicators of high antimi-
crobial effects when QS inhibitors were added. In general, the best triple 
combinations occurred when UA was used in comparison to CUR, and 
for PAA + GA or PAA + GO combinations in comparison to BAC + GO. 
The antimicrobial effects of PAA were improved, being reflected in the 
reduction of MIC against both bacteria, ranging from 4- to 32-fold 
reduction. On the other hand, MIC for BAC only reduced 1.25- to 15- 
fold in triple combinations versus BAC alone. 

Table 1 
Results of checkerboard assay for dual biocide combinations against B. cereus 
and P. fluorescens. MIC values were determined for biocides alone and in com-
bination. Values are the means of three independent assays.   

MIC (µg/mL) FICI Effect 1 

Alone Combination 

A B A B 

BAC (A) + GA (B) 
B. cereus 5 2500 5 200  1.08 Indifference 
P. fluorescens 15 2500 1 2500  1.07 Indifference 
BAC (A) + GO (B) 
B. cereus 5 300 5 12.5  1.04 Indifference 
P. fluorescens 15 300 15 12.5  1.04 Indifference 
PAA (A) + GA (B) 
B. cereus 800 2500 400 800  0.82 Additivity 
P. fluorescens 400 2500 100 1500  0.85 Additivity 
PAA (A) + GO (B) 
B. cereus 800 300 25 300  1.03 Indifference 
P. fluorescens 400 300 12.5 300  1.03 Indifference  

1 Synergism: FICI ≤ 0.5; additivity: 0.5 < FICI < 1; indifference: 1 ≤ FICI < 4; 
and antagonism: FICI ≥ 4. 
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3.2. Potential for cell inactivation by dual biocide combinations 

For dual biocide combinations (BAC + GO, PAA + GA, and PAA +
GO), the antimicrobial activity as the inactivation of planktonic and 
biofilm cells of B. cereus and P. fluorescens was evaluated after 30 min of 
exposure (Figs. 2-4). 

In general, BAC + GO combinations resulted in indifferent effects 
against planktonic/biofilm cells of both bacteria (Fig. 2, P > 0.05). 
Except for the BAC + GO combination (100 µg/mL + 5000 µg/mL) that 
resulted in antagonistic effects against B. cereus biofilms (P < 0.05). The 
specific cellular phenotype (persister cells/endospores) and/or the 
interference with the extracellular polymeric substances from the bio-
film matrix (Fernandes, Gomes, & Simões, 2022; Fernandes, Gomes, 

Sousa, & Simões, 2022) may help to explain the antagonism observed for 
B. cereus biofilms with a high concentration of GO. 

PAA + GO combinations caused indifferent and antagonistic effects 
against both bacteria in planktonic and biofilm states (Fig. 3). The 
combination of PAA with organic compounds (including aldehydes) 
caused its decomposition to deprotonated species (PAA–) that are agents 
with low oxidative power (Kim and Huang, 2021). According to the 
Baeyer-Villiger mechanism, PAA will react with GO resulting in the 
decomposition of PAA and increasing H+ concentration (Kim and 
Huang, 2021). The continuous decrease of pH evidenced the chemical 
decomposition of PAA (Figure S9). Increasing GO/PAA concentration 
triggered a high reaction rate between the compounds (measured by the 
increase of H+), and consequently, a high PAA decomposition rate is 

Fig. 1. Loewe dose–response graph showing the effects of dual biocide combination with increasing BAC/PAA and GA/GO concentrations on B. cereus and P. flu-
orescens cell growth inhibition. 

Table 2 
Fractional inhibitory concentration index (FICI) for each combination in cell growth inhibition of curcumin and 10-undecenoic acid (C) with BAC + GO, PAA + GA, 
and PAA + GO against B. cereus and P. fluorescens. MIC values were determined for biocides/phytochemicals alone and in combination. Values correspond to the mean 
of three independent assays.   

MIC (µg/mL) FICI Effect 1 

Alone Combination 

A B C A B C 

Curcumin (C) 
BAC (A) + GO (B) 
B. cereus 5 300 75 1 100 37.5  1.03 Indifference 
P. fluorescens 15 300 150 1 150 18.75  0.69 Additivity 
PAA (A) + GA (B) 
B. cereus 800 2500 75 100 200 37.5  0.71 Additivity 
P. fluorescens 400 2500 150 100 1000 37.5  0.90 Additivity 
PAA (A) + GO (B) 
B. cereus 800 300 75 100 50 37.5  0.79 Additivity 
P. fluorescens 400 300 150 12.5 150 18.75  0.66 Additivity 
10 – Undecenoic acid (C) 
BAC (A) + GO (B)         
B. cereus 5 300 400 4 12.5 50  0.97 Additivity 
P. fluorescens 15 300 >1000 10 12.5 125  <0.83 Additivity 
PAA (A) + GA (B)         
B. cereus 800 2500 400 50 200 200  0.64 Additivity 
P. fluorescens 400 2500 >1000 100 1000 125  <0.78 Additivity 
PAA (A) + GO (B)         
B. cereus 800 300 400 100 12.5 200  0.67 Additivity 
P. fluorescens 400 300 >1000 12.5 150 125  <0.66 Additivity  

1 Synergism: FICI ≤ 0.5; additivity: 0.5 < FICI < 1; indifference: 1 ≤ FICI < 4; and antagonism: FICI ≥ 4. 
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achieved, which may be related to the loss of antimicrobial activity 
observed. For example, increasing PAA from 50 to 100 µg/mL (plank-
tonic B. cereus) or 1.25 to 5 µg/mL (planktonic P. fluorescens) combined 
with GO at 25 µg/mL resulted in indifferent to antagonistic effects. A 
similar pattern occurred when increasing GO from 300 to 5000 µg/mL 
(B. cereus biofilm) and 125 to 250 µg/mL (P. fluorescens biofilm) com-
bined with PAA at 200 µg/mL. Ocampo et al. (2014) also found that 61% 
of the 204 antibiotic combinations tested were antagonistic, demon-
strating the occurrence of antagonistic effects associated with the com-
bination of bacteriostatic and bactericidal compounds. The authors 
hypothesized that the highest antimicrobial effects of the bactericidal 
compound against active cells were compromised by bacteriostatic ac-
tion that induced cell stasis/inhibited cell growth (Ocampo et al., 2014). 

PAA + GA combinations caused distinct antimicrobial effects against 
B. cereus and P. fluorescens (Fig. 4). Indifferent effects were verified 
against B. cereus, for all combinations tested against planktonic and 
biofilm cells (P > 0.05), except for the PAA + GA combination at 10 µg/ 
mL + 100 µg/mL against planktonic cells (additive effect) and 200 µg/ 
mL + 1000 µg/mL against biofilm cells (antagonistic effect). These 
antimicrobial effects may be explained by the presence of endospores 
that remained culturable after biocidal exposure (Fernandes et al., 
2022). The available PAA concentration (5–400 µg/mL) (sporicidal 
agent) was not sufficient to cause total eradication of planktonic [> 500 
µg/mL (Fernandes et al., 2020)] and biofilm cells [> 10000 µg/mL 

(Fernandes et al., 2022)]. On the other hand, PAA + GA combinations 
caused indifferent and synergistic effects against planktonic P. fluo-
rescens. Specifically, for PAA at 1.25 µg/mL, a minimum quantity of GA 
was required for synergism (GA ≥ 200 µg/mL). The minimum bacteri-
cidal concentration of PAA and GA alone that caused complete eradi-
cation of planktonic P. fluorescens after 30 min of exposure were 100 and 
5000 µg/mL, respectively (Fernandes et al., 2020). Thus, the PAA + GA 
combination allowed the reduction of effective concentrations to 1.25 
and 200 µg/mL of PAA and GA, respectively. However, indifferent ef-
fects were observed for all the combinations tested against P. fluorescens 
biofilms (P > 0.05). Noel et al. (2021) also pbserved that the synergistic/ 
additive effects were not ubiquitous across all bacterial species, being 
species-specific. From dual combinations between membrane-active 
agents [BAC, didecyldimethylammonium chloride (DDAC), polyhexa-
methylene biguanide (PHMB), chlorocresol] and a reactive oxygen 
species (ROS) generation agent (bronopol), BAC + chlorocresol showed 
synergistic effects against both Staphylococcus aureus and Enter-
ococcus faecalis; PHMB + chlorocresol combination caused synergism 
against E. faecalis; while no effect was obtained against Acineto-
bacter baumannii and Klebsiella pneumoniae (Noel et al., 2021). 

Overall, the antimicrobial effects of dual biocide combinations based 
on the inactivation of planktonic cells corroborated the checkerboard 
results. However, very few combinations (i.e. biocides and concentra-
tions) resulted in distinct outcomes, such as antagonism from PAA + GO 

Fig. 2. Antimicrobial effects of BAC + GO combination against B. cereus and P. fluorescens in planktonic and biofilm states. Distinct biocide concentrations (at µg/mL) 
were tested. Black and white bars represent the cell inactivation caused by BAC and GO alone in a stacked position, respectively. Grey bars represent the cell 
inactivation promoted by dual biocide combinations. Dashed lines correspond to Log CFU/mL or Log CFU/cm2 of control cultures and B. cereus non-endospores cells 
after exposure time. Values are means ± SDs of at least three independent assays. * – Cell inactivation caused by dual biocide combination was statistically different 
from the sum of inactivation caused by single biocides (unpaired t-test with Welch’s correction, P < 0.05). a – Cell inactivation caused by dual biocide combination 
was statistically different from the most active biocide (unpaired t-test with Welch’s correction, P < 0.05). 
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and indifference/synergy from PAA + GA combination, which can be 
explained by the ability of dual biocide combinations to inhibit cell 
growth, which is different from the ability to inactivate cells after 30 min 
of exposure. In general, dual biocide combinations were found to cause 
indifferent or additive effects, since the non-specific antimicrobial ac-
tion (multiple cellular targets) of biocides may not provide an open 
space for additional effects beyond the sum of their parts (Noel et al., 
2021). The synergistic effects of the PAA + GA combination against 
planktonic P. fluorescens can be explained by cell membrane destabili-
zation from GA exposure, facilitating PAA diffusion into cells, and 
causing higher antimicrobial effects. Other authors also reported a 
synergistic effect between colistin (membrane-active compound) and 
rifampicin, in which the high antimicrobial activity of rifampicin was 
promoted by cell permeability changes caused by colistin (Zhou et al., 
2020). Against biofilm cells, diffusion–reaction mechanisms could be 
involved in the reduction of the active concentration of biocides, and 
synergistic effects were not observed. Regardless of the absence of 
sporicidal activity, the PAA + GA combination showed great potential 
for improving the antimicrobial activity against planktonic cells. Even 
without additional antimicrobial effects against biofilm cells, the PAA +
GA combination may be effective in the control of dispersed biofilm 
cells, preventing their dissemination, cross-contamination, and the 

reseed of a new biofilm. Thus, the PAA + GA combination was selected 
as the most promising for use in triple combinations. 

3.3. Potential for cell inactivation by dual biocide/QS inhibitor and triple 
combinations 

The antimicrobial activity of dual biocide/QS inhibitor combinations 
(PAA + CUR, GA + CUR, PAA + UA, and GA + UA) and triple combi-
nations (PAA + GA + CUR and PAA + GA + UA) was assessed based on 
the inactivation of planktonic and biofilm cells of B. cereus and P. fluo-
rescens after 30 min of exposure (Figs. 5 and 6). According to the pH 
(close to 3) measured and pKa values [for CUR, pKa1 = 7.8, pKa2 = 8.5, 
and pKa3 = 9.0 (Zebib et al., 2010); for UA, pKa = 5.02, predicted from 
ChemAxon (https://chemaxon.com/, accessed on November 2022)], 
both QS inhibitors were mainly present in neutral forms, which enable 
the cross of the cell membrane. Checkerboard results for triple combi-
nations were not so accurate as for dual biocide combinations, since 
predicted additive effects for triple combinations resulted in antagonism 
for PAA + GA + CUR against both bacteria, while the PAA + GA + UA 
combination triggered indifference against B. cereus and synergism 
against P. fluorescens. As previously mentioned, these differences can be 
explained by the distinct exposure times (from 30 min to 24 h) that 

Fig. 3. Antimicrobial effects of PAA + GO combination against B. cereus and P. fluorescens in planktonic and biofilm states. Distinct biocide concentrations (at µg/mL) 
were tested. Black and white bars represent the cell inactivation caused by PAA and GO alone in a stacked position, respectively. Grey bars represent the cell 
inactivation caused by dual biocide combinations. Dashed lines correspond to the Log CFU/mL or Log CFU/cm2 of control cultures and B. cereus non-endospores cells 
after exposure time. Values are means ± SDs of at least three independent assays. * – Cell inactivation caused by dual biocide combination was statistically different 
from the sum of cell inactivation caused by single biocides (unpaired t-test with Welch’s correction, P < 0.05). a – Cell inactivation promoted by dual biocide 
combination was statistically different from the most active biocide (unpaired t-test with Welch’s correction, P < 0.05). 
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caused different antimicrobial effects. 
CUR has a broad-spectrum antimicrobial activity against bacteria, 

fungi, viruses, protozoa, and parasites (Adamczak et al., 2020). Its mode 
of action is related to cell growth inhibition by the generation of ROS, 
and changes in cell membrane permeability (Dai et al., 2022; Hussain 
et al., 2022). Against planktonic cells, CUR at 150 µg/mL caused 
negligible antimicrobial effects (approximately 0.2-Log CFU/mL 
reduction). Whilst the antimicrobial effects of PAA + CUR, GA + CUR, 
and PAA + GA + CUR combinations were species-specific (Fig. 5). The 
antimicrobial effects of PAA and GA against planktonic B. cereus 
increased (additive and synergistic effects, respectively) by the presence 
of CUR (P < 0.05), while indifference was observed against planktonic 
P. fluorescens (P > 0.05). The highest antimicrobial effects (additive/ 
synergy) of PAA + CUR and GA + CUR against B. cereus can be associ-
ated to the potentiation of sporicidal effects by CUR as it already 
demonstrated to be effective in the inactivation of fungal spores and 
spore-forming bacteria (Dong et al., 2022; Huang et al., 2021). The 
differences in cell membrane/cell wall components between B. cereus 
(Gram-positive bacteria) and P. fluorescens (Gram-negative bacteria) can 
be related to the different levels of susceptibility to biocide combinations 
with CUR. Adamczak et al. (2020) verified that Gram-negative bacteria 
were less susceptible to CUR than these Gram-positive. Furthermore, the 
PAA + GA + CUR combination triggered antagonistic effects against 

both bacteria in the planktonic state (P < 0.05), proposing potential 
chemical interactions between the biocides combined and CUR, and a 
consequent loss of antimicrobial activity. The bacteriostatic action of 
CUR improved the antimicrobial activity of several antibiotics (syner-
gism), as reviewed by Hussain et al. (2022) and Teow et al. (2016). 
However, as previously mentioned, the use of bacteriostatic compounds 
usually causes antagonistic effects when combined with these bacteri-
cidal (Ocampo et al., 2014). 

In terms of biofilm control, it is known that CUR interferes with cell 
adhesion and consequent biofilm formation through QS inhibition 
(Abdulrahman et al., 2020; Raorane et al., 2019). Regardless of the high 
antimicrobial effects of CUR against planktonic cells, its action against 
mature biofilms was less pronounced, causing partial biofilm removal 
and cell inactivation (Tan et al., 2019). Gobin et al. (2022) found CUR as 
a promising antimicrobial compound, among different phytochemicals, 
against planktonic S. aureus and Pseudomonas aeruginosa, but weak 
antibiofilm effects were obtained by 500 µg/mL of CUR. Likewise, in this 
study, it was observed that CUR at 150 µg/mL caused negligible inac-
tivation of biofilm cells of both bacteria (approximately 0.2-Log CFU/ 
cm2 reduction) (Fig. 5). In general, PAA, GA, and PAA + GA triggered 
indifferent effects against biofilm cells when combined with CUR (P >
0.05). To improve the antibiofilm activity of CUR, several strategies 
have been implemented to increase its solubility and delivery into the 

Fig. 4. Antimicrobial effects of PAA + GA combination against B. cereus and P. fluorescens in planktonic and biofilm states. Distinct biocide concentrations (at µg/mL) 
were tested. Black and white bars represent the cell inactivation caused by PAA and GA alone in a stacked position, respectively. Grey bars represent the cell 
inactivation promoted by dual biocide combination. Dashed lines correspond to the Log CFU/mL or Log CFU/cm2 of control cultures and B. cereus non-endospores 
after exposure time. Values are means ± SDs of at least three independent assays. * – Cell inactivation caused by dual biocide combination was statistically different 
from the sum of cell inactivation caused by single biocides (unpaired t-test with Welch’s correction, P < 0.05). a – Cell inactivation promoted by dual biocide 
combination was statistically different from the most active biocide (unpaired t-test with Welch’s correction, P < 0.05). 
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mature biofilm structure (Dai et al., 2022; Urosevic et al., 2022). Barros 
et al. (2020) demonstrated the enhancement of the antibiofilm activity 
of CUR by functionalization of silica nanoparticles. CUR-nanoparticles 
(at 5000 µg/mL with 1% w/w of curcumin) caused 54% biomass 
reduction (CV staining) and 33% cell viability reduction (MTT assay) 
against Pseudomonas putida biofilms, after 24 h of exposure, while free 
curcumin (50 µg/mL) did not cause substantial antibiofilm effects 
(Barros et al., 2020). 

Regarding the antimicrobial activity of UA (Fig. 6), applying a sub- 
inhibitory concentration (100 µg/mL) caused negligible inactivation of 
planktonic cells (0.2 and 0.3-Log CFU/mL reduction of P. fluorescens and 
B. cereus, respectively). Combinations (including UA) caused the inac-
tivation of planktonic cells in a biocide-dependent manner. PAA + UA 
caused indifferent antimicrobial effects against both bacteria (P > 0.05) 
and the GA + UA triggered synergistic effects (P < 0.05). The triple 
combination PAA + GA + UA caused synergistic effects against P. fluo-
rescens (P < 0.05), while indifference was obtained against B. cereus (P 
> 0.05). These differences in the performance of the PAA + GA + UA 
combination can be related to the endospore-forming ability of B. cereus 
(Fernandes et al., 2022). 

GA is an oxidative and membrane-active agent (Fernandes et al., 
2020), while UA causes changes in cell membrane permeabilization, 
inhibition of fatty acid synthesis, and intracellular pH reduction 
(Leclercq et al., 2021). Leclercq et al. (2021) also demonstrated anti-
microbial potentiation by cumulative damages on S. aureus and Candi-
da albicans when combining UA (as an enzyme inhibitor) with carvacrol 
(as a membrane fluidizer). Diverse biocide formulations exist combining 
fatty acids (including UA) with organic acids (including GA) for surface 

cleaning and disinfection purposes (Kany et al., 2005; Richter et al., 
2003; Trauten et al., 2002; Wang, 1982). In these combinations, the 
organic acid has been used to solubilize and stabilize the fatty acid, 
improving antimicrobial activity and reducing foam formation (Richter 
et al., 2003). UA at the sub-inhibitory concentration tested can act as a 
QS inhibitor, being an additional mechanism that can allow the syner-
gistic activity of the GA + UA combination. Considering the antimi-
crobial activity of UA against biofilms, inhibition of Candida albicans 
biofilm formation was already reported (Kumar et al., 2020; Shi et al., 
2016). Indeed, UA is already used clinically to treat topical and nail 
fungal infections (Van der Steen and Stevens, 2009). To the best of the 
authors’ knowledge, the present study was the first one demonstrating 
the antibiofilm activity of UA (alone and in combination) against Gram- 
positive and Gram-negative bacteria. UA at 1000 µg/mL caused distinct 
inactivation of B. cereus (0.9-Log CFU/cm2 reduction) and P. fluorescens 
biofilms (0.3-Log CFU/cm2 reduction). Yuyama et al. (2020) also 
demonstrated that Gram-positive bacteria were more susceptible to fatty 
acids than these Gram-negative. According to the MIC values (Table S1), 
the concentrations of UA applied may cause distinct antimicrobial ef-
fects against both bacteria. UA mainly behaved as a QS inhibitor against 
P. fluorescens, since the concentration applied is below the MIC (> 1000 
µg/mL) (Kumar et al., 2020). On the other hand, B. cereus was exposed to 
UA at a concentration above MIC (400 µg/mL), which may have pro-
moted antimicrobial effects. Other authors found that different unsatu-
rated fatty acids (i.e. palmitic acid, palmitelaidic acid, palmitoleic acid, 
oleic acid, linoleic acid, γ-linolenic acid, arachidonic acid, and 7(Z),10 
(Z)-hexadecadienic acid) did not cause any effect on mature biofilms, 
but inhibited biofilm formation (Yuyama et al., 2020). Regardless of the 

Fig. 5. Antimicrobial effects of PAA + CUR, GA + CUR, and PAA + GA + CUR combinations against B. cereus and P. fluorescens in planktonic and biofilm states. 
Distinct biocide/curcumin concentrations (at µg/mL) were tested. The cell inactivation caused by single or dual biocide (black bar) and curcumin (white bar) were 
represented in a stacked bar. Grey bars corresponded to the cell inactivation promoted by tested combinations. Dashed lines correspond to the total Log CFU/mL or 
Log CFU/cm2 of control cultures and Log CFU/mL or Log CFU/cm2 of total B. cereus non-endospores cells after exposure time. Values are means ± SDs of at least 
three independent assays. * – Cell inactivation caused by dual/triple combination was statistically different from the sum of cell inactivation caused by each 
compound alone (unpaired t-test with Welch’s correction, P < 0.05). a – Cell inactivation promoted by the triple combination was statistically different from the 
highest cell inactivation of a single compound (unpaired t-test with Welch’s correction, P < 0.05). 
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synergistic effects against planktonic cells, indifference was generally 
attained by the combinations with UA against biofilm cells. Sepehr et al. 
(2014) demonstrated increasing biofilm dispersion/removal by the 
combination of another unsaturated fatty acid (cis-2-decenoic acid) with 
commercial disinfectants (based on hydrogen peroxide and PAA) and 
antibiotics (i.e. ciprofloxacin, vancomycin, and ampicillin). For 
example, the combination of a commercial disinfectant containing 70 
μg/mLof PAA and cis-2-decenoic acid resulted in a 5-fold decrease in 
CFU counts, while only a 2-fold decrease was obtained using PAA alone. 
The distinct nature of the fatty acids tested (i.e. carbon saturation, chain 
length, molecular configuration, hydrogenation, and hydroxylation) 
was responsible for the different antimicrobial effects (Kumar et al., 
2020). In this study, UA at 1000 µg/mL caused no additional antimi-
crobial effect against biofilm cells when combined with the biocides. 
Regardless of the absence of additional antimicrobial effects against the 
biofilm cells, the potentiation found for GA + UA and PAA + GA + UA 
combinations against planktonic cells can result in the use of lower 
concentrations of acidic compounds to achieve a similar level of 
disinfection. 

4. Conclusions 

Dual biocide combinations developed in this study were classified as 
indifferent, according to the predicted chemical interactions based on 
cell growth inhibition (checkerboard assay), except the PAA + GA 
combination which was classified as additive. This behaviour was 

corroborated by the results from the inactivation of planktonic B. cereus 
and P. fluorescens after 30 min of exposure. A synergistic effect was 
found for PAA + GA, antagonistic for PAA + GO, and indifferent for BAC 
+ GO. The antimicrobial effects from the addition of a QS inhibitor to 
biocide combinations (PAA + GA) against planktonic cells were 
dependent on the phytochemical molecule and the bacteria. The com-
binations that contained CUR resulted in indifferent or antagonistic ef-
fects, while the GA + UA combination triggered synergism and the PAA 
+ GA + UA combination caused indifferent and synergistic effects 
against B. cereus and P. fluorescens, respectively. Overall, this study 
suggests PAA + GA, GA + UA, and PAA + GA + UA combinations as 
potential effective formulations for sanitation, which required low GA 
and PAA doses to achieve a similar disinfection degree. Synergism from 
biocide/phytochemical combinations can be related to chemical in-
teractions between the compounds, but also the anti-QS activity of 
phytochemicals at sub-inhibitory concentrations. In general, biofilm 
cells remained resilient (indifferent effects) to all the combinations 
tested, proposing that the industry should implement effective strategies 
to prevent the formation of strongly adhered biofilms. Nevertheless, the 
promising combinations against planktonic cells can potentiate biofilm 
control through the effective reduction of dispersed biofilm cells, pre-
venting their dissemination, cross-contamination, and the reseed of a 
new biofilm. It is important to consider that all antimicrobial effects 
from the combinations tested were related to selected concentrations of 
each biocide/QS inhibitor, i.e. the effects of other combinations (distinct 
concentrations of each compound) can cause distinct results. 

Fig. 6. Antimicrobial effects of PAA + UA, GA + UA, and PAA + GA + UA combination against B. cereus and P. fluorescens in planktonic and biofilm states. Distinct 
biocide/UA concentrations (at µg/mL) were tested. The cell inactivation caused by single or dual biocide (black bar) and UA (white bar) were represented in a 
stacked bar. Grey bars corresponded to the cell inactivation promoted by tested combinations. Dashed lines correspond to the total Log CFU/mL or Log CFU/cm2 of 
control cultures and Log CFU/mL or Log CFU/cm2 of total B. cereus non-endospores cells after exposure time. Values are means ± SDs of at least three independent 
assays. * – Cell inactivation caused by dual/triple combination was statistically different from the sum of cell inactivation caused by each compound alone (unpaired 
t-test with Welch’s correction, P < 0.05). a – Cell inactivation promoted by the triple combination was statistically different from the highest cell inactivation of a 
single compound (unpaired t-test with Welch’s correction, P < 0.05). 

S. Fernandes et al.                                                                                                                                                                                                                              



Food Research International 167 (2023) 112680

11

CRediT authorship contribution statement 

Susana Fernandes: Conceptualization, Methodology, Validation, 
Formal analysis, Investigation, Writing – original draft, Funding acqui-
sition. Inês B. Gomes: Investigation, Writing – review & editing. 
Manuel Simões: Conceptualization, Methodology, Resources, Writing – 
review & editing, Supervision, Project administration, Funding 
acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

This work was financially supported by: LA/P/0045/2020 (ALiCE), 
UIDB/00511/2020 and UIDP/00511/2020 (LEPABE), funded by na-
tional funds through FCT/MCTES (PIDDAC); Project Germirrad - POCI- 
01-0247-FEDER- 072237, funded by FEDER funds through COM-
PETE2020—Programa Operacional Competitividade e Inter-
nacionalização (POCI) and by national funds (PIDDAC) through FCT/ 
MCTES; national funds from Fundação para a Ciência e a Tecnologia 
(FCT) (grant numbers: UIDP/04378/2020, UIDB/04378/2020, and 
2020.01423.CEECIND/CP1596/CT0003); Project HealthyWaters 
(NORTE-01-0145-FEDER000069), supported by Norte Portugal 
Regional Operational Programme (NORTE 2020) under the PORTUGAL 
2020 Partnership Agreement through the European Regional Develop-
ment Fund (ERDF), and by the FCT PhD scholarship attributed to Susana 
Fernandes (FCT/SFRH/BD/147276/2019). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.foodres.2023.112680. 

References 

Abdulrahman, H., Misba, L., Ahmad, S., & Khan, A. U. (2020). Curcumin induced 
photodynamic therapy mediated suppression of quorum sensing pathway of 
Pseudomonas aeruginosa: An approach to inhibit biofilm in vitro. Photodiagnosis 
Photodyn Ther, 30, Article 101645. 

Adamczak, A., Ozarowski, M., & Karpinski, T. M. (2020). Curcumin, a natural 
antimicrobial agent with strain-specific activity. Pharmaceuticals (Basel), 13(7), 153. 

Barros, C. H. N., Devlin, H., Hiebner, D. W., Vitale, S., Quinn, L., & Casey, E. (2020). 
Enhancing curcumin’s solubility and antibiofilm activity via silica surface 
modification. Nanoscale Adv, 2(4), 1694–1708. 

Blom, K. (2015). Drainage systems, an occluded source of sanitation related outbreaks. 
Arch Public Health, 73(1), 8. 

Borges, A., Sousa, P., Gaspar, A., Vilar, S., Borges, F., & Simões, M. (2017). Furvina 
inhibits the 3-oxo-C12-HSL-based quorum sensing system of Pseudomonas aeruginosa 
and QS-dependent phenotypes. Biofouling, 33(2), 156–168. 

Brackman, G., Breyne, K., De Rycke, R., Vermote, A., Van Nieuwerburgh, F., Meyer, E., 
… Coenye, T. (2016). The quorum sensing inhibitor hamamelitannin increases 
antibiotic susceptibility of Staphylococcus aureus biofilms by affecting peptidoglycan 
biosynthesis and eDNA release. Sci Rep, 6, 20321. 

Brackman, G., Cos, P., Maes, L., Nelis, H. J., & Coenye, T. (2011). Quorum sensing 
inhibitors increase the susceptibility of bacterial biofilms to antibiotics in vitro and in 
vivo. Antimicrob Agents Chemother, 55(6), 2655–2661. 

Bridier, A., Briandet, R., Thomas, V., & Dubois-Brissonnet, F. (2011). Resistance of 
bacterial biofilms to disinfectants: A review. Biofouling, 27(9), 1017–1032. 

Buchmann, D., Schultze, N., Borchardt, J., Bottcher, I., Schaufler, K., & Guenther, S. 
(2022). Synergistic antimicrobial activities of epigallocatechin gallate, myricetin, 
daidzein, gallic acid, epicatechin, 3-hydroxy-6-methoxyflavone and genistein 
combined with antibiotics against ESKAPE pathogens. J Appl Microbiol, 132(2), 
949–963. 

Capita, R., Vicente-Velasco, M., Rodriguez-Melcon, C., Garcia-Fernandez, C., Carballo, J., 
& Alonso-Calleja, C. (2019). Effect of low doses of biocides on the antimicrobial 

resistance and the biofilms of Cronobacter sakazakii and Yersinia enterocolitica. Sci 
Rep, 9(1), 15905. 

Chino, T., Nukui, Y., Morishita, Y., & Moriya, K. (2017). Morphological bactericidal fast- 
acting effects of peracetic acid, a high-level disinfectant, against Staphylococcus 
aureus and Pseudomonas aeruginosa biofilms in tubing. Antimicrob Resist Infect Control, 
6, 122. 

Dai, C., Lin, J., Li, H., Shen, Z., Wang, Y., Velkov, T., & Shen, J. (2022). The natural 
product curcumin as an antibacterial agent: Current achievements and problems. 
Antioxidants (Basel), 11(3), 459. 

Di Veroli, G. Y., Fornari, C., Wang, D., Moolard, S., Bramhall, J. L., Richards, F. M., & 
Jodrell, D. I. (2016). Combenefit: An interactive platform for the analysis and 
visualization of drug combinations. Bioinformatics, 32(18), 2866–2868. 

Dong, L., Qin, J., Tai, L., Mou, K., Liao, X., Chen, F., & Hu, X. (2022). Inactivation of 
Bacillus subtilis by curcumin-mediated photodynamic technology through inducing 
oxidative stress response. Microorganisms, 10(4), 802. 

Eucast. (2000). Terminology relating to methods for the determination of susceptibility 
of bacteria to antimicrobial agents. Clin Microbiol Infect, 6(9), 503–508. 

European Union (2012). Regulation (EU) no. 528/2012 of the European Parliament and 
of the Council of 22 May 2012 concerning the making available on the market and 
use of biocidal products. Official Journal of the European Union (OJEU) accessed on 
Dec 2022. L, 167, 1–123. https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?ur 
i=CELEX:32012R0528&from=EN. 

Fernandes, S., Borges, A., Gomes, I. B., Sousa, S. F., & Simões, M. (2023). Curcumin and 
10-undecenoic acid as natural quorum sensing inhibitors of LuxS/AI-2 of Bacillus 
subtilis and LasI/LasR of Pseudomonas aeruginosa. Food Res Int, 165, 112519. 

Fernandes, S., Gomes, I. B., & Simões, M. (2020). Antimicrobial activity of glycolic acid 
and glyoxal against Bacillus cereus and Pseudomonas fluorescens. Food Res Int, 136, 
Article 109346. 

Fernandes, S., Gomes, I. B., & Simões, M. (2022). Antibiofilm activity of glycolic acid and 
glyoxal and their diffusion–reaction interactions with biofilm components. Food Res 
Int, 152, Article 110921. 

Fernandes, S., Gomes, I. B., Sousa, S. F., & Simões, M. (2022). Antimicrobial 
susceptibility of persister biofilm cells of Bacillus cereus and Pseudomonas fluorescens. 
Microorganisms, 10(1), 160. 

Frozza, R., Bado, C., Schneider, J. E., Caselles, A., Filsner, P. H., & Brum, J. S. (2021). 
Action of benzalkonium chloride in different pH. Arq Inst Biol (São Paulo), 88, 
e01052018. 

Gobin, M., Proust, R., Lack, S., Duciel, L., Des Courtils, C., Pauthe, E., … Seyer, D. (2022). 
A combination of the natural molecules gallic acid and varvacrol eradicates 
P. aeruginosa and S. aureus mature biofilms. Int J Mol Sci, 23(13), 7118. 

Gonzales, P. R., Pesesky, M. W., Bouley, R., Ballard, A., Biddy, B. A., Suckow, M. A., … 
Dantas, G. (2015). Synergistic, collaterally sensitive beta-lactam combinations 
suppress resistance in MRSA. Nat Chem Biol, 11(11), 855–861. 

Hawas, S., Verderosa, A. D., & Totsika, M. (2022). Combination therapies for biofilm 
inhibition and eradication: A comparative review of laboratory and preclinical 
studies. Front Cell Infect Microbiol, 12, Article 850030. 

Huang, L., Yong, K. W. L., Fernando, W. C., Carpinelli de Jesus, M., De Voss, J. J., 
Sultanbawa, Y., & Fletcher, M. T. (2021). The Inactivation by curcumin-mediated 
photosensitization of Botrytis cinerea spores isolated from strawberry fruits. Toxins 
(Basel), 13(3), 196. 

Hussain, Y., Alam, W., Ullah, H., Dacrema, M., Daglia, M., Khan, H., & Arciola, C. R. 
(2022). Antimicrobial potential of curcumin: Therapeutic potential and challenges to 
clinical applications. Antibiotics (Basel), 11(3), 322. 

Iniguez-Moreno, M., Gutierrez-Lomeli, M., & Avila-Novoa, M. G. (2021). Removal of 
mixed-species biofilms developed on food contact surfaces with a mixture of 
enzymes and chemical agents. Antibiotics (Basel), 10(8), 931. 

Ju, Y. G., Lee, H. J., Yim, H. S., Lee, M. G., Sohn, J. W., & Yoon, Y. K. (2022). In vitro 
synergistic antimicrobial activity of a combination of meropenem, colistin, 
tigecycline, rifampin, and ceftolozane/tazobactam against carbapenem-resistant 
Acinetobacter baumannii. Sci Rep, 12(1), 7541. 

European Standard EN 1276 (2009). Chemical disinfectants and antiseptics – 
Quantitative suspension test for the evaluation of bactericidal activity of chemical 
disinfectants and antiseptics used in food, industrial, domestic, and institutional 
areas – Test method and requirements (phase 2, step 1). 

Kany, H., Theyssem, H., John, A., Stanga, M., & Bruschi, F. 2005. Sanitizing and cleaning 
composition and its use for sanitizing and/or cleaning hard surfaces. Johnson 
Diversey, Inc. WO2005073359A1. 11 Aug 2005. 

Kashif, M., Andersson, C., Mansoori, S., Larsson, R., Nygren, P., & Gusrafsson, M. G. 
(2017). Bliss and Loewe interaction analyses of clinically relevant drug combinations 
in human colon cancer cell lines reveal complex patterns of synergy and antagonism. 
Oncotarget, 8(61), 103952–103967. 

Kim, J., & Huang, C.-H. (2021). Reactivity of peracetic acid with organic compounds: A 
critical review. ACS ES&T Water, 1(1), 15–33. 

Kumar, P., Lee, J. H., Beyenal, H., & Lee, J. (2020). Fatty acids as antibiofilm and 
antivirulence agents. Trends Microbiol, 28(9), 753–768. 

Leclercq, L., Tessier, J., Nardello-Rataj, V., & Schmitzer, A. R. (2021). Highly active, 
entirely biobased antimicrobial pickering emulsions. ChemMedChem, 16(14), 
2223–2230. 

Li, Y., Wang, H., Xu, C., Sun, S. H., Xiao, K., & Huang, X. (2022). Two strategies of 
stubborn biofouling strains surviving from NaClO membrane cleaning: EPS shielding 
and/or quorum sensing. Sci Total Environ, 838(Pt 3), Article 156421. 

Malheiro, J. F., Maillard, J. Y., Borges, F., & Simões, M. (2019). Biocide potentiation 
using cinnamic phytochemicals and derivatives. Molecules, 24(21), 3918. 

Mayer, C., Muras, A., Parga, A., Romero, M., Rumbo-Feal, S., Poza, M., … Otero, A. 
(2020). Quorum sensing as a target for controlling surface associated motility and 

S. Fernandes et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.foodres.2023.112680
https://doi.org/10.1016/j.foodres.2023.112680
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0005
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0005
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0005
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0005
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0010
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0010
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0015
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0015
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0015
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0020
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0020
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0025
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0025
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0025
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0030
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0030
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0030
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0030
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0035
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0035
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0035
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0040
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0040
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0045
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0045
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0045
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0045
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0045
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0050
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0050
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0050
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0050
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0055
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0055
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0055
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0055
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0060
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0060
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0060
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0065
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0065
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0065
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0070
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0070
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0070
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0075
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0075
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32012R0528&amp;from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32012R0528&amp;from=EN
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0105
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0105
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0105
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0090
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0090
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0090
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0095
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0095
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0095
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0100
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0100
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0100
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0110
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0110
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0110
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0115
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0115
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0115
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0120
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0120
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0120
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0125
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0125
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0125
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0130
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0130
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0130
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0130
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0135
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0135
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0135
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0140
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0140
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0140
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0145
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0145
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0145
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0145
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0155
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0155
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0155
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0155
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0160
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0160
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0165
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0165
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0170
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0170
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0170
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0175
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0175
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0175
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0180
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0180
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0185
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0185


Food Research International 167 (2023) 112680

12

biofilm formation in Acinetobacter baumannii ATCC(R) 17978(TM). Front Microbiol, 11, 
Article 565548. 

Mei, J. A., Johnson, W., Kinn, B., Laskey, E., Nolin, L., Bhamare, P., … Wozniak, R. A. F. 
(2022). Antimicrobial activity of a triple antibiotic combination toward ocular 
Pseudomonas aeruginosa clinical isolates. Transl Vis Sci Technol, 11(5), 26. 

Monte, J., Abreu, A. C., Borges, A., Simões, L. C., & Simões, M. (2014). Antimicrobial 
activity of selected phytochemicals against Escherichia coli and Staphylococcus aureus 
and their biofilms. Pathogens, 3(2), 473–498. 

Ning, Q., Wang, D., & You, J. (2021). Joint effects of antibiotics and quorum sensing 
inhibitors on resistance development in bacteria. Environ Sci Process Impacts, 23(7), 
995–1005. 

Noel, D. J., Keevil, C. W., & Wilks, S. A. (2021). Synergism versus Additivity: Defining the 
interactions between common disinfectants. mBio, 12(5), e0228121. 

Ocampo, P. S., Lazar, V., Papp, B., Arnoldini, M., & Abel zur Wiesch, P., Busa-Fekete, R., 
Fekete, G., Pal, C., Ackermann, M. and Bonhoeffer, S.. (2014). Antagonism between 
bacteriostatic and bactericidal antibiotics is prevalent. Antimicrob Agents Chemother, 
58(8), 4573–4582. 

Oliveira, D., Borges, A., Saavedra, M. J., Borges, F., & Simões, M. (2022). Screening of 
natural molecules as adjuvants to topical antibiotics to treat Staphylococcus aureus 
from diabetic foot ulcer infections. Antibiotics, 11(5), 620. 

Parish, M. E., Beauchat, L. R., Suslow, T. V., Harris, L. J., Garret, E. H., Farber, J. N., & 
Busta, F. F. (2003). Methods to reduce/eliminate pathogens from fresh and fresh-cut 
produce. Compr Rev Food Sci Food Saf, 2, 161–173. 

Pereira, B. M. P., Wang, X., & Tagkopoulos, I. (2020). Short- and long-term 
transcriptomic responses of Escherichia coli to biocides: A systems analysis. Appl 
Environ Microbiol, 86(14), e00708–e00720. 

Pietsch, F., Heidrich, G., Nordholt, N., & Schreiber, F. (2020). Prevalent synergy and 
antagonism among antibiotics and biocides in Pseudomonas aeruginosa. Front 
Microbiol, 11, Article 615618. 

Raorane, C. J., Lee, J. H., Kim, Y. G., Rajasekharan, S. K., Garcia-Contreras, R., & Lee, J. 
(2019). Antibiofilm and antivirulence efficacies of flavonoids and curcumin against 
Acinetobacter baumannii. Front Microbiol, 10, 990. 

Richter, F.L., Reinhardt, D.J., Staub, R.K. and Podtburg, T.C. 2003. Acid sanitizing and 
cleaning compositions containing protonated carboxylic acids. Ecolab Inc. 
WO2003044145A1. 30 May 2003. 

Scales, B. S., Dickson, R. P., LiPuma, J. J., & Huffnagle, G. B. (2014). Microbiology, 
genomics, and clinical significance of the Pseudomonas fluorescens species complex, 
an unappreciated colonizer of humans. Clin Microbiol Rev, 27(4), 927–948. 

Sharma, M., & Anand, S. K. (2002). Biofilms evaluation as an essential component of 
HACCP for food/dairy processing industry - a case. Food Control, 13, 469–477. 

Shi, D., Zhao, Y., Yan, H., Fu, H., Shen, Y., Lu, G., … Liu, W. (2016). Antifungal effects of 
undecylenic acid on the biofilm formation of Candida albicans. Int J Clin Pharmacol 
Ther, 54(5), 343–353. 

Simões, M., Cleto, S., Pereira, M. O., & Vieira, M. J. (2007). Influence of biofilm 
composition on the resistance to detachment. Water Sci Technol, 55(8–9), 473–480. 

Simões, M., Simões, L. C., & Vieira, M. J. (2010). A review of current and emergent 
biofilm control strategies. LTW - Food Sci Technol, 45, 573–583. 

Soni, A., Oey, I., Silcok, P., & Bremer, P. (2016). Bacillus spores in the food industry: A 
review on resistance and response to novel inactivaction technologies. Compr Rev 
Food Sci Food Saf, 15, 1139–1148. 

Stein, C., Makarewicz, O., Bohnert, J. A., Pfeifer, Y., Kesselmeier, M., Hagel, S., & 
Pletz, M. W. (2015). Three dimensional checkerboard synergy analysis of colistin, 
meropenem, tigecycline against multidrug-resistant clinical Klebsiella pneumonia 
isolates. PLoS One, 10(6), e0126479. 

Stoller, A., Stevens, M. J. A., Stephan, R., & Guldimann, C. (2019). Characteristics of 
Listeria monocytogenes strains persisting in a meat processing facility over a 4-year 
period. Pathogens, 8(1), 32. 

Tabcheh, J., Vergalli, J., Davin-Regli, A., Ghanem, N., Pages, J. M., Al-Bayssari, C., & 
Brunel, J. M. (2023). Rejuvenating the activity of usual antibiotics on resistant 
Gram-negative bacteria: Recent issues and perspectives. Int J Mol Sci, 24(2), 1515. 

Tan, Y., Leonhard, M., Moser, D., Ma, S., & Schneider-Stickler, B. (2019). Antibiofilm 
efficacy of curcumin in combination with 2-aminobenzimidazole against single- and 
mixed-species biofilms of Candida albicans and Staphylococcus aureus. Colloids Surf B 
Biointerfaces, 174, 28–34. 

Teow, S. Y., Liew, K., Ali, S. A., Khoo, A. S., & Peh, S. C. (2016). Antibacterial action of 
curcumin against Staphylococcus aureus: A brief review. J Trop Med, 2016, 2853045. 

Trauten, R., Wershofen, T., & Küpper, S. (2002). Acid preparations for cleaning and 
disinfecting surfaces. Henkel Ecolab GMBH & CO., WO2002010325A1, 7. Fev 2002. 

Urosevic, M., Nikolic, L., Gajic, I., Nikolic, V., Dinic, A., & Miljkovic, V. (2022). 
Curcumin: Biological activities and modern pharmaceutical forms. Antibiotics 
(Basel), 11(2), 135. 

Van der Steen, M., & Stevens, C. V. (2009). Undecylenic acid: A valuable and 
physiologically active renewable building block from castor oil. ChemSusChem, 2(8), 
692–713. 

Wang, Y. 1982. Short chain fatty acid sanitizing composition and methods. 
Wei, L. N., Shi, C. Z., Luo, C. X., Hu, C. Y., & Meng, Y. H. (2020). Phloretin inhibits 

biofilm formation by affecting quorum sensing under different temperature. LWT, 
131, Article 109668. 

Yuyama, K. T., Rohde, M., Molinari, G., Stadler, M., & Abraham, W. R. (2020). 
Unsaturated fatty acids control biofilm formation of Staphylococcus aureus and other 
Gram-positive bacteria. Antibiotics (Basel), 9(11), 788. 

Zebib, B., Mouloungui, Z., & Noirot, V. (2010). Stabilization of curcumin by 
complexation with divalent cations in glycerol/water system. Bioinorg Chem Appl, 
2010, Article 292760. 

Zhou, C., Wang, Q., Jin, L., Wang, R., Yin, Y., Sun, S., … Wang, H. (2020). In vitro 
synergistic activity of antimicrobial combinations against bla KPC and bla NDM- 
producing Enterobacterales with bla IMP or mcr genes. Front Microbiol, 11, Article 
533209. 

S. Fernandes et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0963-9969(23)00225-9/h0185
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0185
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0190
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0190
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0190
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0195
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0195
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0195
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0200
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0200
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0200
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0205
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0205
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0210
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0210
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0210
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0210
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0215
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0215
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0215
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0220
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0220
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0220
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0225
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0225
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0225
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0230
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0230
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0230
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0235
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0235
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0235
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0245
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0245
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0245
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0250
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0250
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0255
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0255
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0255
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0260
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0260
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0265
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0265
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0270
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0270
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0270
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0275
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0275
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0275
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0275
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0280
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0280
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0280
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0285
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0285
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0285
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0290
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0290
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0290
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0290
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0295
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0295
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0300
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0300
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0305
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0305
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0305
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0310
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0310
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0310
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0320
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0320
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0320
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0325
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0325
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0325
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0330
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0330
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0330
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0335
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0335
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0335
http://refhub.elsevier.com/S0963-9969(23)00225-9/h0335

	Antimicrobial and antibiofilm potentiation by a triple combination of dual biocides and a phytochemical with complementary  ...
	1 Introduction
	2 Materials and methods
	2.1 Bacterial strains and growth conditions
	2.2 Biocides and quorum sensing inhibitors/phytochemicals
	2.3 Combination screening – Checkerboard assay
	2.4 Potential for cell inactivation by dual biocide and triple combinations
	2.4.1 Inactivation of planktonic cells
	2.4.2 Inactivation of biofilm cells

	2.5 Classification of antimicrobial effect of combinations
	2.6 Statistical analysis

	3 Results and discussion
	3.1 Chemical interactions of dual biocide and triple combinations – Checkerboard assay
	3.2 Potential for cell inactivation by dual biocide combinations
	3.3 Potential for cell inactivation by dual biocide/QS inhibitor and triple combinations

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


