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Abstract: In this study, we have evaluated the effects of previously characterized bacteriocins
produced by E. faecium strains ST651ea, ST7119ea, and ST7319ea, against biofilm formation and
biofilms formed by L. monocytogenes ATCC15313 and vancomycin-resistant E. faecium VRE19. The
effects of bacteriocins on the biofilms formed by L. monocytogenes ATCC151313 were evaluated by
crystal violet assay and further confirmed by quantifying viable cells and cell metabolic activities
through flow cytometry and TTC assay, respectively, indicating that bacteriocin activities required
to completely eradicate biofilms are at least 1600 AU mL−1, 3200 AU mL−1, and 6400 AU mL−1,
respectively for each bacteriocin evaluated. Furthermore, bacteriocins ST651ea and ST7119ea require
at least 6400 AU mL−1 to completely eradicate the viability of cells within the biofilms formed by
E. faecium VRE19, while bacteriocin ST7319ea requires at least 12800 AU mL−1 to obtain the same
observations. Assessment of synergistic activities between selected conventional antibiotics
(ciprofloxacin and vancomycin) with these bacteriocins was carried out to evaluate their effects
on biofilm formation and pre-formed biofilms of both test microorganisms. Results showed that
higher concentrations are needed to completely eradicate metabolic activities of cells within
pre-formed biofilms in contrast with the biofilm formation abilities of the strains. Furthermore,
synergistic activities of bacteriocins with both ciprofloxacin and vancomycin are more evident against
vancomycin-resistant E. faecium VRE19 rather than L. monocytogenes ATCC15313. These observations
can be further explored for possible applications of these combinations of antibiotics as a possible
treatment of clinically relevant pathogens.
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1. Introduction

Biofilms are typically composed of either a homogeneous or mixture of different
species/strains to form a structured multi-cellular community, enclosed in a complex
matrix, that typically acts as a protective barrier to various antimicrobial substances [1,2].
Bacterial communities enclosed in this structure (biofilms) are usually comprised of highly
dense cells within proximity, made up of combined live microorganisms, dead cells, and
numerous biopolymers. Furthermore, complex chemical gradients and compositions are
also found within these ecosystems. This enables microorganisms within the system
to occur in a wide array of functional physiological states that allows them to survive
the fluctuating conditions within the film. Thus, this serves as a deadlock environment
for a high probability of interspecies or intraspecies genetic material exchange, which,
in turn, results in the possible development of highly adaptive microorganisms such
as antimicrobial-resistant strains [1,3,4]. Biofilm formation is regulated by intracellular
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signaling, through the release of specific metabolic products, that triggers a phenomenon
called quorum sensing [5–7].

Bacterial biofilms formed by spoilage or food-borne pathogenic organisms within
food systems have been one of the major problems faced by the industry [7]. This has also
been discussed by Poulsen [8], including the various negative effects of biofilms in food
processing involving engineering, health care, and food technological facets [9–14].

L. monocytogenes, a known food-borne pathogen that causes listeriosis, has been con-
sidered a primary safety concern in the food industry [15]. According to the regulations in
the EU and the USA, zero tolerance for L. monocytogenes was granted by the food industry.
This is due to their ability to possess various adaptive mechanisms to survive a wide
range of environmental conditions, including adaptation to acidic and osmotic stress and
psychotropic properties [16,17]. All these physiological characteristics enable this pathogen
to survive multiple hurdles employed in the production of fresh produce and processed
foods, a huge and profitable industry [18].

Although biofilm formation is not considered a primary virulence factor for L. monocy-
togenes, the capacity of any potentially pathogenic bacterium to form a biofilm exacerbates
its ability for better survival in aberrant niches; which amplifies its ability to pose se-
rious contamination and health-associated consequences. This can be attributed to the
adaptive capabilities of microorganisms enclosed in this film to survive in extreme envi-
ronments such as surfaces of fomites or the presence of disinfectants or antimicrobials,
especially in clinical and food production, which uses these compounds frequently, con-
sequently, facilitating the increase in the incidence of resistant pathogens selection and
development [19–21].

The silent war against the continuous emergence of AMR or multidrug-resistant (MDR)
microorganisms has been going on for decades. The frequent use and misuse of antibiotics
drugs, which is amplified amidst the COVID-19 pandemic, as a consequence of reduced
access to healthcare by sanitary restrictions, lockdowns, remote consultations, and not
controlled antibiotic therapies at domicile located patience are only parts of the examples
that can be responsible for the misuse of the antibiotics and can be factors, accelerated the
increase and development and selective survival of these pathogens. Thakur et al. [15]
have predicted that about 10 million AMR infection-associated deaths in the year 2050
will be recorded, surpassing deaths associated with cancer, measle, diarrheal diseases, and
diabetes. Nosocomial infections associated with MDR have been high in immunocompro-
mised individuals. One of which includes the emergence and increasing occurrence of
vancomycin-resistant enterococci (VRE), especially in clinical settings. According to CDC
(2019), enterococci infections have been a minor occurrence (<10%); however, the increased
number of its nosocomial-associated infections caused WHO to elevate this pathogen on
the pedestal along with Salmonella, Helicobacter pylori, and Staphylococcus aureus for their
elucidation and discovery of alternative control agents [22,23]. Although enterococci are
known to be a common member of the human microbiota, typically localized in the lower
gastrointestinal tract of humans, in some cases, their occurrence in aberrant niches within
the host poses a serious health problem. Some of the serious health association of these
opportunistic pathogens includes infective endocarditis, urinary tract infections (UTI),
rare cases of intra-abdominal infections and meningitis, and systemic infections such as
bacteremia [24,25]. Another concern raised for this opportunistic pathogen is its ability to
form biofilms in fomites, particularly in catheters, that have been noted to contribute to
at least 25% of catheter-associated UTIs [26]. As aforementioned, although the capacity
to form biofilms has not been of primary concern, it has an accumulative input on the
possible threat it poses; thus, it was included in the considerations raised by the European
Food Safety Authority for all safety assessments of various probiotic candidates under the
enterococci group [27].

In the quest for finding naturally occurring alternatives to antibiotics, antimicrobial
peptides or bacteriocins—small bioactive peptides that typically inhibits the growth of
closely related microorganism—can be considered as a promising candidate [28,29]. Al-
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though an arsenal of antimicrobial by-products are produced by LAB, bacteriocins have
been identified as stable and highly potent [29,30]. In addition, these antimicrobials have
long been employed as naturally occurring preservatives in various fermented goods
and are also employed in fresh produces and minimally processed foods [31]. Its use as
an alternative for antibiotics and other commercial antimicrobials has long been rallied by
various scientific groups and individuals [32–34]. However, its effect on the biofilms of
pathogenic microorganisms has also gained the spotlight. This is due to its potency, nature,
stability to different environmental factors and precision on its target spectra [28,35].

In a previous study [36], bacteriocinogenic strains of Enterococcus faecium ST651ea,
ST7119ea, and ST7319ea were isolated from Korean traditional soybean paste and expressed
bacteriocins were characterized. It was shown that bacteriocins ST651ea, ST7119ea, and
ST7319ea were proteinaceous by nature, bioactive after exposure to a large range of tem-
peratures, pH, and in the presence of chemicals commonly applied in protein purification
processes and/or food industry [36]. Moreover, based on the sequence of amplicons gener-
ated after PCR targeting known enterocins genes and reconstructed amino acid sequences
of produced putative enterocins, were concluded that E. faecium ST651ea, ST7119ea, and
ST7319ea can be considered producers of modified enterocin A, B, and P [36].

Thus, this study aimed to evaluate the effects of previously characterized bacteriocins
with potent inhibitory effects against Listeria spp. and VRE [36], against the biofilms formed
by L. monocytogenes, and vancomycin-resistant Enterococcus faecium. Furthermore, the study
also aimed to assess the possible synergistic activities of bacteriocin with ciprofloxacin,
a wide-spectrum fluoroquinolone commonly used for UTI and renal infections, or van-
comycin, one of the drugs commonly used to treat systemic infections, against biofilm
formation and biofilms formed by both test microorganisms.

2. Materials and Methods
2.1. Bacteriocins Preparation

Previously isolated and characterized as bacteriocinogenic enterococci strains,
E. faecium ST651ea, ST7119ea, and ST7319ea [36], deposited in the collection of HEM
Pharma Ltd. (Suwon, Korea), were grown in MRS (Difco, Franklin Lakes, NJ, USA) for
18 h at 37 ◦C. Bacteriocins containing CFS were collected by centrifugation (4000× g at 4 ◦C,
30 min), filter sterilized (0.22 µm Sartorius Minstart syringe hydrophobic filters, Göttingen,
Germany), and heat-treated (80 ◦C for 10 min) to inactivate potentially produced heat-
labile antimicrobial proteins or extracellular proteolytic enzymes. As previously shown by
Fugaban et al. [36], studied strains E. faecium ST651ea, ST7119ea, and ST7319ea produced
bacteriocins, showed high similarity to enterocin A, B, and P, characterized as thermostable
polypeptides. Semi-purification of the bacteriocins was carried out as previously described
by Fugaban et al. [36]. The expressed bacteriocins by the studied strains were precipitated
to obtain 60% protein saturation using ammonium sulfate from 500 mL of CFS-containing
bacteriocins. Precipitated proteins were collected by centrifugation (20,000× g, 60 min,
4 ◦C), and the obtained pellets were re-suspended in 50 mL 25 mM potassium phosphate
buffer, pH 6.5. Hydrophobic column chromatography (SepPakC18, Waters Millipore, Mil-
ford, MA, USA) was used to separate the precipitated proteins eluted with a step gradient
from 20% to 80% iso-propanol in 25 mM phosphate buffer (pH 6.5). Obtained partially pu-
rified bacteriocins were stored at −20 ◦C and were used throughout the study. Bacteriocin
activity was evaluated as previously described by Fugaban et al. [36]. Appropriate controls
were applied to confirm that observed inhibition properties were consequences of the effect
of bacteriocins and not of the applied in the purification process chemicals.

2.2. Determination of Minimum Inhibitory Concentrations (MIC) of Antibiotics against Planktonic
Cells of L. monocytogenes ATCC15313 and E. faecium VRE19

The MIC of antibiotics vancomycin (CheilJedang Pharma Co., Seoul, Korea) and
ciprofloxacin (Sigma-Aldrich, St. Louis, MO, USA) were determined for L. monocytogenes
ATCC15313 and E. faecium VRE19 (provided by prof. Kwak, Handong Global University,
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Pohang, Korea) via broth microdilution assay according to the recommendations of Clinical
Laboratory Standards Institute (CLSI). Test organisms L. monocytogenes ATCC15313 and
E. faecium VRE19 were grown in BHI for 18 h at 37 ◦C, and the cells were harvested
(4000× g, 10 min), followed by cell washing cells twice using sterile 1× PBS (Lonza, Basel,
Switzerland) before re-suspending in the same solution. Antibiotics used in the assay were
prepared as suggested by the guidelines. For both antibiotics used in the assay, 256 µg
mL−1 were used as the highest final concentration and were diluted in a two-fold manner.
The antibiotics previously prepared were distributed in a 96-well flatbottom microplate
(SPL Life Sciences, Pochon, Kyonggi-do, Korea) to a final volume of 60 µL and leaving
the last two columns as controls (growth and sterility controls). Inoculum preparation
was carried out by adjusting the harvested cells into 0.5 McFarland units (approximately
107 CFU mL−1) and distributed in the corresponding plates for each antibiotic. Plates
were incubated for 18 h at 37 ◦C, and MIC, defined as the lowest antibiotic concentration
that completely inhibits the growth of bacteria, was determined by visual assessment and
confirmed by spectrophotometry (OD 600 nm).

2.3. Determination of Minimum Inhibitory Concentrations (MIC) of Bacteriocins against
Planktonic Cells of Target Microorganisms

Activities of semi-purified bacteriocins ST651ea, ST7119ea, and ST7319ea were as-
sessed as suggested by Todorov and Dicks [37] and Todorov et al. [38] against the planktonic
cells of L. monocytogenes ATCC15313 and E. faecium VRE19. Sterile BHI were inoculated with
10% 18 h-old cultures of selected test organisms. Eighty microliters of prepared bacterial
suspension were distributed to the first 11 columns of sterile 96-well microtiter plates.
Different concentrations of semi-purified bacteriocins, on the other hand, were prepared in
a two-fold dilution manner in a sterile 100 mM potassium phosphate buffer, pH 6.5. Equal
amounts of corresponding bacteriocin dilutions were dispensed on the first 10 columns in
the wells to obtain a 1:1 ratio of bacterial culture and bacteriocin. The untreated column was
used as growth control, while sterile BHI added on the 12th column was used as sterility
control. All setups were incubated at 37 ◦C for 18 h. The MIC was determined as the lowest
concentration required to completely inhibit bacterial growth.

2.4. Molecular Detection of Vancomycin Resistance-Associated Genes of E. faecium VRE19

Clinical isolate E. faecium VRE19 was identified to be resistant to vancomycin based
on the antibiogram profiling carried out through microbroth dilution assay and confirmed
through ETEST® antibiotic strips (bioMérieux, Marcy-I’Étoile, France), was screened fur-
ther for the presence of vancomycin resistance genes including vanA, vanB, vanC, vanD,
vanE, and vanG. Bacterial cells of E. faecium VRE19, grown in 100 mL of BHI overnight at
37 ◦C, were used for the DNA isolation by applying ZR Fungal/Bacterial DNA Kit (Zymo
Research, Irvine, CA, USA) carried out according to the manufacturer’s recommendations.
The DNA concentration and purity were assessed using SPECTROS star Nano nanodrop
(BMG LABTECH, Rotenberg, Germany) before the PCR assay, which was carried out as
previously described by Fugaban et al. [36].

2.5. Biofilm Formation of L. monocytogenes ATCC15313 and E. faecium VRE19

The ability of L. monocytogenes ATCC15313 and E. faecium VRE19 was assessed as
suggested by Doijad et al. [39] with some modifications. Briefly, 18 h-old cultures of
respective strains were inoculated in a sterile BHI at a final cell concentration of ~105 CFU
mL−1. One hundred and fifty microliters were transferred to the first 10 columns of sterile
96-well flatbottom microtiter plates (SPL Life Sciences), while the last column was added
with sterile BHI only to serve as sterility control. Prepared plates were incubated at 37 ◦C
for 24–36 h to allow the setups to form biofilms.
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2.6. Quantification of Biofilms by Crystal Violet Assay

After allowing the biofilms to form crystal violet assay was carried out to quantify
the biofilms as suggested by Todorov et al. [38] with some modifications. The assay was
carried out by carefully discarding the cultures, followed by washing using 1× PBS. The
attached biofilms were fixed with 120 µL of methanol for 15 min, and the excess was dis-
carded. Subsequently, the plates were left to dry for an additional 10 min and stained with
120 µL of 1% (w/v) crystal violet for 15 min. The excess crystal violet was flushed out using
distilled water, and plates were left to dry for 30 min. The adhered CV to the biofilms was
extracted by 95% ethanol (v/v) and incubated for 15 min before absorbance reading at OD
550 nm (SPECTROStar). The biofilm formation ability of the test organisms used in this
study was assessed based on the guidelines described by Stepanović et al. [40], and the
statistical evaluation of significant differences among samples was carried out using t-test
analysis (p < 0.05).

2.7. Quantification of Viable Cells from Bacteriocin-Treated Biofilms of L. monocytogenes
ATCC15313 and E. faecium VRE19 by Flow Cytometry

The proportion of viable, damaged, and dead bacterial cells from bacteriocin-treated
setups were quantified using a dye-exclusion assay with propidium iodide (PI). Biofilms
were allowed to form in flatbottom 12-well sterile microtiter plates containing 1 mL of BHI
inoculated with ~106 cells mL−1 for 24–36 h. Bacteriocins ST651ea, ST7119ea, and ST7319ea
were prepared in aliquots of different concentrations using 100 mM phosphate buffer
(pH 6.5). The liquid culture from the plates was discarded and added with 1 mL of
previously prepared bacteriocin, whereas sterility control and growth control wells were
added with sterile phosphate buffer. The biofilm challenge assay was carried out for 1 h.

Determination of viable bacterial cells was assessed using dye-exclusion assay with
PI (Sigma-Aldrich, St. Louis, MO, USA) by flow cytometry was carried out as suggested
by R&D systems (Sigma-Aldrich). Samples of 0.5 mL from each well were drawn, and
cells were harvested by centrifugation at 10,000× g for 10 min. Obtained pellets were re-
suspended in 1× staining buffer formulated with 1× PBS, 0.5% bovine serum albumin (BSA,
Sigma-Aldrich), and 0.05% NaN3 (Sigma-Aldrich). Bacterial suspensions were stained with
PI (final concentration of 30 µg mL−1) for 5 min in the dark. Sorting and quantification of
cells were determined using Flow Cytometer ZE5 and analyzed using Everest software
v 2.2.08.0 (Bio-Rad Laboratories, Hercules, CA, USA). Growth control and sterility control
were included.

2.8. Determination of Metabolic Activity

Detection of microbial viability was carried out as suggested by Krajenc et al. [41] with
modifications as follows. The pre-formed biofilm challenge was carried out as previously
described, but instead of crystal violet staining, 100 µL of BHI supplemented with 0.1% of
triphenyl tetrazolium chloride (TTC, Sigma Aldrich) was added to each well and incubated
for 6 h at 37 ◦C. The medium was discarded, and metabolic activity was then assessed
based on the development of red color, which denotes a successful extraction of formazan
from the viable cells by adding 150 µL of 70:30 ethanol: acetone solution to each well and
incubating it for 18 h at 37 ◦C. Complete abrogation of metabolic activities was used to
determine and analyze the synergistic activities against test organisms and setups used.

2.9. Assessment of Synergistic Activities of Bacteriocins and Antibiotics against Biofilm Formation
of L. monocytogenes ATCC15313 and E. faecium VRE19

The synergistic activities of each bacteriocin with either vancomycin or ciprofloxacin
were assessed in a binary combinatorial effect using the MIC previously identified as
baselines for the highest concentrations of combination cocktails. Each binary compo-
nent antimicrobial cocktail was prepared using a 1:1 (v/v) ratio of designated bacteriocin
and corresponding antibiotics of designated concentrations. All the bacteriocins studied
were prepared in two-fold dilutions as previously described, whereas the antibiotics were
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prepared as described in the CLSI for the preparation of antibiotics for antimicrobial sus-
ceptibility testing (AST). BHI seeded with 18 h-old cultures of corresponding applied test
organisms (L. monocytogenes ATCC15313 and E. faecium VRE19) were distributed individ-
ually in 96-well flatbottom sterile microtiter plates. Each well was added with 70 µL of
test organisms, leaving the last two for sterility control and growth control. A total of
70 µL of previously prepared binary component antimicrobial cocktails of corresponding
concentrations and ratios were dispensed accordingly. Plates were incubated for 36 h at
37 ◦C and quantified and analyzed as previously described. All setups were carried out
in duplicates.

Synergistic activities were interpreted using the fractional inhibitory concentration
(FIC) index as follows:

FIC index =

(
MICA in combination
MICA individually

)
+

(
MICB in combination
MICB individually

)

where A is the MIC inhibition of bacteriocin used in the setup, while B is the corresponding
antibiotics used. Results were interpreted as suggested by Faleiro and Miguel [42], where
indices ranging between 0 and 0.5 indicates synergistic activity in a two-component system;
values ranging from 0.5 and 1.0 are considered to have an additive effect on bacterial
inhibition, values between 1.01 and 2.0 indicative of indifference between two combined
inhibitory substances, and values between 2.0 and 4.0 indicate antagonism.

2.10. Evaluation of Synergism of Bacteriocins and Antibiotics on the Biofilm Formed by
L. monocytogenes ATCC15313 and E. faecium VRE19

The pre-formed biofilms of the test organisms assessed in this study were challenged
using the same binary component antimicrobial cocktails as previously described. For-
mation of L. monocytogenes ATCC15313 and E. faecium VRE19 biofilms were carried out in
96-well flatbottom sterile microtiter plates using BHI seeded with 10% of each test organ-
ism. Each well was inoculated with 120 µL of appropriative bacterial suspension along
with the growth control, while the same volume for BHI was used for the sterility control.
Each corresponding setup was carried out in triplicates. All prepared biofilm plates were
incubated for 36 h at 37 ◦C. Before the biofilm challenge, planktonic cells from the biofilm
plates were removed by discarding the culture followed by washing the plates twice with
sterile 1× PBS. Plates were left to dry for 15 min in a sterile environment. Bacteriocins
of corresponding concentrations were prepared as previously described, and 100 µL of
each corresponding treatment was distributed accordingly. Biofilm challenge assay was
carried out for 2 h at 37 ◦C. Remnant biofilms after the assay were quantified as previously
described. Synergy was assessed through calculated FIC values.

3. Results
3.1. MIC of Antimicrobials Used

Bacteriocins produced by E. faecium strains ST651ea, ST7119ea, and ST7319ea were
obtained from CFS obtained after cultivation in MRS for 24 h at 37 ◦C and precipitation
with ammonium sulfate (60% saturation). After chromatography on SepPakC18, frac-
tions eluted with 60% isopropanol in 25 mM phosphate buffer (pH 6.5) presented the
highest bacteriocin activity. Taking into consideration levels of bacteriocin activity and
color of fractions eluted with 40%, 60%, and 80% isopropanol in 25 mM phosphate buffer
(pH 6.5), fraction 60% isopropanol was selected for further application. The detection of
the minimum inhibitory concentration of semi-purified bacteriocins produced by E. faecium
strains ST651ea, ST7119ea, and ST7319ea, previously characterized by Fugaban et al. [36],
were further assessed for their potential to inhibit the growth of biofilms. In this study,
confirmation of MIC of planktonic cells of both test organisms were conducted in liquid
culture as suggested by Todorov et al. [38]. Recorded activities against the planktonic
cells of L. monocytogenes bacteriocins needed to completely inhibit the growth of L. mono-
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cytogenes ATCC15313 were 1600 AU mL−1, 3200 AU mL−1, 3200 AU mL−1, respectively
for semi-purified bacteriocins ST651ea, ST7119ea, and ST7319ea. While MIC recorded for
E. faecium VRE19 were 1600 AU mL−1, 3200 AU mL−1, and 6400 AU mL−1, accordingly.
These recorded activities are used as a reference point for the identification of the mini-
mum inhibitory concentration for the bacteriocins studied against the planktonic cells of
L. monocytogenes ATCC15313 and E. faecium VRE19.

On the other hand, MIC for ciprofloxacin and vancomycin were quantified using
microbroth dilution. MIC of ciprofloxacin against L. monocytogenes ATCC15313 and
E. faecium VRE19 were 512 mg L−1 and 128 mg L−1, respectively. While vancomycin,
a glycopeptide antibiotic, requires at least 64 mg L−1 against L. monocytogenes ATCC15313
and 128 mg L−1 for E. faecium VRE19 to completely inhibit the growth of their
planktonic cells.

3.2. Molecular Detection of Vancomycin Resistance-Associated Genes in E. faecium VRE19

Confirmation of the phenotypic vancomycin-resistance previously observed on the
test organism E. faecium VRE19 has been carried out through a PCR-based approach.
Results indicated that E. faecium VRE19 has vancomycin resistance coded by vanA and vanB
genes. Phenotypic demonstration of this resistance was found to be survival of resistant
enterococci at high concentrations of vancomycin (≤250 mg L−1). In this study, previous
MIC detection assays confirm the phenotypic manifestation of this observation.

3.3. Biofilm Inhibition by Partially Purified Bacteriocins ST651ea, ST7119ea, and ST7319ea

The biofilm eradication activities of partially purified bacteriocins produced by strains
E. faecium ST651ea, ST7119ea, and ST7319ea were assessed by challenging the pre-formed
biofilms of L. monocytogenes ATCC15313 and E. faecium VRE19 for 1 h. Following CV
staining and absorbance reading at 550 nm, a significant reduction (p < 0.05) of biofilm mass
was observed with the treatment of at least 3200 AU mL−1 for all bacteriocins evaluated
against biofilm formed by L. monocytogenes ATCC15313, while this is the same minimum
concentration required for both bacteriocin ST7119ea and ST7319ea against the biofilms
formed by E. faecium VRE19, ST651ea (Figures 1a and 2a) requires two-fold higher to
significantly destroy the biofilms formed by this microorganism. The last observations
agree with the fact that MICs for bacteriocins produced by E. faecium ST651ea, ST7119ea,
and ST7319ea was 6400 AU mL−1, 6400 AU mL−1, and 12,800 AU mL−1, respectively.

Additionally, quantification of the rates of viable/live, dead, and damaged cells within
the bacteriocin-treated biofilms was carried out after 1 h challenge showing that the min-
imum concentration needed for the bacteriocins evaluated to completely damage or kill
the cells within the biofilms formed by L. monocytogenes is 1600 AU mL−1, 3200 AU mL−1,
and 6400 AU mL−1, for bacteriocins ST651ea, ST7119ea, and ST7319ea, respectively. On
the other hand, two-fold higher is required for bacteriocins ST651ea and ST7119ea to
obtain the same effects against the VRE biofilm, while it requires a minimum of
12,800 AU mL−1 to eliminate the viability of the cells within the biofilm based on this
assay (Figures 1b and 2b). Similar results were observed when viable cells were visualized
by TTC experimental approach (Figures 1c and 2c) for L. monocytogenes ATCC15313 and
E. faecium VRE19, respectively.
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assay (significant changes in biofilms after challenge were indicated by * at p ≤ 0.05); (b) quantification
of live, dead, and damaged cells through flow cytometry; and confirmation of (c) cell viability
using TTC.
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Figure 2. Eradication of Enterococcus faecium VRE19 biofilm by semi-purified bacteriocins ST651ea,
ST7119ea, and ST7319ea after 1 h challenge. Biofilms were quantified by (a) crystal violet assay
(significant changes in biofilms after challenge were indicated by * at p ≤ 0.05); (b) quantification
of live, dead, and damaged cells through flow cytometry; and confirmation of (c) cell viability
using TTC.

3.4. Assessment of Synergism of Bacteriocins and Antibiotics against Biofilm Formation of
L. monocytogenes ATCC15313 and E. faecium VRE19

In this study, evaluation of the possible synergism between the bacteriocins produced
by E. faecium ST651ea, ST7119ea, or ST7319ea with vancomycin or ciprofloxacin for their
ability to inhibit the formation of biofilms of L. monocytogenes ATCC15313 and E. faecium
VRE19 in vitro. Results showed that synergistic activities were demonstrated by all bacte-
riocins individually paired with ciprofloxacin against both test microorganisms (Table 1)
(topographic presentation of biofilm formed after 36 h shown in Figures 3a, 4a and 5a)
using the guidelines for combinations of antimicrobial substances. Conversely, the effect of
vancomycin can be seen to demonstrate synergism when paired with bacteriocins ST651ea,
ST7119ea, or ST7319a against E. faecium VRE19 (Table 1); while only ST651ea worked in syn-
ergy with ciprofloxacin to inhibit the formation of L. monocytogenes ATCC15313 biofilm. The
combinations of bacteriocins ST7119ea or ST7319ea with ciprofloxacin showed an additive
effect instead against the formation of Listeria monocytogenes ATCC15313 biofilm in this as-
say (Table 1). Topographic presentation analysis of biofilm formation of both test organisms
assessed was demonstrated in Figures 4a and 5a. Identifying that some of the combinations
of bacteriocins and antibiotics work synergistically against the formation of biofilms of
both test organisms noting a significant reduction in the concentrations required for the
inhibition of biofilm formation compared to the individual inhibitory activities recorded
for each antimicrobial. General observations indicate that combinations of bacteriocins
and ciprofloxacin have synergistic activity in the inhibition of L. monocytogenes ATCC15313,
while the combination of bacteriocins and vancomycin had synergistic activities against
E. faecium VRE19 biofilm formation.
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Table 1. The ≤MIC95 values of ciprofloxacin, vancomycin, and bacteriocins ST651ea, ST7119ea,
and ST7319ea and the FIC indices calculated based on two-component antimicrobials
(antibiotic-bacteriocin).

Ciprofloxacin Vancomycin

L. monocytogenes
ATCC15313

E. faecium
VRE19

L. monocytogenes
ATCC15313

E. faecium
VRE19

Inhibition Eradication Inhibition Eradication Inhibition Eradication Inhibition Eradication

Individual component

Antibiotic * 512 64 128 128 64 64 128 128

bacteriocin ST651ea ** 1600 3200 1600 3200 1600 3200 1600 3200

bacteriocin ST7119ea ** 3200 6400 3200 6400 3200 6400 3200 6400

bacteriocin ST7319ea ** 3200 6400 6400 12,800 3200 6400 6400 12,800

Combinations

antibiotic * 64 16 32 64 16 32 32 32

bacteriocin ST651ea ** 100 1600 200 400 400 1600 400 800
FIC index 0.1875 0.75 0.375 0.625 0.5 1 0.5 0.5

antibiotic * 16 64 32 64 32 32 16 32

bacteriocin ST711ea ** 800 1600 400 200 800 800 400 800
FIC index 0.28125 1.25 0.375 0.53125 0.75 0.625 0.25 0.135

antibiotic * 32 32 32 32 32 32 32 32

bacteriocin ST7319ea ** 800 1600 800 400 400 400 1600 1600
FIC index 0.3125 0.75 0.375 0.28125 0.625 0.5625 0.5 0.135

* ≤MIC95 of antibiotics are expressed in mg/L quantified in liquid culture; ** ≤MIC95 of bacteriocins were
expressed in AU/mL relative to the activity of bacteriocins against Listeria monocytogenes ATCC15313 by spot-the-
lawn method.

3.5. Assessment of Synergism of Bacteriocins and Antibiotics against Pre-Formed Biofilms of
L. monocytogenes ATCC15313 and E. faecium VRE19

Pre-formed biofilms were treated with antimicrobials combinations composed of either
bacteriocins ST651ea, ST7119ea, or ST7319ea and vancomycin or ciprofloxacin. After the
challenge, topographic residual biofilms were quantified by crystal violet biofilm staining
assay while simultaneously monitoring the cellular metabolism of the residual biofilms
in a parallel setup. The topographic representation of the biofilm formation results after
the challenge is presented in Figures 3b, 4b and 5b. Observations on the activities of the
antimicrobial combinations showed a decreased effect against the biofilms formed by both
test organisms based on the FIC indices shown in Table 1. Biofilms known to provide
a protective layer for these microorganisms play as adaptive and defense mechanisms
against the antimicrobials employed. The topographic visualized levels of activities
(Figures 3b, 4b and 5b) of combinations of bacteriocins and antibiotics against both test
organisms and their corresponding FIC indices were calculated and presented in Table 1,
demonstrating that higher amounts of each component for the majority of the combina-
tions are needed to eradicate the previously formed biofilms relative to the concentrations
needed to inhibit the biofilm formation of both test microorganisms. FIC indices showed
that combinations of bacteriocins with ciprofloxacin majorly demonstrated an additive
effect on the pre-formed biofilms of both test organisms, while synergistic activities were
noted when bacteriocins were combined with vancomycin against E. faecium VRE19 but not
against L. monocytogenes ATCC15313 (Table 1). The viability, measured by TTC assay of the
residual biofilms formed by L. monocytogenes ATCC15313 or E. faecium VRE19 coinciding
with the previous results (Figures 3c, 4c and 5c).

The fractional inhibitory concentration (FIC) index for two-component antibacterial
compounds was interpreted as follows: values of ≤0.5, Synergism; >0.5–1.0, Additive effect;
<2.0, Indifference; and ≥2.0–4, Antagonism.
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4. Discussion

Bacteriocins produced by E. faecium ST651ea, ST7119ea, and ST7319ea, previously
characterized by Fugaban et al. [36], were further assessed in this study for their potential
activities against biofilms formed by L. monocytogenes and vancomycin-resistant enterococci.
It has been reported that E. faecium ST651ea harbors genes coding for enterocins B and
P, while both E. faecium ST7119ea and ST7319ea have genes for enterocin A and B [36].
Based on obtained nucleic acid sequenced targeting genes associated with the production
of enterocins A, B, and P, recorded in E. faecium 651ea, ST7119ea, and ST7319ea, respectively,
the putative amino acid sequences were reconstructed, and some mutations in the protein
structure were observed [36]. Moreover, based on the comparative analysis of the spectrum
of activity of the bacteriocins expressed by E. faecium 651ea, ST7119ea, and ST7319ea
along with additional physiological and biochemical properties of studied bacteriocins,
it was suggested that most probably they belong to the class IIa [36]. Moreover, it has
been mentioned by Nes et al. [43,44] that majority of the known bacteriocins produced
by Enterococcus spp. belong to class I (lantibiotics) and II bacteriocins (small unmodified
peptides), whose mode of action is cell lysis [45–47]. Target molecules, such as lipid
II for L. monocytogenes or the sugar permease systems found on the surface of target
microorganisms, serve as the docking point for bacteriocins [30,32,43]. These modifications
in the functionality of these docking molecules by the bacteriocins cause disturbance in the
integrity of the cell membrane, thereby leading to intracellular component leakage, which
eventually leads to the death of the target cell.

In this study, bacteriocins produced by E. faecium ST651ea, ST7119ea, and ST7319ea
were partially purified by ammonium sulfate precipitation (60% protein saturation) ob-
tained at 60% isopropanol in 100 mM phosphate buffer (pH 6.5) in a step-gradient elution
assay were previously quantified against L. monocytogenes. Application of the bacteriocins
as a crude extract, partially purified preparations, or pure (homogeneous) protein is strictly
dependent on the experimental model. Purification is a costly procedure, and normally
pure bacteriocins are applied in analytical procedures or medical applications. For most
food-associated experiments and/or sanitization purposes, a crude extract or partially
purified bacteriocins are typically applied. The previously identified MICs coincide with
the ≤MIC95 of bacteriocins measured in this study, which was used for subsequent evalua-
tions. Furthermore, these current data further strengthen the findings from the study as
matching observations were demonstrated through the inhibitory kinetics of the assessed
bacteriocins against actively growing cells of target microorganisms sampled after 3, 6, 9,
and 24 h of incubation [36].

The MICs of two selected antibiotics, ciprofloxacin and vancomycin, were also deter-
mined against the planktonic cells of both test organisms used. Ciprofloxacin, a known
fluoroquinolone antibiotic, has been used as the benchmark in quantifying and comparing
the efficacy of newly discovered or elucidated fluoroquinolones [48]. It has been employed
as a treatment across a wide range of pathogenic microorganisms, including infection-
causing members of Enterobacteriaceae, Neisseria-associated meningococcal infections,
and Pseudomonas infections, among others. Additionally, it has also been used as a com-
mon drug to treat UTI and renal infections [48–50], although, in some cases, it has been
demonstrated that the occurrence of ciprofloxacin-resistant L. monocytogenes typically has
a range of around 30–35% of all the strains evaluated [51]. Additionally, it has demon-
strated that an inherent adaptive system is expressed by L. monocytogenes when exposed
to disinfectant benzalkonium for an extended time, consequently resulting in resistance
to ciprofloxacin [4,24,52,53]. On the other side, ciprofloxacin is primarily administered as
a treatment for uncomplicated UTI infections only. Although ciprofloxacin is not considered
a primary drug for enterococcal-associated UTIs due to its modest activity against this
pathogen, it still demonstrated successful employment as a treatment. Perry et al. [54]
stated that higher concentrations of ciprofloxacin are needed to assess the sensitivity of
enterococci to this drug (5 µg per disc instead of 1 µg). Thus, in this study, we have
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evaluated the minimum inhibitory concentration of ciprofloxacin against L. monocytogenes
ATCC15313 and E. faecium VRE19 independently through microbroth dilution.

Vancomycin, a tricyclic glycopeptide antibiotic that was initially isolated from Strepto-
coccus orientalis, whose mechanism of action involves interference in the early stage of cell
wall synthesis [55,56]. This glycopeptide antibiotic is typically administered intravenously
due to its low absorption by oral intake. Furthermore, vancomycin has been used as one of
the “last resort” drugs for the treatment of severe systemic infections caused by multi-drug-
resistant Gram-positive bacteria. However, the exorbitant usage of this antibiotic has led
development and occurrence of vancomycin-resistant enterococci and staphylococci [57,58]
which pose a serious threat in medical practice. However, the occurrence of antibiotic resis-
tance from this group is not unusual, noting that inherent resistance against vast groups
of antibiotics was observed, especially against β-lactams (cephalosporins and penicillins),
fluoroquinolones, clindamycin, and in low concentrations of aminoglycosides [59–61]. In
this study, MIC of vancomycin against planktonic cells of L. monocytogenes ATCC15313
and E. faecium VRE19 were determined as previously described noting that a minimum of
64 mg L−1 and 128 mg L−1 are needed to completely inhibit the growth of each respec-
tive test organism. This further confirms that E. faecium VRE19, indeed, is resistant to
vancomycin based on the cut-offs suggested by both CLSI and EFSA. All values mea-
sured against planktonic cells of both test microorganisms were used as the basis of all
succeeding experiments.

To secure the integrity of the succeeding assays, confirmation of the presence of an-
tibiotic resistance genes harbored by E. faecium VRE19 was carried out, identifying the
presence of vanA and vanB genes. The selective pressure in the occurrence of VRE by
excessive vancomycin treatment has caused the rise of different genotypic classifications
of resistance to this drug. These include resistance phenotypes van A, B, C, D, E, and G.
Plasmid-associated resistance has been elucidated to be responsible for vanA and vanB
resistances, but the distinction between the two includes co-resistance to teicoplanin as
characterized only for vanA phenotypes due to the associated modifications in the N-
acetylmuramic acid (NAM on the vancomycin-resistant E. faecium and E. faecalis [62,63].
VanB phenotype, which is typically characterized by its high resistance to vancomycin
(≤250 mg/L), is usually located in a plasmid, which increases the threat it poses regarding
the transfer of resistance genes. On the other hand, vanC and vanD resistance-associated
genes are all chromosomally located and non-transferrable, manifested by low resistance
to vancomycin (16–32 mg L−1). Although these are still considered to be low concen-
trations of vancomycin, other factors such as the occurrence of pathogenicity-associated
insertion sites glean the occurrence of these genes negatively; thus, its surveillance is of
importance [64–66]. Additionally, vanE and vanG are both characterized by non-transferrable
genes and are also characterized by resistance to low concentrations of vancomycin [67].

The biofilm inhibition and eradication capacities of the semi-purified enterocins pro-
duced by E. faecium strains ST651ea, ST7119ea, and ST7319ea were evaluated in two
different assays as shown in Figures 1a and 2a and further confirmed for the retention of
bioactivity after treatment through triphenyl tetrazolium chloride (TTC) (Figures 1c and 2c)
and flow cytometry (Figures 1b and 2b) assay. The observations support the hypothesis
that higher concentrations of antimicrobials are needed to destroy or kill microorganisms
protected within biofilms [1,2]. In addition, a study conducted by Pérez-Ibarreche et al. [68]
on bioengineered nisin with activity against S. uberis biofilms also demonstrated the same
patterns of increased concentrations of bacteriocins are needed against biofilms vs. plank-
tonic cell counterparts. Furthermore, these similar observations were noted in the treatment
of planktonic cells and biofilms of Pseudomonas aeruginosa with chemical disinfectants and
antibiotics, as demonstrated by [69]. Although these results are promising, the use of high
concentrations of antimicrobials, including bacteriocins, may lead to the development of
resistance to these antimicrobial peptides [70].

With the continuous development of antimicrobial-resistant pathogens, bacteriocin-
based treatments or methods of control against various pathogens have been rallying
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for the past decades [28,30,32,43]. Furthermore, the increasing occurrence and persis-
tence of “superbugs” in the clinical setting and the threats they pose amidst the current
COVID-19 pandemic that drastically increased the consumption of various antibiotics now
act as a selective pressure for the dominance of these pathogens [71,72]. Furthermore,
O’Toole [71] also mentioned increased occurrence and outbreaks of extended-spectrum β-
lactamase-producing Kl. pneumoniae, metallo-β-lactamase-producing carbapenem-resistant
Enterobacterales, carbapenem-resistant A. baumannii, and vancomycin-resistant enterococci,
which are clinically acquired, are now an alarming concern worldwide. Therefore, it is
imperative to find solutions to these arising concerns with the use of different possible
alternatives from conventional antibiotics, including bacteriocins are antimicrobial peptides
produced by various microorganisms. Furthermore, these antimicrobials are particularly
distinctive from antibiotics due to their narrower spectrum and lack of elaborate mod-
ifications in their peptide sequences [28,30,32,43,44]. Furthermore, these antimicrobial
peptides have been in the spotlight, particularly those produced by lactic acid bacteria.
This is due to the associated safety status of these microorganisms. Aside from this, the
specificity of bacteriocins against their targets in comparison with antibiotics can be used
as a key tool for targeted infection treatment. Although, handling and purification of these
naturally occurring antimicrobials are still part of the challenge that needs development
in this field. Likewise, their applications, although majorly assessed against planktonic
cells of food-contaminants, still need further evaluation to assess in which other ways we
can employ and advance these antimicrobial peptides as an important tool in both the
clinical setting and the food industries. In this study, evaluation of possible synergistic
activities across bacteriocins in combination with either ciprofloxacin or vancomycin was
evaluated as demonstrated in Figures 3–5. along with the quantification of the effects of
their combinations quantified through FIC indices as shown in Table 1, identifying those
combinations of vancomycin with bacteriocins work synergistically on the eradication of
vancomycin-resistant E. faecium VRE19. This re-sensitization phenomenon can be attributed
to various factors, for one, the different mechanisms of action of the two antimicrobial
compounds used in the cocktails, the antibiotic and bacteriocin. The resistance mechanisms
of vancomycin on VRE have been identified to be associated with alteration of peptido-
glycan structure resulting in to decrease in binding, thus limiting its ability to carry out
its function [73]. On the other hand, Diep et al. [45] hypothesized that enterocins, which
primarily cause membrane perforation, use Man-PTS as a docking molecule, which has
been supported by Barraza [74] in their study, may aid in the exacerbation of activities of
vancomycin in the VRE cells. Synergistic activities of bacteriocin and antibiotics have also
been demonstrated by Singh et al. [75] using nisin and β-lactam antibiotics as an adjunct
treatment for MDR Salmonella enterica, whose mechanism of synergy was associated with
the different mechanisms of action of antimicrobials used. On the other hand, most of the
setup for vancomycin in combination with the bacteriocins do not result in synergism but
only demonstrate additive functionalities.

The application of a combination between bacteriocins and antibiotics in the process
of control of biofilms was previously suggested and explored [21,28,34,38]. Application
of antimicrobials with different or same mode of actions has his arguments for the bet-
ter success of control of biofilm-associated pathogens. On one side, antibiotics, such as
vancomycin and bacteriocins from class IIa, are known to use the same receptor, lipid II,
in the interaction between antimicrobials and target cells [30,32,43]. In these processes,
both antimicrobials (antibiotic and bacteriocin) may have an extended effect on the target
pathogens. Moreover, it was previously shown that when applied in high concentrations,
nisin can act bactericidal even if lipid II receptor was not biologically available [30,32,43].
Thus, it can be an argument to suggest that in combined application between vancomycin
and studied bacteriocins is a possibility that the applied antibiotic is targeting the test
pathogens via lipid II receptor; however, bacteriocins were interfering with the target cells
via different mechanisms.



Microbiol. Res. 2022, 13 496

When ciprofloxacin was applied, the opposite scenario was realized in the inhibition
of the target pathogens. Ciprofloxacin is classified as a bactericidal antibiotic, part of the
fluoroquinolone drug class. His mode of action was associated with inhibition of DNA
replication by interfering with bacterial DNA topoisomerase and DNA-gyrase [76]. In
this way of application, most probably applied bacteriocins were responsible for pore
formation as a consequence of the interactions with lipid II and facilitating the effect of the
ciprofloxacin to perform his bactericidal effect.

5. Conclusions

The use and application of bacteriocins as a promising alternative to conventional
antibiotics have been proposed by various scientists for decades. The elucidation of their
function and possible applications is now eyed as a possible solution to the alarming
emergence of AMR/MDR pathogens. In this study, we have evaluated the possible use of
bacteriocins in combination with selected conventional antibiotics as a treatment against
biofilms formed by L. monocytogenes and vancomycin-resistant E. faecium, food-borne and
clinically significant pathogens, respectively. Findings showed that combinations of natu-
rally occurring antimicrobial peptides produced by beneficial enterococci with conventional
antibiotics have more notable effects against both planktonic and biofilms of vancomycin-
resistant E. faecium, although higher concentrations of both bacteriocins conventional
antimicrobials are needed to completely eradicate functional or abolish metabolically active
cells. This perspective can be further explored as an alternative way of addressing the
current issues of increasing infections associated with AMR pathogens, but the use of
high concentrations of antimicrobials, may it be bacteriocins or conventional antibiotics,
intended for any application should be regarded carefully and regulated, especially as
a bane, acting as another layer of selective pressure for development of new resistant strains,
rather than a boon on this current issue.
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