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A B S T R A C T   

The food industry must prevent food contamination caused by pathogenic Escherichia coli strains as they pose a 
severe public health threat worldwide and lead to unimaginable economic losses. In this study, the synergistic 
antibacterial activity in vitro of nisin and phytic acid (PA), a natural metal chelate, against 5 foodborne isolates of 
E. coli were evaluated by a checkerboard assay. Checkerboard assay showed that nisin and PA showed a syn-
ergistic effect (FICI <0.375) on three O157 serogroup strains and an addictive effect (0.5<FICI <0.5625) on the 
remaining two non-O157 serogroup strains. Then the combined bactericidal effect of these compounds against 
E. coli O157:H7 was investigated. Results showed the number of planktonic and biofilm cells inactivated in 
groups treated with a combination of 0.512 mg/mL nisin plus 1 × MIC or 2 × MIC PA was significantly higher 
than the sum of groups treated alone (P < 0.05). Electron scanning microscopy studies revealed that the nisin 
plus PA treatment had a severe effect on E. coli O157:H7, which after treatment cell morphology appeared 
deflated with large invaginations. The effect of nisin plus PA against E. coli O157:H7 was furthermore assessed on 
cold-stored beef, where a similar synergistic bactericidal effect was observed. The studies demonstrate the great 
potential of the food-approved nisin to control the growth of undesired E. coli pathogens in foods. We used PA to 
overcome the permeability barrier of the outer membrane to nisin, but other food-grade metal ion chelators such 
as polyphosphate most likely could be used as well.   

1. Introduction 

Foodborne pathogens are regarded as a major public health concern 
in both developing and developed countries because of their ubiquitous 
presence (Ekici, 2019). In particular, pathogenic E. coli strains have 
attracted much attention recently, as they have been implicated in many 
outbreaks (Bintsis, 2017; Yang et al., 2017). E. coli O157:H7 is currently 
the most prominent and notorious serotype (Xiaoli et al., 2018), and 
CDC (Centers for Disease Control and Prevention) estimates that this 
particular strain causes about 70,000 cases of infection every year (Kim 
& Rhee, 2016b). Meat from livestock animals, drinking water, and 
pickled vegetables are frequently reported sources of contamination 
(Seo et al., 2016; Xiaoli et al., 2018). 

To prevent or reduce growth of pathogens and spoilage microor-
ganisms in foods, preservatives are often added (Yu et al., 2021). Some 
approved synthetic food preservatives such as nitrates and sodium sor-
bate have been found to have toxic and even mutagenic effects under 
certain conditions (Carocho et al., 2014), and consumers increasingly 
demand natural foods that are devoid of artificial additives. Therefore, 
natural preservatives, such as bacteriocins, organic acids, and essential 
oils are generally more accepted by consumers due to their high safety 
and non-toxicity (El-Saber Batiha et al., 2021; Saeed et al., 2019). The 
antimicrobial peptide nisin, produced by certain Lactococcus lactis 
strains, is a good example. It is the only bacteriocin that has got FDA and 
European Union (EU) approval as a food preservative (Heymich et al., 
2021; Juturu & Wu, 2018). Nisin can efficiently inhibit the growth of 
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Gram-positive bacteria with a minimal inhibitory concentration (MIC) 
in the nanomolar range (Zhou et al., 2016). Gram-negative bacteria, 
however, are usually not sensitive to nisin. The cell envelope of 
Gram-negative bacteria is composed of an outer membrane (OM), a 
peptidoglycan cell wall and an inner membrane (IM) (Rojas et al., 2018). 
The outer membrane serves as a protective barrier to nisin, which 
therefore cannot reach its target, the peptidoglycan precursor lipid II 
(Yenugu et al., 2004). In the presence of chelating agents such as EDTA, 
the outer membrane is destabilized, enabling nisin to reach its target 
(Boziaris & Adams, 1999). 

Phytic acid (PA) is a plant-based component obtained from oilseeds, 
cereals, legumes, nuts, and pollen with a powerful chelating activity 
responsible for its functional properties, which has been granted 
Generally Recognized As Safe (GRAS) status by FDA, and in EU, it has 
been approved as a food additive with the E-number 391 (Bloot et al., 
2021). It is used widely as a preservative in meat, fruit juice, vegetables, 
and other food products where its function is to serve as an antioxidant 
and to extend shelf life (Sun et al., 2020). Two studies (Kim & Rhee, 
2016a; 2016b) reported that PA had strong bactericidal activity on 
planktonic and biofilm cells of E. coli O157:H7 and could destroy the 
integrity of the cell membrane. Zhou et al. (2019) found that PA could 
retard growth of E. coli ATCC 11229 by causing cell membrane 
dysfunction. 

In this study, we investigated the effect of combinations of PA and 
nisin against foodborne pathogenic E. coli strains. We found that the two 
compounds act in a synergistic manner on E. coli O157:H7 strain and 
characterize the combined bactericidal effect on both planktonic cells 
and cells growing in a biofilm of E. coli O157:H7. Finally, we touch on 
practical applications and investigate how E. coli O157:H7, on cold- 
stored beef, responds to exposure to PA and/or Nisin. 

2. Materials and methods 

2.1. Reagents 

Nisin (2.5% purity), phytic acid (50% (w/w) in water), Tryptic Soy 
Broth (TSB), cefixime, and potassium tellurite solution were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Sorbitol MacConkey (SMAC) 
agar and Mueller-Hinton (MH) broth were purchased from Merck Mil-
lipore (Darmstadt, Germany). CT-SMAC agar was prepared by adding a 
final concentration of 2.5 mg/L potassium tellurite and 0.05 mg/L 
cefixime to SMAC agar. For MIC assays, the nisin stock solution was 
prepared by dissolving nisin in 0.02 M HCl with a final concentration of 
2 mg/mL. 

2.2. Bacterial strains and culture conditions 

Five foodborne pathogenic E. coli isolates (Table 1) were obtained 
from the National Reference Laboratory strain collection at the Tech-
nical University of Denmark. All pathogens were grown at 37 ◦C in TSB 
overnight with 200 rpm shaking and used for testing the antibacterial 

activity of the compounds. 

2.3. Determination of MIC 

The minimal inhibitory concentration (MIC) of PA and nisin to the 
bacteria was determined using the conventional broth-dilution method 
recommended by the Clinical and Laboratory Standards Institute 
([CLSI], 2012). In brief, all test bacteria were grown overnight in TSB 
and diluted to a final concentration of approximately 1 × 106 CFU/mL 
using MH broth. Serial dilutions of nisin were prepared by diluting nisin 
stock solution using MH broth to final concentrations of 1.024, 0.512, 
0.256, 0.128, 0.64 mg/mL. Serial two-fold dilutions of PA were prepared 
to obtain final concentrations of 0.2%, 0.4%, 0.8%, and 1.6% [wt/wt] in 
MH broth. Subsequently, 50 μL of E. coli dilution culture was transferred 
to wells of 96-well microplates containing 50 μL of MH broth with 
various concentrations of nisin or PA. The initial concentration of nisin 
or PA was twice that of the MIC. Finally, the microplates were incubated 
at 37 ◦C for 24 h, and the MIC values were defined as the lowest con-
centration of antimicrobial compounds that inhibited the growth of 
microorganisms by visual reading. 

2.4. Checkerboard testing for synergism 

A checkerboard assay was carried out to investigate mechanistic 
interactions of nisin and PA. The procedure used has previously been 
described by He et al. (2015). In brief, the serial two-fold dilutions of 
compounds against the organisms were tested. In brief, the rows of a 
96-well microplate contained a two-fold dilution of the same concen-
tration of PA along the y-axis, and columns include a two-fold dilution of 
the same concentration of nisin along the x-axis. The inoculation was 
adjusted to 5 × 105 CFU/mL for each well and then the plates were 
incubated at 37 ◦C for 24 h. The antibacterial effects of each combina-
tion were evaluated by calculating the fractional inhibitory concentra-
tion indices (FICIs) using the following formula: FICIAB = FICIA + FICIB 
= MICA

Combo/MICA 
Alone + MICB

Combo/MICB 
Alone, where MICA 

Alone and 
MICB 

Alone are defined as the MIC of compounds A and B acting alone, 
and MICA

Combo and MICB
Combo are the MICs of two compounds in mixtures. 

The interpretations of FICI values were as follows: FICI≤ 0.5, 0.5 ＜ 
FICI≤ 2, 2 ＜ FICI ≤4, and FICI＞ 4 represents synergy, additivity, 
indifference, and antagonism, respectively (García-Salinas et al., 2018). 

2.5. Time-kill assays 

Bactericidal activity of the combination of nisin and PA was inves-
tigated in a time-kill synergy test. E. coli O157:H7 at a cell density of 5.5 
× 105 CFU/mL in TSB were exposed to 0.512 μg/mL nisin, 0.2% PA (1/2 
× MIC) and a mixture of both at 37 ◦C for 24 h. A sample not treated with 
antimicrobial agents served as a control. The viable E. coli cells in each 
sample at the predetermined time points (0, 3, 6, 9, 12, and 24 h) of 
incubation were enumerated by serial dilution with 0.85% NaCl and 
plating on TSB plates. The results were plotted as log10 CFU/mL versus 

Table 1 
MICs of nisin and PA alone, or in combination, against different pathogenic E.coli isolates.  

Strains Serotype Alone Combination FICI Outcome 

Nisin PA Nisin PA pHc 

MIC(mg/mL) MIC(%) pHb MIC(mg/mL) MIC(%) 

MS21811 O157:H7 >0.512 0.4 3.66 0.032 0.10% 5.33 FICI<0.3125 Synergy 
MS21812 O26:H-a >0.512 0.4 0.032 0.20% 4.32 0.50<FICI<0.5625 Additivity 
MS21813 O111:H- >0.512 0.4 0.032 0.20% 4.32 0.50<FICI<0.5625 Additivity 
MS21816 O157:H- >0.512 0.4 0.032 0.10% 5.33 FICI<0.3125 Synergy 
MS21817 O157:H- >0.512 0.4 0.032 0.10% 5.33 FICI<0.3125 Synergy  

a H-, nonmotile. 
b pH refers to pH of MH broth after adding bacterial dilution and compounds when determining MIC. 
c pH refers to pH of MH broth after adding bacterial dilution and compounds when determining MIC. 
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time (h) with corresponding standard errors for each time point. 

2.6. Bacteria live/dead assay 

To further investigate the combined bactericidal effect of nisin and 
PA against E. coli O157:H7 planktonic cells in vitro, as well as their 
combination on the impact of the membrane integrity, a Live/Dead 
BacLight bacterial viability kit L7012 (Invitrogen™) was used, accord-
ing to the manufacturer’s instructions. Briefly, late log phase growing 
E. coli O157:H7 cells were harvested and adjusted OD600 to 0.5 using 
cold 0.85% NaCl. Aliquots of the harvested cells were exposed to water 
or water containing nisin (0.512 mg/mL, pH6.0), PA (1 × MIC or 2 ×
MIC), and the combination of both (nisin + 1 × MIC PA, and nisin + 2 ×
MIC PA). To examine whether pH had any influence on the synergistic 
effects, the bacteriocidal effect of samples treated with nisin (0.512 mg/ 
mL, pH 1.4) and HCl (pH 1.4) alone were investigated. All the samples 
were incubated at 37 ◦C for 20 min. Subsequently, 3 μL of the dye 
mixture was added for each mL of the bacterial suspension and incu-
bated in the dark for 15 min at room temperature. The stained bacterial 
cells were visualized using an EVOS M5000 fluorescence microscope 
(AMF5000, Thermo Fisher Scientific, USA) (Mathur et al., 2018). 
Enumeration of live and dead cells in the fluorescent images was carried 
out using the Image J program at the National Institute of Health. 

2.7. Scanning electron microscopy (SEM) 

Morphological changes in E. coli O157:H7 were analyzed by SEM 
after treatment with nisin and PA, either alone or in combination. For 
this purpose, exponentially growing E. coli O157:H7 (OD600 0.5) cells 
were harvested by centrifugation at 4000g for 5 min and then treated 
with nisin (0.512 mg/mL, pH6.0) and 1/2 MIC of PA (0.2%), either 
alone or in combination at 37 ◦C overnight. Following treatment, cells 
were harvested by centrifugation, washed two times with 0.1 M PBS, 
and resuspended to the initial volume with PBS. Subsequently, bacteria 
were fixed in equal parts aqueous solution containing 4% glutaralde-
hyde and 8% paraformaldehyde at room temperature for 2 h. The 
samples were dehydrated in ethanol serials and dried with Leica EM 
CPD300 critical point drier. The samples were then coated with 5 nm of 
Au using a Quorum 150 T sputter coated and imagined at 5 kV in a FEI 
Quanta FEG 200 ESEM at the National Centre for Fabrication and 
Characterization at the Technical University of Denmark. The bacterial 
cells not exposed to the compounds were similarly processed and used as 
controls. 

2.8. Formation and treatment of biofilm on stainless steel coupon 

An E. coli O157:H7 biofilm was established on a slide of stainless 
steel, as food processing equipment often is composed of this material. 
The prepared sterile coupons (2 cm × 2 cm × 0.2 cm) were inoculated 
and incubated at 37 ◦C for 2 h. After initiating attachment, the coupons 
were collected and washed once with 0.85% NaCl. 10 mL of fresh TSB 
was added and incubated for another 48 h at 25 ◦C to allow biofilm 
formation. The planktonic cells were removed by washing the coupons 
three times using 0.85% NaCl. E. coli O157:H7 cells growing in the 
biofilm were treated with nisin (0.512 mg/mL, pH6.0), PA (1 × MIC or 2 
× MIC), either alone or in combination at 37 ◦C for 1 h. To assess 
whether the low pH of the PA solution influenced the bactericidal effect 
of nisin on biofilm cells, the following two solutions were tested: 0.512 
mg/mL nisin, pH 1.4 and HCl solution, pH 1.4. After treatment, the 
stainless steel coupons were washed with 0.85% NaCl and transferred to 
new 50 mL centrifuge tubes containing 10 mL 0.85% NaCl and 5 g sterile 
solid-glass beads (4 mm; Sigma-Aldrich). After agitation on a vortex 
mixer for 60 s with maximum speed, the suspension with floating cells 
was 10-fold serially diluted, and 100 μL of each dilution was added to 
TSB agar. Colonies were counted after incubation at 37 ◦C for 24 h and 
then converted to log values (log10 CFU/cm2). 

2.9. Formation and treatment of biofilm on cold-stored beef 

Fresh cold beef packaged in plastic films was purchased from a local 
supermarket (Denmark). Each meat sample was aseptically cut into 
pieces (3 by 3 by 0.5 cm, approximately 10 g) and placed on sterile 
aluminum foil. Overnight cultures of E. coli O157:H7 were serially 
diluted in 0.85% NaCl. 50 μL of appropriately diluted culture was 
inoculated on the each side of samples to a final concentration of 
approximately 4 log10 CFU of E. coli O157:H7 per g of beef. The mi-
croorganisms were distributed equally over the surface by manually 
massaging with sterile gloves, air dried inside an aseptic operating table 
about 10 min, and then treated with nisin (0.512 mg/mL, pH6.0), PA (1 
× MIC or 2 × MIC), either alone or in combination. The beef with E. coli 
O157:H7 treated with sterile water was regarded as a control. All sam-
ples were air-dried again for 30 min, individually sealed into sterile 
polyethylene bags, and stored at 4 ◦C for 1, 2, 3, 4 and 5 days post- 
inoculation. After treatment, E. coli O157:H7 cells were rinsed off each 
steak with 0.85% NaCl. E. coli O157:H7 cells were enumerated on CT- 
SMAC agar and incubated at 37 ◦C for 48 h. Results were expressed as 
log10 CFU/g beef. 

3. Results and discussion 

3.1. Antimicrobial effect of PA and nisin, alone or in combination 

The in vitro activities of nisin and PA against pathogenic E. coli iso-
lates, either alone or in combination, are summarized in Table 1. As 
expected, all the tested E. coli isolates were insensitive to 0.512 mg/mL 
nisin, a concentration that could completely inhibit Gram-positive 
pathogens such as Staphylococcus aureus (Liu et al., 2015) and Listeria 
monocytogenes (Bai et al., 2021). For PA, we found MIC values of 0.4% 
for all strains, which is similar to what was previously reported (Zhou 
et al., 2019). The broth dilution checkerboard assay (He et al., 2015) was 
then used to determine whether the two compounds worked in a syn-
ergistic manner. As shown in Table 1, synergism was observed (FICI 
<0.375) for E. coli strains belonging to the O157 serogroup; for the 
remaining two non-O157 serogroup strains, additivity was found. It is 
reported that nisin exhibited relatively higher antimicrobial activity in 
an environment with lower pH (Zhang et al., 2016), but in this study, we 
found the tested E. coli isolates were insensitive to 0.512 mg/mL nisin, 
even at pH 4.3 (Table S3). Notably, the pH dropped to 3.66 when 0.4% 
PA was added to the MH broth (Table 1 and S1) and all isolates can not 
grow up in MH broth with pH ＜ 4.2 (Table S2), therefore could 
complicate the assessment of the combined of synergistic interaction of 
nisin and PA against three O157-serogroup E. coli strains. However, in 
our case, the MICs of nisin and PA against these strains significantly 
decreased after combination, and correspondingly pH values were 
increased to 5.33, which is sufficiently high to not inhibit bacterial 
growth when both compounds do not exist (Table 1 and S2), thus ruling 
out low pH as an important factor on a synergistic interaction between 
nisin and PA against three O157-serogroup strains. 

E. coli strains with serotype O157:H7 are serious, potentially life- 
threatening pathogens (Bai et al., 2022), which the food processing in-
dustry, in particular the meat industry, make great efforts to avoid end 
up contaminating their products (Solomakos et al., 2008). We found that 
nisin and PA acted in a synergistic interaction against the strain E. coli 
MS21811, which is the only tested stain that has this particular serotype 
(O157:H7). And for this reason, we decided to focus our attention on this 
strain. 

3.2. Time-kill curves in TSB 

In this study, in view of the synergy between nisin and PA on E. coli 
O157:H7, we performed the time-kill assays with nisin alone or com-
bined with PA in TSB, in order to develop a better understanding of the 
antimicrobial activities in a laboratory medium. As shown in Fig. 1, in 
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the control group, the cell density of E. coli O157:H7 (E.coli MS21811) 
increased to around 9.7 log10 CFU/mL in 24 h. Nisin or PA alone almost 
did not affect growth, and the cell density increased to around 9.2 log10 
CFU/mL and 8.9 log10 CFU/mL, respectively, in 24 h, however when 
combined, a decrease to 3.3 log10 CFU/mL was observed, which corre-
sponds to the killing of 99.99% of the cells. Thus, the combination of 
nisin and PA had a strong bactericidal activity against the E. coli O157: 
H7, and the approximately 6.0 log10 drop in cell density clearly 
demonstrated that the two compounds acted in a synergistic manner; 
according to Saiman (2007), the antimicrobial interaction can be 
regarded as synergistic if cell density drops by at least 100-fold. Thus, for 
planktonic cells, the results from the time-kill assay correlated well with 
the results from the checkerboard experiment. 

Time-kill assays have frequently been used to study the effect of 
antibacterial agents, alone or in combination, against pathogens (Foer-
ster et al., 2016). By analyzing time-kill curves, it is not only possible to 
obtain information about the killing kinetics, but it is also possible to 
compare differences in growth rate and the extent of the antibacterial 
activity (Shi et al., 2017). For our experiments, we used TSB as a growth 
substrate, which is a medium that supports good growth of E. coli O157: 
H7 strains. In this medium, we did not observe bactericidal activity 
when 0.2% PA was used with lower concentrations of nisin (data not 
shown), which could be due to the divalent cation content of TSB. The 
inhibitory activity of hydrolyzed lactoferrin is reduced in the presence of 
excess Ca2+ and Mg 2+, and since hydrolyzed lactoferrin, which chelates 
divalent cations, is less active in TSB, it has been suggested that this 
effect is attributed to the divalent cations in TSB (Aleksandrzak-Pie-
karczyk et al., 2005; Branen & Davidson, 2000). In our case, the reduced 
antibacterial activity observed for PA and nisin cocktails in TSB could 
likewise be due to insufficient chelating activity of PA, resulting in an 
insufficiently perturbed outer membrane, which is less permeable to 
nisin (Kim & Rhee, 2016a). Despite the reduced antibacterial effect 
observed in TSB, a clear synergistic effect between PA and nisin was, 
however, observed. 

3.3. Nisin together with PA significantly affects membrane integrity and 
viability of planktonic cells 

To investigate how nisin, PA, and the combination of the two com-
pounds affected the viability of E. coli O157:H7 planktonic cells, we use 
Live/Dead BacLight staining in situ, where membrane integrity is used to 
distinguish between viable and dead bacterial cells (Stiefel et al., 2015). 

After nisin and/or PA treatment cells were stained with the green fluo-
rescent dye SYTO9 and the red fluorescent dye propidium iodide (PI). 
SYTO9 labels cells with both intact and damaged membranes, whereas 
PI only penetrates cells with damaged membranes, thus selectively la-
beling dead cells (Shi et al., 2017). Therefore, by observing SYTO9/PI 
stained cells in a fluorescence microscope, it is possible to estimate the 
ratio between live and dead cells and the degree of cell death. To 
examine whether pH had any influence on the bactericidal effects, we 
treated cells with nisin in which pH had been adjusted to equivalent to 
nisin + 2 × MIC PA group. In addition, the group treated with only HCl 
solution (pH 1.4) was used to evaluate net effect of pH on bactericidal 
activity of E. coli O157:H7 cells. As shown in Fig. 2A, most of the cells 
treated with 0.512 mg/mL nisin (pH 6.0) alone fluoresced with green 
color, indicating that nisin at this pH causes no damage to membrane 
integrity and barely kills the planktonic cells of E. coli O157:H7. Even at 
a very low pH (1.4), the bactericidal activity of nisin on planktonic cells 
of E. coli O157:H7 was insignificant when ignoring the effect of H+ (P >
0.05) (Fig. 2B). In contrast, treatment with 1 × MIC (0.4%) or 2 × MIC 
(0.8%) of PA alone resulted in 43% and 53% of cells death, respectively, 
clearly demonstrating the bacteriocidal effect of PA. When PA was used 
with nisin, a maked synergestic effect was observed (P < 0.05); nisin 
plus 2 × MIC of PA (pH 1.4), resulted in killing of 95.5% of the cells, 
which is significantly higher than killing in nisin alone group with pH 
1.4 (43%) and greater than the summed effects of treatment with nisin 
alone group with pH 6.0 (<5%) and 2 × MIC PA alone group (53%). 
These reults indicating although lowering of pH caused by PA accen-
tuates the killing effect of nisin-PA cocktails, it is phytate ions rather 
than H+ that plays dominant role in synergistic bacteriacidal interaction 
of PA and nisin. 

3.4. Using scanning electron microscopy to study the effect of nisin and 
PA on the cell morphology 

To further investigate the effect of nisin and PA on cell morphology 
of E. coli O157:H7 cells, we decided to use scanning electron microscopy 
(SEM). Untreated cells appeared with a rod-shaped, plump, regular, and 
intact morphology (Fig. 3A). Nisin alone (0.512 mg/mL) had a minor 
effect on cell morphology (Fig. 3B), whereas cells treated with PA (1/2 
× MIC) displayed surface roughening and blebbing, and a small amount 
of extracellular debris was observed. Thus, PA had a significant effect on 
the out membrane integrity. Similar membrane alterations were previ-
ously reported for E. coli treated with the α-helical peptide PGYa (Tiozzo 
et al., 1998) and cathelicidin-derived peptide SMAP-29 (Skerlavaj et al., 
1999). When treated with a combination of nisin and PA, E. coli O157: 
H7 cells were dramatically affected, with extensive damage to mem-
brane permeability and a great deal of cell lysis. 

3.5. Nisin and PA cocktails efficiently dissolve E. coli O157:H7 biofilms 

In the food industry, the ability of microorganisms to form biofilms is 
a serious challenge, as biofilms are highly resistant to cleaning agents 
and can serve as reservoirs for foodborne pathogens, and since early- 
stage biofilms are difficult to detect, they can be quite difficult to 
eradicate (Hossain et al., 2021). Kim and Rhee (2016b), found that PA 
could led to a dose-dependent reduction in the number of viable E. coli 
H157:O7 cells growing in biofilms. We decided to study the effect of 
nisin and PA on E. coli O157:H7 biofilms established on a stainless steel 
surface, as this material is commonly used in food processing equipment. 
As shown in Fig. 4, treatment with PA alone decreased the viable counts 
from 6.3 log10 CFU/cm2 to 3.22 and 2.89 log10 CFU/cm2 with 1 × MIC 
and 2 × MIC, respectively. In contrast, an insignificant reduction in 
biofilm cells was observed after treatment with 0.512 mg/mL nisin (pH 
6) alone (p > 0.05). And this bactericidal activity nearly did not change 
much even pH of nisin solution deacresed to 1.4, when ignoring the net 
effect of acid (p >0.05), which is similar with phenomenon observed in 
perivious exprment about bactercidal effect of pH on nisin towards 

Fig. 1. Time-kill curves for E. coli O157:H7 treated with nisin and PA, either 
alone or in combination. The concentrations of nisin and PA used were 0.512 
mg/mL and 0.2%, respectively. The initial cell density was 5.5 × 105 CFU/mL. 
Bars represent standard deviations for three replicates. 
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planktonic cells of E. coli O157: H7. However, when treated with 0.512 
mg/mL nisin plus 1 × MIC or 2 × MIC of PA (pH 6), the viable counts 
decreased to 2.29 and 1.85 log10 CFU/cm2 respectively, which were 
significantly greater than the sum of nisin and PA treatment alone group 
(p＜0.05), indicating nisin and PA also exhibit synergestic bactercidal 
interaction on E. coli O157: H7 cells protected by biofilm. 

3.6. Antimicrobial activity of nisin and/or PA against E.coli O157:H7 on 
cold-stored beef 

In the in vitro study, the nisin-PA combination was found to have a 
greater bactericidal effect than that of nisin and PA alone on E. coli 
O157:H7, an isolate obtained from beef. Therefore, the antimicrobial 
effect was investigated and compared on cold-stored meat. According to 
the results shown in Fig. 5, as expected, E. coli O157:H7 in the control 
samples and the samples treated with nisin were unaffected during 
storage at 4 ◦C for 5 days. The survival of E. coli O157:H7 on samples 
treated with PA at 1 × MIC and 2 × MIC was reduced by 0.6 and 0.9 
log10, respectively. For control group, (without compounds), the bac-
terial reduction was almost negligible. These results indicated that PA 
also exhibited a dose-dependent bactericidal activity toward E. coli 
O157:H7 cells on cold-stored beef. When samples were treated with 
nisin plus PA at 1 × MIC or 2 × MIC, the numbers of E. coli O157:H7 cells 

decreased by 1.3 and 1.7 log10, respectively, i.e. significantly more than 
when treated with PA alone. It should be noted that the decline in viable 
E. coli O157:H7 was rapid during the first 2 days, whereas the decrease 
over the subsequent 3 days was slower and similar to that observed 
when treating with PA alone. We speculate that this can be ascribed to 
the gradual degradation of nisin by endogenous proteases in the beef 
(Zhang & Mustapha, 1999). 

Most outbreaks of E. coli O157:H7 throughout the world in the recent 
past have been associated with the consumption of undercooked beef 
(Puligundla & Lim, 2022), thus using preservatives to inhibit the growth 
of E. coli O157:H7 on beef is of great importance. In our study, we found 
that cocktails of nisin and PA can efficiently kill planktonic and biofilm 
cells of E. coli O157:H7. Both compounds are used in foods and are 
widely accepted by consumers because they are natural food pre-
servatives. It has been reported that essential oils (EO), which are nat-
ural antibacterial agents, when combined with nisin also can be used to 
control growth of E. coli O157:H7 in raw beef (Gutierrez et al., 2009; 
Solomakos et al., 2008). However, unacceptable levels of inappropriate 
flavors and odors may easily result if the addition of EO exceeds a certain 
value (Gutierrez et al., 2009). 

Considering that phytic acid is odorless and its metabolites are 
neither toxic nor reactive, its use as a food additive to replace plant 
essential oils becomes more attractive (Bloot et al., 2021). In addition, 

Fig. 2. Live/Dead Baclight staining of E. coli O157:H7 cells exposed to nisin (0.512 mg/ml) and PA (0.4% or 0.8%), either alone and in combination for 20 min at 
37 ◦C. (A). Cells with intact membranes appear as green (live cells), while cells with compromised membrane integrity appear as red (dead cells). (B) The percentage 
of dead cells. Data are presented as mean ± SD N (n = 3, one-way ANOVA, *p < 0.05, **p < 0.01,N.S, nonsignificant). 
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PA was reported to be an effective antioxidant that could inhibit the 
oxidation of lipids in a model beef system, which is another contributor 
to beef spoilage during refrigeration (Stodolak et al., 2007). Overall, 
these findings indicate that nisin-PA cocktails could be used to effi-
ciently control the growth of dangerous pathogenic E. coli strains in meat 
and other foods in a natural and consumer-accepted manner. 

4. Conclusions 

In conclusion, the combination of nisin and PA displayed good syn-
ergistic bactericidal activities against planktonic and biofilm cells of 
E. coli O157:H7, an effect that was far beyond the sum of that of either 
compound alone. The effect was demonstrated on planktonic cells, cells 
growing in biofilms as well as on a natural and relevant substrate: cold- 
stored beef. To our knowledge, this is the first report describing the 
antibacterial effect of nisin and PA on E. coli O157:H7. 
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Fig. 3. SEM of E. coli O157:H7 exposed to nisin and PA alone and in combination. (A) Control cells (no treatment) (B) Cells treated with nisin (0.512 mg/mL) (C) 
Cells treated with PA (0.2%) (D) Cells treated with nisin and PA (0.512 mg/mL + 0.2%). 

Fig. 4. Treatment of E. coli O157:H7 cells growing in biofilms with nisin (0.512 
mg/mL) and PA (0.4% or 0.8%), either alone and in combination, for 1 h at 
37 ◦C. Data are presented as mean ± SD N (n = 3, one-way ANOVA, N.S, 
nonsignificant, *p < 0.05, **p < 0.01). 

Fig. 5. Effect of nisin (0.512 mg/mL) and PA (1 × MIC or 2 × MIC) alone and 
their combination on E. coli O157:H7 on beef meat during storage at 4 ◦C for 
5 days. 
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