Hindieh et al. AMB Express (2022) 12:128
https://doi.org/10.1186/513568-022-01468-w AM B EXpreSS

ORIGINAL ARTICLE Open Access

. ®
Lactobacillus rhamnosus and Staphylococcus ===

epidermidis in gut microbiota: in vitro
antimicrobial resistance

Pamela Hindieh"**! Joseph Yaghi'“", André El Khoury'?, Ali Chokr®®, Ali Atoui®, Nicolas Louka' and
Jean Claude Assaf'?

Abstract

The gastrointestinal tract is one of the most complex microbiological niches containing beneficial and non-path-
ogenic bacterial strains of which some may evolve into virulent under specific conditions. Lactobacillus rhamnosus

GG is of the most known beneficial species with an ability to protect the intestine as opposed to Staphylococcus
epidermidis 444 which causes serious health risks due to its high antimicrobial resistance. This study investigates first
the survival and coexistence ability of L. rhamnosus GG, and S. epidermidis 444 at different pH levels. Subsequently,
lysozyme's antimicrobial and antibiofilm effect on these two strains was elucidated before adding different concentra-
tions of oxytetracycline hydrochloride antibiotic. Results showed that 50% inhibition of L. rhamnosus GG, S. epidermidis
444, and a co-culture of these planktonic strains were obtained respectively at a lysozyme concentration of 30, 18,
and 26 mg/mL after the addition of ethylenediamine tetra-acetic acid (EDTA). At a pH of 7.5, mixing lysozyme (at ICs)
and EDTA with oxytetracycline hydrochloride (700 pg/mL) showed an additional bactericidal effect as compared

to its known bacteriostatic effect. Similarly, the addition of lysozyme to the antibiotic further increased the biofilm
eradication of S. epidermidis 444 and L. rhamnosus GG where a maximal eradication of 70% was reached. Therefore,
the potential development of new drugs based on adding a lysozyme-EDTA mixture to different types of antibiotics
may be highly promising.

Key points

« Limiting antimicrobial resistance by adding lysozyme-EDTA mixture
+ Converting bacteriostatic antibiotic to bactericidal by adding lysozyme-EDTA mixture
« Increasing biofilm eradication by adding lysozyme-EDTA mixture

Keywords: Lactobacillus rhamnosus GG, Staphylococcus epidermidis 444, Biofilms, Lysozyme, Gl tract, Antimicrobial
resistance

Introduction

The human gastrointestinal (GI) tract is a complex sys-

1 tem consisting of connected organs, forming a contin-
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through the stomach, small intestine, and large intes-
tine (colon) and ends in the anus (Gremel et al. 2015).
Three successive regions of the small intestine are cus-
tomarily distinguished proximally to distally: duode-
num, jejunum, and ileum (von Rosenvinge et al. 2013).
Since the GI tract is continually exposed to the outside,
it has developed many protection systems such as the
low pH in the stomach, the mucus layer that covers
all the GI, a massive number of immune cells residing
under the mucus layer, and finally an abundant mass of
commensal microbes that colonize the GI tract (Hill-
man et al. 2017).

The human body is colonized by a complex ecosystem
composed of commensal microbiota bacteria species.
This mixture is obtained after birth and persists through-
out life. Thus, due to their length and richness in nutri-
ents, most of these microorganisms are heavily inhabited
in the GI tract, where various diversity and density are
observed (Ruan et al. 2020). Therefore, a gradient of bac-
terial colonization in the different interconnected organs
of the GI tract according to the environmental variations
in terms of physiology, digesta flow rates, substrate avail-
ability, host secretions, pH, and oxygen tension exists
(Flint et al. 2012). Hence, the stomach is rarely colo-
nized with less than 10* bacteria per gram of stomach
content. Going through the GI tract, the intestines har-
bor a significant number of bacteria, which increases
to 10’~10® CFU in the small intestine (Nishiyama et al.
2016).

However, bacteria throughout the GI tract can have
several beneficial or adverse effects (Flint et al. 2012).
Therefore, the state of the microbial community in terms
of distribution, diversity, species composition, and meta-
bolic outcomes affects the balance of benefit and harm
for the host, so it can lead to better health or increase dis-
ease (Kim et al. 2007). Indeed, due to the high nutrient
availability and constant influx of microorganisms, the GI
tract forms an ideal site for the development of commu-
nities of microbial biofilms. Among the bacteria involved,
Lactic acid bacteria (LAB), specifically Lactobacillus
species, resides heavily as a beneficial microbe in the GI
tract (Wang et al. 2014). As they are recognized as safe
microorganisms, these bacteria are classified as probiot-
ics (Tytgat et al. 2021). The Lactobacillus rhamnosus is
currently detected as a dominant bacteria in the human
gut (Nishiyama et al. 2016). Thus, due to its health ben-
efits and ability to defeat intestinal pathogens, regulate
intestinal flora balance, and maintain the intestinal bar-
rier, more importance is given nowadays to this strain
(Zhang et al. 2020; Matsubara et al. 2016). In addition to
its antagonistic effect against harmful bacteria, this strain
showed an ability to produce antimicrobial metabolites
against many pathogens such as Escherichia coli (Li et al.
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2020) Salmonella enterica (Zhang et al. 2018), and Staph-
ylococcus aureus (Li et al. 2020). Furthermore, several
studies also have shown that L. rhamnosus is efficient in
reducing the bioavailability of mycotoxins in the GI tract
(Assaf et al. 2019).

Another diverse bacteria group, Staphylococcus spe-
cies, Staphylococcus epidermidis, are commensal bacteria
frequently found in the human skin and mucous mem-
branes such as the nose, throat, vaginal wall, and the
gastrointestinal tract (Wang et al. 2014). While usually
innocuous,

S. epidermidis can be an opportunistic pathogen
(Kosecka-Strojek et al. 2020; Penelitian 2008). It is of
great concern in nosocomial infections, especially in
predisposed patients such as patients undergoing sur-
gery or the immunocompromised (Pinheiro et al. 2015).
Indwelling medical devices, like intravascular catheters,
are considered a major vector for the infection with S.
epidermidis biofilm (Otto 2014). Thus, leading to per-
sistent and dangerous infections by these biofilms that
are known to be highly resistant. Accordingly, they may
resist the immune system and different antimicrobial
agents including antibiotics that become useless (Ateba
et al. 2010). Indeed, several genes coding for biofilm for-
mation and antibiotic resistance are the key mechanism
of S. epidermidis pathogenesis. These biofilms can dis-
seminate into the bloodstream from their different for-
mation sources. Within these sources, S. epidermidis has
been found in the human GI tract (Brescé et al. 2017;
Begot et al. 1996). Akinkunmi et al 2014, showed that S.
epidermidis isolates from the intestinal tracts expressed
high virulence factors, and an ability to biofilm-formation
(Tamburini et al. 2018; Akinkunmi et al. 2014).

On the other hand, the overuse of antibiotics to kill
pathogenic bacteria has endangered the effectiveness of
these medications and attributed in many crisis, threat-
ening global health by increasing medical expenses and
mortality. Thereby, a widely recognized characteristic
of antibiotic types is that they are either bacteriostatic
such as tetracycline where they prevent bacteria from
growing or bactericidal and used to kill the growing
germs (Bernatova et al. 2013). According to several stud-
ies, oxytetracycline can be used to treat some pathogenic
gut infections (Lovern et al. 2022; Ahn et al. 2021). How-
ever, most antibiotics offer short-term protection and are
a source of antimicrobial resistance (Baquero 2021). For
instance, a study conducted in 2019 showed that more
than 100,000 deaths were related to antimicrobial resist-
ance of many different strains (Murray et al. 2022). This
global problem has led researchers to develop new strate-
gies to combat these dangerous infections. A promising
strategy to control the growth of pathogens may be by
using enzymes.
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Lysozyme is a safe secreted ubiquitous enzyme
found abundantly in tears, saliva, human milk, mucus,
and plasma that is considered as part of the innate
defense system (Lu et al. 2010). Thus, it is defined as
an antimicrobial enzyme that catalyzes the hydroly-
sis of 1,4-beta-linkages between N-acetylmuramic
acid and N-acetyl-D-glucosamine residues in pepti-
doglycan, which is the major component of the gram-
positive bacterial cell wall (Ercan and Demirci 2013).
While lysozyme is known for its bactericidal proper-
ties, it has no cytotoxicity for human cells (Kim et al.
2020). It is important to mention that lysozyme has
been approved by the FDA and in the European Union
(European Food Safety Authority 2014).

In this study, the effect of adding lysozyme on plank-
tonic or biofilms of S. epidermidis 444 and L. rhamno-
sus GG, singly or in co-culture was assessed. To imitate
the GI tract pH level, the tests were conducted in a
microplate-based model. The effect of adding different
concentrations of oxytetracycline hydrochloride mixed
with lysozyme and EDTA was also assessed. Therefore,
the obtained results may reveal the behavior of the
tested strains in the GI tract and their response to dif-
ferent antimicrobial agents. Thus, it may help in find-
ing alternative solutions to limit antibiotic resistance
by decreasing their used amounts.

Materials and methods

Bacterial strain and culture conditions

L. rhamnosus GG (ATCC 53103) and S. epidermidis
444 were purchased as lyophilized tablets from Micro-
biologics (St. Cloud, MN, USA). For planktonic anti-
microbial assays, the strains were inoculated in Brain
Heart Infusion broth (BHI) (Scharlab S.L., Spain) and
cultured overnight at 37 C under aerobic conditions
(Parvekar et al. 2020). The bacteria were cultured in
different media due to the presences of strains that
requires a selective medium in which the growth is
well established. Thus, L. rhamnosus GG was cultured
in MRS broth (de Man-Rogosa-Sharpe) (Scharlab S.L.,
Spain), and S. epidermidis 444 was cultured in MHB
(Mueller—-Hinton Broth) (HiMedia Laboratories Pvt.
Ltd., India). Both were cultured for 24 h under aero-
bic conditions at 37°C. The turbidimetric method was
used to determine the bacterial cell concentration in
MRS broth, MHB, and BHI (Begot et al. 1996). Thus,
the absorbance was measured at 600 nm (ODg)
using a spectrophotometer (Thermo Fisher Scientific,
MA, USA), and the bacterial growth curves were con-
structed over a 24 h of incubation period (Additional
file 1: Figs. S1, S2). The logarithmic value of bacterial
concentration was also obtained by using the solid
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media counting method. An equation for calculation
of the bacterial concentration was then generated with
a compliant coefficient of determination (R?=0.999).

Preparation of antimicrobial agents

The lysozyme (> 20,000 units/mg protein) was purchased
from Vivantis (Vivantis Technologies, Malaysia) and dis-
solved in BHI medium to perform planktonic assays and
in MRS and MHB for biofilm assays. Lysozyme stock
solution (80 mg/mL) was prepared with and without add-
ing 1 mM of Ethylenediaminetetraacetic acid (EDTA)
(Sigma, St. Louis, MO, USA) to BHI at different pH: pH
2 (stomach); pH 6 (duodenum); pH 7.5 (small intestine)
and pH 8.5 (colon) (Surat et al. 2018). For the biofilms,
lysozyme with and without EDTA was assessed at pH 7.5.
It is important to mention that all the used concentra-
tions of lysozyme and EDTA (less than 2.5 mM) are safe
and within FDA limits (European Food Safety Authority
2014; Wreesmann 2014). A stock solution of oxytetra-
cycline hydrochloride purchased from sigma (St. Louis,
MO, USA) was prepared at a concentration of 700 pg/
mL in BHI for the inhibitory concentrations (IC) assay.
A higher concentration of 2800 pug/mL was prepared in
MRS and MHB for biofilm assays.

Antimicrobial assays for planktonic bacteria

Half-maximal inhibitory concentration (IC5o) and minimum
inhibitory concentration (MIC)

The half-maximal inhibitory concentration (ICy;) rep-
resents the concentration of a drug or inhibitor (e.g.
lysozyme, oxytetracycline hydrochloride) needed to
inhibit the growth of a bacterial inoculum by 50% (Shen
et al. 2021). Besides, the minimum inhibitory concentra-
tion (MIC) is defined as the lowest concentration of the
substance at which there is no visible growth of a micro-
organism, as compared with control after an incubation
time of 24 h (Kowalska-Krochmal and Dudek-Wicher
2021). These tests were performed using the micro-
dilution method in a 96-well curved bottom non-treated
microplate (Techno Plastic Products AG, Switzerland)
as per guidelines of the National Committee for Clini-
cal Laboratory Standards (Mogana et al. 2020). Then,
series dilutions (1/2) of lysozyme (with and without
1 mM EDTA) in BHI were carried out in the wells, rang-
ing from 80 mg/mL to 0.002 mg/mL with a final volume
of 100 pL in each well (Sdnchez et al. 2016). To create a
highly resistant environment similar to the human gut, a
high microbial concentration of 10’ CFU/mL was used
(Mizunaga et al. 2005). Thus, a well-defined volume of
the bacterial suspension (L. rhamnosus GG, S. epider-
midis 444, or co-culture of both strains) was added to
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each well reaching a final volume of 100 puL with a bac-
terial concentration of 10 CFU/mL. For the co-culture
strains, the concentration of each of the inoculated bac-
teria inside the same well was equal to 5 x 10 CFU/mL.
Wells containing only the culture medium and the bacte-
rial inoculum were used as a positive control. Wells con-
taining only the culture medium and lysozyme were used
as a negative control. Wells containing only the culture
medium were used for sterility control. After inoculation,
the plates were incubated at 37 °C for 24 h. Then, IC,
value was determined when the culture ODg, reaches
half of the positive control ODg,, (Umerska et al. 2018).
When needed, further antimicrobial concentrations lev-
els in between the performed dilutions were tested to find
the exact inhibitory concentration value (ICy,). The same
protocol was repeated with oxytetracycline hydrochlo-
ride solution stock (700 pg/mL) that was serially diluted
in BHI at a pH of 7.5 and within a range varying between
700 pg/mL and 0.17 pg/mL. A concentration of lysozyme
(at IC5) mixed with 1 mM EDTA, was added to dilutions
of oxytetracycline hydrochloride. Similar test was con-
ducted with a mixture of oxytetracycline hydrochloride-
lysozyme and EDTA (at ICy) in a 96-well curved bottom
non-treated microplate.

Fractional inhibitory concentration (FIC)
The fractional inhibitory concentration (FIC) is a math-
ematical expression of the effect of antimicrobial agent
combinations, calculated by dividing the MIC of each
agent in the combination by the MIC of each drug alone.
The FIC at the IC; level (FIC;,) were calculated for both
drugs as follows:

FIC,,=1C;, drugs in combination / IC,, drug alone
(Nunes et al. 2017)
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Minimum bactericidal concentrations (MBC)

The Minimum Bactericidal Concentration MBC is
expressed as the lowest concentration of an antimi-
crobial agent which reduces the number of bacteria by
99.9% after an incubation time of 24 h (EUCAST 2000).
MBC was determined after plating the contents of the
wells and where no bacterial growth is visible on Petri
dishes under sterile conditions. The plating was con-
ducted at 37 °C under aerobic condition in MRS agar
(Scharlab S.L., Spain) for L. rhamnosus GG and MHB
agar (HiMedia Laboratories Pvt.Ltd., India) for S. epi-
dermidis 444 at 48 h and 24 h respectively. For the co-
culture, well-selected media are used to conduct the
MBC; MRS agar was used to identify L. rhammnosus GG
and the Baird Parker agar (Scharlab S.L., Spain) with
egg yolk (Scharlab S.L., Spain) was used for the identifi-
cation of S. epidermidis 444.

Antimicrobial assays for bacterial biofilms

Preparation of bacterial suspension for biofilm assay

The bacterial pre-culture was prepared in MRS and
MHB for L. rhamnosus GG and S. epidermidis 444
respectively. Then, it was incubated overnight at
37°C. The bacterial concentration of each strain was
adjusted at 108 CFU/mL in a tube of 15 mL (PLASTI-
LAB, Lebanon). The bacterial suspension was centri-
fuged at 2500 rpm for 10 min. The supernatant was
then discarded and pellets were washed with 1 mL of
phosphate-buffered saline (PBS). The new suspension
was centrifuged (2500 rpm, 10 min) and the superna-
tant was removed. The bacterial pellets were finally sus-
pended in TSB (Scharlab S.L., Spain). This suspension

ICSO(Lysozyme—EDTA with oxytetracycline hydrochloride)

FIC50(Lysozyme-EDTA) =

IC50(Lysozyme-EDTA)

FIC50(oxytetracycline hydrochloride) =

ICSO(Lysozyme-EDTA with oxytetracycline hydrochloride)

ICSO(oxytetracycline hydrochloride)

YFIC is used to classify the nature of interaction:
YFIC<0.5 indicates synergism; 0.5<XFIC<1 indicates
additive effects; 1<XFIC<4 defines indifference and
YFIC >4 is considered as antagonism(Walsh et al. 1995).
The XFIC,, index is the sum of FIC,, of the two agents
tested:

> FICso =FICso(Lysozyme-EDTA)
+ FICs (oxytetracycline hydrochloride).

was later used as an inoculum for the in vitro biofilm
assay.

Preparation of the in vitro biofilm assay

For biofilm formation, 96-wells flat bottom treated
microplates (Techno Plastic Products AG, Switzerland)
were used. A volume of the adjusted bacterial suspen-
sion was inoculated in an appropriate medium to reach
a final volume of 100 pL in each well with a bacterial
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concentration of 10° CFU/mL. For the co-culture
strains, the bacterial concentration of each strain was
of 5x10° CFU/mL. The biofilm was formed in MRS,
MHB, and TSB at a pH of 7.5 respectively for L. rham-
nosus GG, S. epidermidis 444, and their co-culture.
Plates were incubated under aerobic conditions, with-
out shaking for 72 h at 37 °C.

Minimal complete biofilm eradication concentration (MCBEC)
MCBEC;, was considered as the minimal drug con-
centration that can eradicated the microbial biofilm
by 50% as compared to the positive control. The effect
of lysozyme (80 mg/mL) with or without the addition
of EDTA (1 mM) and oxytetracycline hydrochloride
(2800 pg/mL) was tested on the formed biofilms. This
test was only performed at a pH of 7.5 since L. rham-
nosus GG and virulent S. epidermidis 444 biofilms are
mainly formed in the small intestine (Tamburini et al.
2018; Reiter et al. 2013). After 3 days of incubation of
L. rhamnosus GG, S. epidermidis 444, and co-culture
of both strains, the supernatant was discarded and
replaced by the prepared suspension using the same
culture medium. The same protocols used for plank-
tonic strains were also applied to the biofilm assays.
Depending on the conducted test, serial dilutions (1/2)
of lysozyme (80 mg/mL) and oxytetracycline hydro-
chloride (2800 pg/mL) were performed, with 100 pL
as final volume in each well. Biofilms formed in new
medium (without lysozyme, EDTA and antibiotic)
were used as a positive control. Wells containing the
tested additives were used as a negative control, and
wells containing only medium were used for sterility
test. After 24 h of incubation at 37°C, the supernatant
was removed, and the biofilms were fixed by heating at
80 °C for 1 h. Then, the plates were stained with 100 uL
of crystal violet solution (0.1%) added to each well and
kept at room temperature for 10 min (Lim et al. 2020).
The crystal violet was then discarded, and the biofilm
was gently washed three times with distilled water to
remove excess stain and non-adherent cells. The opti-
cal density was measured at 570 nm. Furthermore, a
mixture of oxytetracycline hydrochloride-lysozyme
and EDTA (at MCBEC,;) was tested using 96-wells flat
treated microplates. Same tests were performed as pre-
viously described above. The final volume in each well
was of 100 pL with a fixed bacterial concentration of
107 CFU/mL. After 24 h of incubation at 37 ‘C, a stain-
ing was carried out using the same staining protocol
and the optical density was measured at 570 nm.
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Statistical analysis

All tests were done in triplicate. To identify signifi-
cantly different results, Two-way ANOVA was con-
ducted using SPSS 19.0 (SPSS Inc., Chicago, IL, USA).
The results with a P<0.05 were considered statistically
significant.

Results

Antimicrobial assays for planktonic bacteria

The inhibitory concentration IC;, was performed, and
the optical density (ODg,,) was measured after 24 h of
incubation. The obtained ODg,, was converted into a
percentage of viable cells. To note that different concen-
trations of EDTA varying from 1 mM to 2.5 mM were
tested without observing any significant difference in the
bacterial inhibition as compared to the control (data not
shown).

Effect of increasing lysozyme concentration on Lactobacillus
rhamnosus GG
Figure 1 illustrates the impact of lysozyme with and with-
out 1 mM EDTA on planktonic L. rhamnosus GG at dif-
ferent pH.

At pH 2, the addition of lysozyme addition did not have
a wide effect on inhibiting viable cells (Fig. 1a). Thus, at a
lysozyme concentration of 80 mg/mL, the percentage of
viable cells decreased (P<0.05) respectively from 100%
(positive control) to 78% and 82% with and without add-
ing EDTA. At this pH value, the growth of L. rhammnosus
GG was limited compared to other pH values where the
ODy, of the positive control increased from 0.38 at pH
2 to 1.33 at pH 7.5. At the same lysozyme concentration,
a better inhibition effect was observed at pH 6 (Fig. 1b).
Hence, an inhibition of 43% of the living cells with EDTA
(57% viable cells) was reached. On the other hand, a
higher percentage of cells (72%) remained viable with-
out EDTA. However, lysozyme with EDTA exhibited its
maximum antimicrobial activity at pH 7.5 (Fig. 1c). This
gradual decrease occurred at a 1.25 mg/mL lysozyme
concentration and beyond. At this concentration, a con-
siderable drop (P<0.05) of viable cells was observed
to finally reach 35% at a concentration of 80 mg/mL.
In contrast to other tested pH, a MIC was observed at
80 mg/mL of lysozyme (with EDTA) where an IC;, was
detected at 30 mg/mL of lysozyme with EDTA. At a pH
of 8.5 (Fig. 1d), a progressive decrease of cells viability
was observed till reaching a 32% of bacterial growth inhi-
bition (P<0.05) at a lysozyme concentration of 80 mg/
mL with EDTA. It is quite noticeable that increasing
lysozyme concentration had a less significant effect at pH
8.5 compared to 7.5.
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Effect of increasing lysozyme concentration on
Staphylococcus epidermidis 444

The antimicrobial activity of the lysozyme with and with-
out 1 mM EDTA on planktonic S. epidermidis 444 at dif-
ferent pH is highlighted in Fig. 2.

At pH 2, S. epidermidis 444 underwent a decrease
(P<0.05) in viable cells respectively from 100 to 74%
(with EDTA) and to 81% (without EDTA) at a lysozyme
concentration of 80 mg/mL (Fig. 2a). A better effect of
lysozyme was observed at pH 6 (Fig. 2b). Accordingly,
significant inhibition of viable cells growth (P<0.05)
was progressively expressed to finally reach 40% (with
EDTA) and 71% (without EDTA) respectively at the same
lysozyme concentration (80 mg/mL). Thus, a MIC was
observed at a concentration of 40 mg/mL of lysozyme
(with EDTA), and the IC,, was detected at 22 mg/mL
of lysozyme (with EDTA). Although, lysozyme’s optimal
inhibition effect was reported at a pH of 7.5 (Fig. 2c¢).
Therefore, at a concentration of 10 mg/mL of lysozyme
(with EDTA) a highly significant drop (P <0.05) occurred.
Thus, the percentage of viable cells decreased from 100 to
60% and kept decreasing till reaching 25% (with EDTA)

and 46% (without EDTA) at a lysozyme concentration
of 80 mg/mL. However, the MIC was visually observed
at a lysozyme concentration of 40 mg/mL (with EDTA).
The IC,, was determined at 18 mg/mL (with EDTA)
and 26 mg/mL (without EDTA) of lysozyme (Table 1).
Moreover, a progressive drop in the density of viable cells
was observed at a pH of 8.5 (Fig. 2d), where a significant
decrease (P <0.05) by 51% was detected at 80 mg/mL of
lysozyme with EDTA. A MIC was observed at 80 mg/mL
of lysozyme with EDTA, and the IC;, at 50 mg/mL. How-
ever, with the same lysozyme concentration and without
EDTA, 75% of the cells remained viable.

Effect of increasing lysozyme on the co-culture of planktonic
Lactobacillus rhamnosus GG and Staphylococcus epidermidis
444
The antimicrobial activity of the lysozyme with and with-
out 1 mM EDTA on co-culture at different pH is high-
lighted in Fig. 3.

According to Fig. 3a, at pH 2, results were in accord-
ance with when testing each strain singly. At 80 mg/mL
of lysozyme, the percentages of cells viability were 87%
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difference (P <0.05) between each test and its preceding. Error bars represent the SD (standard deviation)
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1.30,CT(d)=1.34. (*) indicates

(with EDTA) and 84% (without EDTA). Figure 3b showed
a significant decrease (P <0.05) from 100% (positive con-
trol) to 73% (with EDTA) and 75% (without EDTA) of the
viable cells at a lysozyme concentration of 80 mg/mL and
a pH of 6. However, at a pH of 7.5 (Fig. 3c), an optimal
antimicrobial effect was detected. Thus, at 80 mg/mL of
lysozyme, a gradual decrease of viable cells occurred till
reaching respectively 38% (with EDTA) and 59% (without
EDTA). In contrast to the other tested pH levels, a MIC
was observed at 80 mg/mL and the IC;, was at 26 mg/
mL of lysozyme (with EDTA). The obtained results
were quite similar to those of lysozyme performed with
L. rhamnosus GG. At a pH of 8.5 (Fig. 3d), the effect of
the lysozyme has become weak, thus a slower decrease
(P <0.05) in viable cells was observed and a reduction to
70% (with EDTA) and 86% (without EDTA) was observed
at a lysozyme concentration of 80 mg/mL.

Despite the significant results obtained by increasing
lysozyme concentration on the inhibition of the tested
strains, the absence of minimum bactericidal concentra-
tions (MBC) was remarkable at all pH levels.

Effect of oxytetracycline hydrochloride with and without
lysozyme-EDTA mixture on planktonic Lactobacillus
rhamnosus GG

The effect of using singly oxytetracycline hydrochloride
or mixing it with lysozyme-EDTA (at ICy;) on L. rhamno-
sus GG at pH 7.5 is shown in Fig. 4.

The oxytetracycline hydrochloride significant effect
(P<0.05) started to be observed at a concentration of
21.87 pg/mL. The antibiotic effect kept increasing while
its concentration increased, where 69% of viable L. rham-
nosus GG were inhibited at a concentration of 700 pg/mL
and a MIC was observed. Nevertheless, after adding 30 mg/
mL of lysozyme with EDTA (at ICy), the percentage of cell
viability started to drop down from lower antibiotic concen-
trations (0.17 pg/mL). Hence, at this concentration a signifi-
cant reduction (P <0.05) in the percentage of viable cells (up
to 71%) was observed. This reduction continued gradually
till reaching 23% at an antibiotic concentration of 700 pg/
mL after the addition of lysozyme and EDTA. The IC;, was
reduced from 152 pg/mL when singly using oxytetracycline
hydrochloride to 90 pg/mL after lysozyme addition.
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Table 1 Comparative table between the different MIC, ICs, and MBC of Lactobacillus rhamnosus GG, Staphylococcus epidermidis 444

and the co-culture of both strains

Inhibitory Concentration (IC50)

Lysozyme (mg/mL) Oxytetracycline hydrochloride (ug/
mL)
With EDTA Without EDTA Without With
lysozyme-EDTA lysozyme-EDTA
pH2 pH6 pH7.5 pH8.5 pH2 pH6 pH7.5 pH8.5 pH7.5
L.rhamnosus GG ND ND 30 ND ND ND ND ND 152 90
S. epidermidis 444 ND 22 18 50 ND ND 26 ND 130 1.22
Co-culture strains ND ND 26 ND ND ND ND ND ND 10.93
L. rhamnosus GG ND ND 80 ND ND ND ND ND 700 ND
S. epidermidis 444 ND 40 40 80 ND ND ND ND 700 ND
Co-culture strains ND ND 80 ND ND ND ND ND 700 ND
Minimum Bactericidal Concentration (MBC) at pH 7.5
lysozyme-EDTA (IC;,) (mg/mL) Oxytetracycline
hydrochloride (ug/
mL)
L. rhamnosus GG 30 700
S. epidermidis 444 18 700
Co-culture strains 26 700

Minimal Complete Biofilm Eradication Concentration (MCBEC50) at pH 7.5

Lysozyme (mg/mL) Oxytetracycline hydrochloride (ug/mL)
With EDTA Without EDTA Without With
lysozyme-EDTA lysozyme-EDTA
L. rhamnosus GG 50 66 ND 1144
S. epidermidis 444 26 30 ND 24
Co-culture strains 30 ND ND 1464

ND indicates that MIC, IC5, and MCBEC;, was not detectable.

Different MCBEC;,, of Lactobacillus rhamnosus GG, Staphylococcus epidermidis 444 biofilms and the co-culture of both strains were also compared. All tests were

performed at pH 7.5

After performing the MBC test, it was noted that in
the absence of the lysozyme, oxytetracycline hydrochlo-
ride could not inhibit L. rhamnosus GG at 700 pg/mL.
When plating the same concentration of antibiotic with
lysozyme-EDTA (at IC;) no colonies of L. rhamnosus
GG were observed and an MBC was detected (Additional
file 1: Fig. S3). The ODy, at 700 ug/mL of oxytetracycline
hydrochloride with lysozyme-EDTA (at IC,;) was of 0.38,
which was similar to that of the negative control (ODg,
oxytetracycline hydrochloride).

Effect of oxytetracycline hydrochloride with and without
lysozyme-EDTA mixture on planktonic Staphylococcus
epidermidis 444

The effect of using singly oxytetracycline hydrochloride
or mixing it with lysozyme-EDTA (at IC,;) on S. epider-
midis 444 at pH 7.5 is shown in Fig. 5.

As seen in Fig. 5, at a concentration of 700 pg/mL, oxy-
tetracycline hydrochloride significantly reduced the bac-
terial growth of viable S. epidermidis 444 (P <0.05) up to
29% without being able to totally inhibit their growth. A
MIC was visually observed at this concentration (700 pg/
mL). One the other hand, the addition of 18 mg/mL of
lysozyme-EDTA (at ICy) to this antibiotic revealed a sig-
nificant drop (P <0.05) in the percentage of viability from
100 to 26% when using 700 pg/mL of antibiotic (with
lysozyme). The IC,, was observed at 130 ug/mL (without
lysozyme) and at 1.22 pg/mL (with lysozyme) of oxytetra-
cycline hydrochloride. Therefore, we hypothesize that the
lysozyme has made S. epidermidis 444 more vulnerable to
oxytetracycline hydrochloride, even with its broad-spec-
trum antibiotic profile. Consequently, lysozyme-EDTA
mixture increased antibiotic killing of S. epidermidis 444
even after showing a certain resistance to high antibi-
otic concentrations (Additional file 1: Fig. S4). Similarly,
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an MBC was observed when lysozyme-EDTA mixture
(at ICy,) was added to 700 pg/mL of oxytetracycline
hydrochloride.

Effect of oxytetracycline hydrochloride with and without
lysozyme-EDTA mixture on a co-culture of planktonic
Lactobacillus rhamnosus GG and Staphylococcus epidermidis
444

Figure 6 shows the effect of oxytetracycline hydrochlo-
ride on a co-culture of L. rhamnosus GG and S. epider-
midis 444 planktonic strains after 24 h of incubation. The
percentage of cells viability decreased progressively to
66% at an antibiotic concentration of 700 pg/mL at which
a MIC was observed. A higher resistance to antibiotic
was observed when the two strains have been co-cultured
compared to when singly tested. When 26 mg/mL of
lysozyme-EDTA (at IC;;) were added to oxytetracycline
hydrochloride, a significant and gradual reduction of the
viable cells (P <0.05) toward reaching 39% was observed.
Thus, an IC;, was detected at an antibiotic concentration
0f 10.93 pug/mL. The positive effect of lysozyme combined
to EDTA on the co-cultured strains is well noticeable.
Interestingly, the minimum bactericidal concentrations
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(MBC) were absent at 700 pg/mL of oxytetracycline
hydrochloride when lysozyme and EDTA were not added
(Additional file 1: Fig. S5).

Antimicrobial assays for bacterial biofilms

The minimal concentration to eradicate the formed bio-
film by 50% (MCBEC;,) was assayed where the optical
density (ODjg;,) was measured after 24 h of incubation.
The obtained ODx,, was converted into a percentage of
biofilm formation.

Effect of increasing lysozyme concentration on Lactobacillus
rhamnosus GG, Staphylococcus epidermidis 444,

and co-culture biofilm

Figure 7 shows the effect of lysozyme (with and without
EDTA) on different biofilms at pH 7.5.

When adding lysozyme with EDTA to L. rhamnosus
GG biofilm (Fig. 7a), a gradual increase in the biofilm
eradication was observed. The biofilm formation sig-
nificantly decreased (P<0.05) and reached 32% (with
EDTA) and 40% (without EDTA) at a lysozyme con-
centration of 80 mg/mL. On the other hand, a grad-
ual decreased by around 50% in the formed biofilm of

% of biofilm formation

100%
90% s
80% 2,
70% $
60%
50% :
40% i
30%
20%
10%
0%
\%

-
CRSORS & & "\'\. & )

Q¥ Q Q* % QT Q
[Lysozyme] in mg/mL

% of viable cells in biofilm

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

a
T
* » A
4" PO
a *
. .
.
* a
.
a
.
o
>N A

VIO IR GRS S A
x@@@&@"\"?@""

(b)

100%

90%
80% o
70% 3 f
60% . 2
50%
40%
30%
20%
10%

0%

L

N

% of biofilm formation

o 9 % I
& O P& PPN
Q“Q QQQ Q“Q QQ Q Q' '> b

[L) sozyme| in mg/mL

.o

N »

[Lysozyme] in mg/mL

B witheota [l without EDTA
Fig. 7 Effect of Lysozyme with and without EDTA (1 mM) on different biofilms at pH7.5. a Lactobacillus rhamnosus GG, b Staphylococcus epidermidis
444, and ¢ co-culture of both strains. The results are mean values of three replicates. (¥) indicates a significant difference (P < 0.05) between each test
and the positive control (without lysozyme). The lowercase letter a indicates a significant difference (P < 0.05) between each test and its preceding.
Error bars represent the SD (standard deviation)




Hindieh et al. AMB Express (2022) 12:128

S. epidermidis 444 was observed when using 20 mg/mL
of lysozyme (with EDTA). Similarly, as shown in Fig. 7b,
an eradication of 74% of the same biofilm was observed
at 80 mg/mL of lysozyme (with EDTA). In the absence
of EDTA, a less significant eradication (P <0.05) of the
formed biofilm was observed. Thus, at a concentra-
tion of 80 mg/mL of lysozyme, the biofilm formation
by S. epidermidis 444 was of 39%. The co-culture bio-
film of both strains shown in Fig. 7c, revealed a gradual
decrease when increasing the lysozyme concentration.
This gradual decrease in biofilm formation reached up
to 35% (with EDTA) and 57% (without EDTA) at 80 mg/
mL of lysozyme. The minimal complete biofilm eradica-
tion concentrations MCBEC;, were obtained by follow-
ing a series of serial dilutions. 50, 26, and 30 mg/mL of
lysozyme (with EDTA) were respectively MCBEC;, of
L. rhamnosus GG, S. epidermidis 444, and the co-cul-
ture of both strains. The obtained lysozyme concentra-
tions (with EDTA) will be added to different antibiotic
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Effect of oxytetracycline hydrochloride with and without
lysozyme-EDTA mixture on Lactobacillus rhamnosus GG,
Staphylococcus epidermidis 444, and co-culture biofilm
The effect of oxytetracycline hydrochloride on L. rham-
nosus GG biofilm eradication with and without the addi-
tion of lysozyme and EDTA at pH 7.5 is shown in Fig. 8a.
The biofilm of L. rhamnosus GG showed a high resist-
ance against the used antibiotic. Thus, the percentage
of biofilm formation was constant until a significant
decrease (P <0.05) started at an antibiotic concentration
of 350 pg/mL. Notably, when 50 mg/mL of lysozyme with
EDTA (at MCBEC;;) had been added to the antibiotic,
the biofilm was eradicated by 12% starting from the low-
est concentration (0.17 pug/mL). This eradication contin-
ued gradually until reaching 38% and 35% in the presence
of 1400 pg/mL and 2800 pg/mL of oxytetracycline hydro-
chloride. A MCBEC,, was observed after adding 1144 pg/
mL of oxytetracycline hydrochloride to lysozyme-EDTA
mixture. However, lysozyme with EDTA induced higher
eradication when added to the antibiotic.
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The effect of oxytetracycline hydrochloride on S. epi-
dermidis 444 biofilm eradication with and without the
addition of lysozyme and EDTA at pH 7.5 is shown in
Fig. 8b.

Hence, oxytetracycline hydrochloride weakly
affected the biofilm eradication of S. epidermidis 444
up to a concentration of 350 pg/mL, where a signifi-
cant (P <0.05) drop of 28% was observed. The increase
in the biofilm eradication continued gradually to reach
its optimum of 43% at 2800 pg/mL oxytetracycline
hydrochloride. On the other hand, when the antibi-
otic was coupled with 26 mg/mL of lysozyme with
EDTA (at MCBEC,;), a much greater eradication was
observed even with lower antibiotic concentrations.
Thus, at an antibiotic concentration of 2.73 pug/mL, the
percentage of biofilm eradication was of 2% compared
to 48% after the addition of lysozyme-EDTA mixture.
Hence, a 21-fold of eradication increase was noticed.
Significantly, the decrease in biofilm formation when
increasing the antibiotic concentration (P <0.05)
caused a reduction of the formed S. epidermidis bio-
film by 63% at an antibiotic concentration of 2800 pg/
mL with the addition of 26 mg/mL of lysozyme
mixed with EDTA. Accordingly, a new MCBEC;, was
observed at 24 pg/mL of oxytetracycline hydrochloride
after adding lysozyme and EDTA.

The effect of oxytetracycline hydrochloride on co-
culture of L. rhamnosus GG and S. epidermidis 444
biofilm eradication with and without the addition of
lysozyme and EDTA at pH 7.5 is shown in Fig. 8c.

The biofilm formed of the two strains showed high
resistance at low concentrations of oxytetracycline
hydrochloride. Thus, oxytetracycline hydrochloride
weakly affected the co-culture biofilm eradication up
to a concentration of 350 pg/mL, where a significant
(P <0.05) drop of 22% was observed. This eradication
increased gradually to finally reach 33% (P <0.05) at
an antibiotic concentration of 2800 pg/mL. However,
when the antibiotic was combined to 30 mg/mL of
lysozyme with EDTA (at MCBEC,,), a substantially
higher level of eradication was observed starting at an
antibiotic concentration of 10.93 pug/mL. The biofilm
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was eradicated by 22% starting with an antibiotic con-
centration of 10.93 pg/mL. This eradication continued
to gradually increase until reaching 49% and 54% in the
presence of 1400 pg/mL and 2800 pug/mL of oxytetra-
cycline hydrochloride respectively. Accordingly, a new
MCBEC,, was observed at a concentration of 1464 pg/
mL of oxytetracycline hydrochloride after the addition
of lysozyme and EDTA.

Comparison of 1C5,, MIC, MBC and MCBEC;, values

The 1C50, MIC, MBC and MCBEC50 values obtained
from the different tests performed are shown in
Table 1. From the above results it may be noticed that
S. epidermidis 444 was more sensitive to lysozyme
than L. rhamnosus GG. Indeed, the addition of EDTA
to the lysozyme induced a significant improvement
in its effect. In addition, the activity of the lysozyme
varied widely between the different tested pH levels.
However, the lysozyme activity was almost absent at a
pH of 2 and quite variable between 6 and 8.5. Indeed,
lysozyme’s activity seems to be more effective at a pH
of 7.5. Similarly, when lysozyme-EDTA mixture was
combined to oxytetracycline hydrochloride a better
biofilm eradication of the tested strains was observed.

Comparison of FIC;, values

Table 2 shows the effect of combining lysozyme-EDTA
to oxytetracycline hydrochloride on the tested bacterial
strains.

For L. rhamnosus GG, an indifferent effect when com-
bining lysozyme-EDTA and oxytetracycline hydrochlo-
ride was observed where ZFIC;, (=3.59) was between 1
and 4. Thus, this indifference is mainly due to lysozyme-
EDTA mixture that didn't affect much L. rhamnosus GG
(FIC5y=3) as compared to oxytetracycline (FIC5,=0.59).
However, when combining antibiotic to lysozyme-
EDTA mixture a high synergic effect (XFIC,<0.5) was
observed on S. epidermidis 444 indicating a remarkable
increase in bacterial inhibition. Furthermore, same syn-
ergic results but with a lower rate were observed when
the two strains where co-cultured.

Table 2 FIC;, and ZFIC;, for combinations of lysozyme-EDTA and oxytetracycline hydrochloride at pH 7.5 against planktonic
Lactobacillus rhamnosus GG, Staphylococcus epidermidis 444 and co-culture strains

Strains FIC;, FIC5, FIC;, index Effect
(lysozyme-EDTA) (Oxytetracycline hydrochloride)  (ZFICs)

L. rhamnosus GG 3 0.59 359 Indifference

S. epidermidis 444 0.06 0.009 0.069 Synergism

Co-culture strains 04 <0.015 <0415 Synergism
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Discussion

The obtained results were in accordance with other stud-
ies revealing that L. rhamnosus GG and S. epidermidis
444 can survive in a harsh environment. Thus, they can
resist pH values as low as 2.5 but with a low survival rate
and poor proliferative capacity (Nishiyama et al. 2016;
Ferraboschi and Ciceri 2021). Therefore, this may jus-
tify the decrease in the survival rate in the stomach. It
is important to mention that the lysozyme maintains its
activity in a wide pH range going from an acidic pH 6 to
a basic pH 9, which may explain its minimal effect at pH
2 and its optimum at pH 7.5, then its decrease at pH 8.5
(Wang et al. 2020). Also, it is known that the prolifera-
tion of L. rhamnosus GG becomes increasingly important
throughout the small intestine (pH 7.5) (Kosecka-Strojek
et al. 2020), and this was revealed by the increase in the
ODg, as mentioned before. In addition, this pH was the
most favorable for the formation of L. rhamnosus GG
biofilm, indicating a high cell adhesion ability, especially
in the small intestine (von Rosenvinge et al. 2013). Fur-
thermore, it can be concluded that EDTA enhanced the
effect of lysozyme when approaching higher lysozyme
concentrations. The study conducted by Boland et al. in
2004 was in accordance with the obtained results, where
EDTA increased the lysozyme inhibitory action against
E. coli strains (Boland et al. 2004). Accordingly, the dis-
ruption of the lipopolysaccharide structure of the bacte-
ria’s outer membrane is mainly due to chelating divalent
cations (Mg>*, Ca®>") from their binding sites and mak-
ing it more permeable to other substances (Reidmiller
et al. 2006), in our case lysozyme. It was also previously
reported that L. rhamnosus GG may have an antimicro-
bial effect against different pathogenic bacteria (Zhang
et al. 2018). In the conducted study, the effect of L. rham-
nosus GG on S. epidermidis 444 was omitted since the
control that is used for comparison purpose is also a co-
culture of both strains. Thus, what is observed is only the
effect of the antimicrobial agents.

Oxytetracycline hydrochloride is known as a bacte-
riostatic antibiotic, with a broad-spectrum, that inhibit
the protein synthesis (Grenni et al. 2017), thus this may
explain the lack of a complete killing effect even at high
concentrations. In fact, the modes of action of antimicro-
bials are quite limited, either by inhibiting the cell wall,
DNA, proteins or folic acid synthesis or by disrupting
the osmotic integrity (Reygaert 2018). L. rhamnosus GG
and S. epidermidis 444 may developed a certain resist-
ance to antibiotics in the gut, which is known to be a
crowded bacterial environment. When adding lysozyme
and EDTA to oxytetracycline hydrochloride, an MBC
was achieved as shown previously. Thus, bacterial cell
wall lyses may be behind this increased inhibition that is
possibly due to a better antibiotic access to the targeted
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cells(Ferraboschi and Ciceri 2021). Therefore, a syner-
gistic effect took place where the antibiotic was able to
better attack the proteins after a cell wall disruption by
lysozyme. Accordingly, lysozyme provided to oxytetracy-
cline hydrochloride a bactericidal effect in addition to its
known bacteriostatic effect.

Furthermore, EDTA played an important role in the
eradication of the biofilm by amplifying considerably the
effect of lysozyme. The observed results were in accord-
ance with another study conducted by Liu et al. in 2018
that evaluated the effectiveness of EDTA on biofilm erad-
ication, where EDTA helped in chelating Mg®* and Ca*"
of the biofilm’s EPS. Thus, EDTA made the matrix more
permeable to other agents (Fangning Liu 2018). As pre-
viously observed in planktonic strains, lysozyme induced
biofilm eradication and EDTA enhanced this eradica-
tion. Moreover, L. rhamnosus GG was more resistant
to lysozyme than S. epidermidis 444. The biofilm of the
co-culture strains had a slightly more crucial resistance
against the lysozyme, which may be due to the resistance
of L. rhamnosus GG against this enzyme. These results
were consistent with the planktonic’s results, since it
could be referred to the effect of lysozyme that facilitates
the path of the antibiotic and increase the eradication of
the formed biofilm.

The bacterial wall of the bacillary forms, in our case
L. rhamnosus GG is more compact since the interpep-
tide bonds are directly linked (Ghuysen 1960). In con-
trast, the wall is more loose in spherical forms, such as
S. epidermidis 444 where the interpeptide bonds are long
(Ghuysen 1960). Thus, this may explain why lysozyme
can more easily hydrolyze the wall of S. epidermidis
444 in comparison to L. rhamnosus GG. Moreover, sev-
eral previous studies have demonstrated the ability
of lysozyme to prevent biofilm formation (Leitch and
Willcox 1999; Ferraboschi and Ciceri 2021). Hence, a
concentration of 30 pg/mL was able to decrease the bio-
film-forming capacities of a wide spectrum of hospital
and reference strains of microorganisms such as Gard-
nerella vaginalis, Staphylococcus aureus, Staphylococcus
epidermidis and Pseudomonas aeruginosa (Hukic et al.
2018). Therefore, we can hypothesize that low lysozyme
concentrations may be recommended for continuous
daily intake as a preventive agent against the formation
of pathogenic biofilms in the gut. Thus, immunocompro-
mised patients and other vulnerable categories may ben-
efit from its beneficial effect. To note that S. epidermidis
444 tends to form mature biofilms to render their strains
more resistant to antibiotics and host defense systems
(Akinkunmi et al. 2014; Tamburini et al. 2018). However,
in case of a need for an inhibition, killing of or eradica-
tion of S. epidermidis biofilms, a higher concentration of
lysozyme mixed with EDTA should be added to the used
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antibiotic. In addition, using a mixture of lysozyme and
EDTA may not be harmful to the gut microbiota. The
observed synergism indicates the ability of this antibi-
otic-lysozyme-EDTA mixture to affect S. epidermidis 444
even when present in a co-culture environment such as
the gut. For the co-culture strains, the difference relies
possibly in the presence of L. rhamnosus GG that is not
highly affected by the lysozyme-EDTA mixture.

In this study, the ability of the lysozyme to inhibit the
growth of L. rhamnosus GG and S. epidermidis 444 and to
eradicate their biofilms in the gut microbiota was investi-
gated. An optimum bacterial survival and antimicrobial
activity were observed at pH 7.5. Lysozyme with EDTA
inhibited 50% of the bacterial growth of L. rhammnosus
GG, S. epidermidis 444 and the co-culture of both strains
respectively at 30 mg/mL, 18 mg/mL, and 26 mg/mL. By
adding lysozyme-EDTA at IC;, and MCBEC,, concen-
trations to oxytetracycline hydrochloride, an increase in
bacterial inhibition and biofilm eradication was observed.
A synergic effect (XFIC;,<0.5) between lysozyme-EDTA
mixture and oxytetracycline hydrochloride was detected
against S. epidermidis 444. Nevertheless, the choice of
oxytetracycline was made on purpose to use a broad-
spectrum bacteriostatic antibiotic in which S. epidermidis
444 is known to be resistant to. Thus, the obtained results
revealed the effectiveness of the developed mixture. At
pH 7.5, a 100% inhibition of bacterial growth and a 70%
of biofilm eradication were achieved. To note, this study
may also be applicable to other microbiome such as vagi-
nal microbiota, where the same both strains coexist. At
the end, the development of new drugs based on mixing
antibiotic to lysozyme and EDTA may be a turning point
toward limiting antibiotic resistance and increasing its
performance. Hence, more studies should be performed
in vitro and in vivo using different pathogenic strains and
antibiotics in order to further study the efficiency of this
antimicrobial mixture on animal and human microbiota.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513568-022-01468-w.

Additional file 1: Fig. S1. Growth curves of L. rhamnosus GG in MRS
medium. Fig. S2. Growth curves of S. epidermidis 444 in MHB medium. Fig.
S3. Effect of 700 pg/mL of oxytetracycline hydrochloride on planktonic
Lactobacillus thamnosus GG. Fig. S4. Effect of 700 ug/mL of oxytetracy-
cline hydrochloride on planktonic Staphylococcus epidermidis 444. Fig.

S5. Effect of 700 pug/mL of oxytetracycline hydrochloride on a planktonic
co-culture of Lactobacillus rhamnosus GG and Staphylococcus epidermidis
444 cultured on selective mediums: (A) MRS for L. rhamnosus GG; (B) BP for
S. epidermidis 444.

Acknowledgements
We would like to acknowledge the research council at Saint-Joseph University
(USJ) for supporting this work.

Page 150f 17

Author contributions

JCA conceived and designed the experiments. PH performed the experi-
ments. JY prepared the Figures and Tables. JCA, PH, AC, AA, AEK, JY and NL
analyzed the data. PH and JCA wrote the paper. All authors reviewed the
manuscript.

Funding
This work was funded by the research council at Saint-Joseph University (USJ)
under the grant number FS-149.

Availability of data and materials
Authors can confirm that all relevant data are included in the article and/or its
additional files.

Declarations

Ethical approval and Consent to participate
This article does not contain any studies with human participants or animals
performed by any of the authors. Not applicable.

Consent for publication
All authors have read and approved the final version of the manuscript for
publication.

Competing interests
The authors declare that they have no conflict of interest.

Author details

'Centre d'/Analyses et de Recherche (CAR), Unité de Recherche TVA/Résistance
aux Antibiotiques et Impact Industriel (RAIl), Faculté des Sciences, Université
Saint-Joseph de Beyrouth, Campus des sciences et technologies, Mar Roukos,
Matn, Lebanon. 2Laboratoire de Mycologie Et Sécurité Des Aliments (LMSA),
Faculté Des Sciences, Université Saint-Joseph de Beyrouth, Campus des
sciences et technologies, Mar Roukos, Matn, Lebanon. *Research Laboratory
of Microbiology (RLM), Department of Life and Earth Sciences, Faculty of Sci-
ences |, Lebanese University, Hadat Campus, Beirut, Lebanon. *Ecole Doctorale
“Sciences Et Santé’, Université Saint-Joseph de Beyrouth, Campus des Sciences
Médicales et Infirmiéres, Riad El Solh, Beirut, Lebanon. *Platform of Research
and Analysis in Environmental Sciences (PRASE), Doctoral School of Sciences
and Technologies, Lebanese University, Hadat Campus, Beirut, Lebanon.

Received: 15 September 2022 Accepted: 21 September 2022
Published online: 03 October 2022

References

Ahn'Y, Jung JY, Kweon O, Veach BT, Khare S, Gokulan K, Pifieiro SA, Cerniglia
CE (2021) Impact of chronic tetracycline exposure on human intestinal
microbiota in a continuous flow bioreactor model. Antibiotics. https://
doi.org/10.3390/antibiotics10080886

Akinkunmi EO, Adeyemi Ol, Igbeneghu OA, Olaniyan EO, Omonisi AE, Lami-
kanra A (2014) The pathogenicity of Staphylococcus epidermidis on the
intestinal organs of rats and mice: an experimental investigation. BMC
Gastroenterol 14:1-8. https://doi.org/10.1186/1471-230X-14-126

Assaf JC, El KA, Chokr A, Louka N, Atoui A (2019) A novel method for elimina-
tion of aflatoxin M1 in milk using Lactobacillus rhamnosus GG biofilm. Int
J Dairy Technol 72:248-256. https://doi.org/10.1111/1471-0307.12578

Ateba CN, Mbewe M, Moneoang MS, Bezuidenhout CC (2010) Antibiotic-
resistant Staphylococcus aureus isolated from milk in the Mafikeng Area,
North West province, South Africa. S Afr J Sci 106:1-6. https://doi.org/10.
4102/5ajs.v106i11/12.243

Baquero F (2021) Threats of antibiotic resistance: an obliged reappraisal. Int
Microbiol 24:499-506. https://doi.org/10.1007/510123-021-00184-y

Begot C, Desnier |, Daudin JD, Labadie JC, Lebert A (1996) Recommendations
for calculating growth parameters by optical density measurements. J
Microbiol Methods 25:225-232. https://doi.org/10.1016/0167-7012(95)
00090-9

Bernatova S, Samek O, Pilat Z, Sery M, Jezek J, J&kI P, Siler M, Krzyzanek V,
Zemanek P, Hold V, Dvorackova M (2013) Following the mechanisms


https://doi.org/10.1186/s13568-022-01468-w
https://doi.org/10.1186/s13568-022-01468-w
https://doi.org/10.3390/antibiotics10080886
https://doi.org/10.3390/antibiotics10080886
https://doi.org/10.1186/1471-230X-14-126
https://doi.org/10.1111/1471-0307.12578
https://doi.org/10.4102/sajs.v106i11/12.243
https://doi.org/10.4102/sajs.v106i11/12.243
https://doi.org/10.1007/s10123-021-00184-y
https://doi.org/10.1016/0167-7012(95)00090-9
https://doi.org/10.1016/0167-7012(95)00090-9

Hindieh et al. AMB Express (2022) 12:128

of bacteriostatic versus bactericidal action using Raman spectroscopy.
Molecules 18(11):13188-13199. https://doi.org/10.3390/molecules1
81113188

Boland JS, Davidson PM, Bruce B, Weiss J (2004) Cations reduce antimicrobial
efficacy of lysozyme-chelator combinations. J Food Prot 67:285-294.
https://doi.org/10.4315/0362-028X-67.2.285

Bresco MS, Harris LG, Thompson K, Stanic B, Morgenstern M, O'Mahony
L, Richards RG, Moriarty TF (2017) Pathogenic mechanisms and host
interactions in Staphylococcus epidermidis device-related infection. Front
Microbiol. https://doi.org/10.3389/fmicb.2017.01401

Diseases | (2000) Terminology relating to methods for the determination of
susceptibility of bacteria to antimicrobial agents. Clin Microbiol Infect
6:503-508 . https://doi.org/10.1046/j.1469-0691.2000.00149.x

Ercan D, Demirci A (2013) Production of human lysozyme in biofilm reactor
and optimization of growth parameters of Kluyveromyces lactis K7.
Appl Microbiol Biotechnol 97:6211-6221. https://doi.org/10.1007/
500253-013-4944-4

European Food Safety Authority (2014) Scientific opinion on the evaluation of
allergenic foods and food ingredients 2 for labelling purposes EFSA Panel
on Dietetic Products, Nutrition and Allergies (NDA). EFSA J. https://doi.
0rg/10.2903/j.efsa.2014.NNNN

Ferraboschi P, Ciceri S, Grisenti P (2021) Applications of lysozyme, an innate
immune defense factor, as an alternative antibiotic. Antibiotics 10:1534-
1589. https://doi.org/10.3390/antibiotics 10121534

Flint HJ, Karen P, Louis P, Duncan SH (2012) The role of the gut microbiota in
nutrition and health. Nat Rev Gastroenterol Hepatol 9:577-589. https://
doi.org/10.1038/nrgastro.2012.156

Ghuysen JM (1960) Chimie de la structure des parois cellulaires bactériennes.
Industrie Chimie N'9. https://orbi.uliege.be/bitstream/2268/208338/1/
9ChimieStructureParoisCellulairesBact%C3%A9riennes.pdf

Gremel G, Wanders A, Cedernaes J, Fagerberg L, Hallstrém B, Edlund K,
Sjostedt E, Uhlén M, Pontén F (2015) The human gastrointestinal tract-
specific transcriptome and proteome as defined by RNA sequencing and
antibody-based profiling. J Gastroenterol 50:46-57. https://doi.org/10.
1007/500535-014-0958-7

Grenni P, Ancona V, Caracciolo AB (2017) Ecological effects of antibiotics on
natural ecosystems: a review. Microchem J. https://doi.org/10.1016/j.
microc.2017.02.006

Hillman ET, Lu H, Yao T, Nakatsu CH (2017) Microbial ecology along the gas-
trointestinal tract. Microbes Environ 32:300-313. https://doi.org/10.1264/
jsme2.ME17017

Huki¢ M, Seljmo D, Ramovic A, Ibrisimovi¢ MA, Dogan S, Hukic J, Bojic EF
(2018) The effect of lysozyme on reducing biofilms by Staphylococcus
aureus, Pseudomonas aeruginosa, and Gardnerella vaginalis: an in vitro
examination. Microb Drug Resist 24:353-358. https://doi.org/10.1089/
mdr.2016.0303

Kim PI, Jung MY, Chang YH, Kim S, Kim SJ, Park YH (2007) Probiotic properties
of Lactobacillus and Bifidobacterium strains isolated from porcine gastro-
intestinal tract. Appl Microbiol Biotechnol 74:1103-1111. https://doi.org/
10.1007/500253-006-0741-7

Kim'S, Jin JS, Lee DW, Kim J (2020) Antibacterial activities of and biofilm
removal by Ablysin, an endogenous lysozyme-like protein originated
from Acinetobacter baumannii 1656-2. J Glob Antimicrob Resist
23:297-302. https://doi.org/10.1016/jjgar.2020.09.017

Kosecka-Strojek M, Sadowy E, Gawryszewska |, Klepacka J, Tomasik T, Michalik
M, Hryniewicz W, Miedzobrodzki J (2020) Emergence of linezolid-resistant
Staphylococcus epidermidis in the tertiary children’s hospital in Cracow,
Poland. Eur J Clin Microbiol Infect Dis 39:1717-1725. https://doi.org/10.
1007/510096-020-03893-w

Kowalska-Krochmal B, Dudek-Wicher R (2021) The minimum inhibitory
concentration of antibiotics: Methods, interpretation, clinical relevance.
Pathogens 10:1-21. https://doi.org/10.3390/pathogens10020165

Leitch EC, Willcox MDP (1999) Lactoferrin increases the susceptibility of S.
epidermidis biofilms to lysozyme and vancomycin. Curr Eye Res 19:12-19.
https://doi.org/10.1076/ceyr.19.1.12.5342

Li N, Pang B, Li J, Liu G, Xu X, Shao D (2020) Mechanisms for Lactobacillus
rhamnosus treatment of intestinal infection by drug-resistant Escherichia
coli. Food Funct. https://doi.org/10.1039/d0fo00128g

Lim SM, Lee NK, Paik HD (2020) Antibacterial and anticavity activity of pro-
biotic Lactobacillus plantarum 200661 isolated from fermented foods

Page 16 of 17

against Streptococcus mutans. Lwt 118:108840. https://doi.org/10.1016/].
Iwt.2019.108840

Liu F, Hansra S, Crockford G, Koster W, Allan BJ, Blondeau JM, Lainesse C, White
AP (2018) Tetrasodium EDTA is effective at eradicating biofilms formed
by clinically relevant microorganisms from patients’ central venous cath-
eters. Msphere. 3(6):e00525-618

Lovern SB, Van HR (2022) Impact of oxytetracycline exposure on the digestive
system microbiota of Daphnia magna. PLoS ONE 17:1-8. https://doi.org/
10.1371/journal.pone.0265944

Lu XM, Jin XB, Zhu JY, Mei HF, Ma Y, Chu FJ, Wang Y, Li XB (2010) Expression
of the antimicrobial peptide cecropin fused with human lysozyme in
Escherichia coli. Appl Microbiol Biotechnol 87:2169-2176. https://doi.org/
10.1007/500253-010-2606-3

Matsubara VH, Wang Y, Bandara HMHN, Mayer MPA, Samaranayake LP (2016)
Probiotic lactobacilli inhibit early stages of Candida albicans biofilm
development by reducing their growth, cell adhesion, and filamenta-
tion. Appl Microbiol Biotechnol 100:6415-6426. https://doi.org/10.1007/
500253-016-7527-3

Mizunaga S, Kamiyama T, Fukuda Y, Takahata M, Mitsuyama J (2005) Influence
of inoculum size of Staphylococcus aureus and Pseudomonas aeruginosa
on in vitro activities and in vivo efficacy of fluoroquinolones and carbap-
enems. J Antimicrob Chemother 56:91-96. https://doi.org/10.1093/jac/
dki163

Mogana R, Adhikari A, Tzar MN, Ramliza R, Wiart C (2020) Antibacterial activities
of the extracts, fractions and isolated compounds from canarium paten-
tinervium miq. Against bacterial clinical isolates. BMC Complement Med
Ther 20:1-11. https://doi.org/10.1186/512906-020-2837-5

Murray CJ, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar G, Gray A, Han C,
Bisignano C, Naghavi M (2022) Global burden of bacterial antimicrobial
resistance in 2019: a systematic analysis. Lancet 399:629-655. https://doi.
0rg/10.1016/50140-6736(21)02724-0

Nishiyama K, Sugiyama M, Mukai T (2016) Adhesion properties of lactic acid
bacteria on intestinal mucin. Microorganisms. https://doi.org/10.3390/
microorganisms4030034

Nunes DCDO, Bispo-Da-Silva LB, Napolitano DR, Costa MS, Figueira MMNR,
Rodrigues RS, Rodrigues VDM, Yoneyama KAG (2017) In vitro additive
interaction between ketoconazole and antimony against intramac-
rophage Leishmania (Leishmania) amazonensis amastigotes. PLoS ONE
12:1-10. https://doi.org/10.1371/journal.pone.0180530

Otto M (2014) Chapter 2 Staphylococcus epidermidis pathogenesis, p. 1106.
https://doi.org/10.1007/978-1-62703-736-5

Parvekar P, Palaskar J, Metgud S, Maria R, Dutta S (2020) The minimum inhibi-
tory concentration (MIC) and minimum bactericidal concentration (MBC)
of silver nanoparticles against Staphylococcus aureus. Biomater Investig
Dent 7:105-109. https://doi.org/10.1080/26415275.2020.1796674

Penelitian K (2008) Staphylococcus epidermidis—the "accidental” pathogen
Michael Otto. Nat Rev Microbiol 7:555-567. https://doi.org/10.1038/
nrmicro2182.Staphylococcus

Pinheiro L et al (2015) Staphylococcus epidermidis and Staphylococcus
haemolyticus: molecular detection of cytotoxin and enterotoxin genes.
Toxins 7(9):3688-3699. https://doi.org/10.3390/toxins7093688

Reidmiller JS, Smith WL, Sawyer MM, Osburn BI, Stott JL, Cullor JS (2006)
Antimicrobial properties of the chelating agent EDTA on streptococcal
bovine mastitis isolates. J Food Prot 69:1460-1462. https://doi.org/10.
4315/0362-028X-69.6.1460

Reiter KC, Villa B, da Paim TGS, de Oliveira CF, d’ Azevedo PA (2013) Inhibition of
biofilm maturation by linezolid in meticillin-resistant Staphylococcus epi-
dermidis clinical isolates: comparison with other drugs. J Med Microbiol
62:394-399. https://doi.org/10.1099/jmm.0.048678-0

Reygaert WC (2018) An overview of the antimicrobial resistance mechanisms
of bacteria. AIMS Microbiol 4:482-501. https://doi.org/10.3934/microbiol.
2018.3.482

Ruan W, Engevik MA, Spinler JK, Versalovic J (2020) Healthy human gastrointes-
tinal microbiome : composition and function after a decade of explora-
tion. Dig Dis Sci 65:695-705. https://doi.org/10.1007/s10620-020-06118-4

Sanchez E, Rivas Morales C, Castillo S, Leos-Rivas C, Garcia-Becerra L, Ortiz
Martinez DM (2016) Antibacterial and antibiofilm activity of methanolic
plant extracts against nosocomial microorganisms. Evidence-Based Com-
plement Altern Med. https://doi.org/10.1155/2016/1572697

Shen W, Yang N, Teng D, Hao Y, Ma X, Mao R, Wang J (2021) Design and high
expression of non-glycosylated lysostaphins in Pichia pastoris and their


https://doi.org/10.3390/molecules181113188
https://doi.org/10.3390/molecules181113188
https://doi.org/10.4315/0362-028X-67.2.285
https://doi.org/10.3389/fmicb.2017.01401
https://doi.org/10.1046/j.1469-0691.2000.00149.x
https://doi.org/10.1007/s00253-013-4944-4
https://doi.org/10.1007/s00253-013-4944-4
https://doi.org/10.2903/j.efsa.2014.NNNN
https://doi.org/10.2903/j.efsa.2014.NNNN
https://doi.org/10.3390/antibiotics10121534
https://doi.org/10.1038/nrgastro.2012.156
https://doi.org/10.1038/nrgastro.2012.156
https://orbi.uliege.be/bitstream/2268/208338/1/9ChimieStructureParoisCellulairesBact%C3%A9riennes.pdf
https://orbi.uliege.be/bitstream/2268/208338/1/9ChimieStructureParoisCellulairesBact%C3%A9riennes.pdf
https://doi.org/10.1007/s00535-014-0958-7
https://doi.org/10.1007/s00535-014-0958-7
https://doi.org/10.1016/j.microc.2017.02.006
https://doi.org/10.1016/j.microc.2017.02.006
https://doi.org/10.1264/jsme2.ME17017
https://doi.org/10.1264/jsme2.ME17017
https://doi.org/10.1089/mdr.2016.0303
https://doi.org/10.1089/mdr.2016.0303
https://doi.org/10.1007/s00253-006-0741-7
https://doi.org/10.1007/s00253-006-0741-7
https://doi.org/10.1016/j.jgar.2020.09.017
https://doi.org/10.1007/s10096-020-03893-w
https://doi.org/10.1007/s10096-020-03893-w
https://doi.org/10.3390/pathogens10020165
https://doi.org/10.1076/ceyr.19.1.12.5342
https://doi.org/10.1039/d0fo00128g
https://doi.org/10.1016/j.lwt.2019.108840
https://doi.org/10.1016/j.lwt.2019.108840
https://doi.org/10.1371/journal.pone.0265944
https://doi.org/10.1371/journal.pone.0265944
https://doi.org/10.1007/s00253-010-2606-3
https://doi.org/10.1007/s00253-010-2606-3
https://doi.org/10.1007/s00253-016-7527-3
https://doi.org/10.1007/s00253-016-7527-3
https://doi.org/10.1093/jac/dki163
https://doi.org/10.1093/jac/dki163
https://doi.org/10.1186/s12906-020-2837-5
https://doi.org/10.1016/s0140-6736(21)02724-0
https://doi.org/10.1016/s0140-6736(21)02724-0
https://doi.org/10.3390/microorganisms4030034
https://doi.org/10.3390/microorganisms4030034
https://doi.org/10.1371/journal.pone.0180530
https://doi.org/10.1007/978-1-62703-736-5
https://doi.org/10.1080/26415275.2020.1796674
https://doi.org/10.1038/nrmicro2182.Staphylococcus
https://doi.org/10.1038/nrmicro2182.Staphylococcus
https://doi.org/10.3390/toxins7093688
https://doi.org/10.4315/0362-028X-69.6.1460
https://doi.org/10.4315/0362-028X-69.6.1460
https://doi.org/10.1099/jmm.0.048678-0
https://doi.org/10.3934/microbiol.2018.3.482
https://doi.org/10.3934/microbiol.2018.3.482
https://doi.org/10.1007/s10620-020-06118-4
https://doi.org/10.1155/2016/1572697

Hindieh et al. AMB Express (2022) 12:128

pharmacodynamic study. Front Microbiol 12:1-16. https://doi.org/10.
3389/fmicb.2021.637662

Surat P (2018) pH in the human body. Diet, microbiome and health. https://
www.news-medical.net/health/pH-in-the-Human-Body.aspx

Tamburini FB, Andermann TM, Tkachenko E, Senchyna F, Banaei N, Bhatt AS
(2018) Precision identification of diverse bloodstream pathogens in the
gut microbiome. Nat Med. https://doi.org/10.1038/541591-018-0202-8

Tytgat HLP, Rasinkangas P, Ritari J, Reunanen J, Aalvink S, Lin CW, Palva A, Douil-
lard FP, de Vos WM (2021) Selection and characterization of a SpaCBA
pilus-secreting food-grade derivative of Lacticaseibacillus rhamnosus
GG. Appl Microbiol Biotechnol 105:1123-1131. https://doi.org/10.1007/
500253-020-11051-7

Umerska A, Strandh M, Cassisa V, Matougui N, Eveillard M, Saulnier P (2018)
Synergistic effect of combinations containing EDTA and the antimicrobial
peptide AA230, an arenicin-3 derivative, on gram-negative bacteria.
Biomolecules. https://doi.org/10.3390/biom8040122

von Rosenvinge EC, O'May GA, Macfarlane S, Macfarlane GT, Shirtliff ME (2013)
Microbial biofilms and gastrointestinal diseases. Pathog Dis 67:25-38.
https://doi.org/10.1111/2049-632X.12020

Walsh TJ, Peter J, McGough DA, Fothergill AW, Rinaldi MG, Pizzo PA (1995)
Activities of amphotericin B and antifungal azoles alone and in combina-
tion against Pseudallescheria boydii. Antimicrob Agents Chemother
39:1361-1364. https://doi.org/10.1128/AAC.39.6.1361

Wang Y, Kuo S, Shu M, Yu J, Huang S, Dai A, Two A, Gallo RL, Huang CM (2014)
Staphylococcus epidermidis in the human skin microbiome mediates fer-
mentation to inhibit the growth of Propionibacterium acnes: implications
of probiotics in acne vulgaris. Appl Microbiol Biotechnol 98:411-424.
https://doi.org/10.1007/500253-013-5394-8

Wang Y, Li S, Jin M, Han Q, Liu S, Chen X, Han'Y (2020) Enhancing the thermo-
stability and anti-bacterium activity of lysozyme by immobilization on
chitosan nanoparticles. Int J Mol Sci. https://doi.org/10.3390/ijms210516
35

Wreesmann CTJ (2014) Reasons for raising the maximum acceptable daily
intake of EDTA and the benefits for iron fortification of foods for children
6-24 months of age. Matern Child Nutr 10:481-495. https://doi.org/10.
1111/mcn. 12110

Zhang W, Zhu'Y, Yang G, Liu X, Xia B, Hu X, Su J, Wang J (2018) Lactobacillus
rhamnosus GG affects microbiota and suppresses autophagy in the intes-
tines of pigs challenged with Salmonella Infantis. Front Microbiol 8:1-15.
https://doi.org/10.3389/fmicb.2017.02705

Zhang C, GuiY, Chen X, Chen D, Guan C, Yin B, Pan Z, Gu R (2020) Transcrip-
tional homogenization of Lactobacillus rhamnosus hsryfm 1301 under
heat stress and oxidative stress. Appl Microbiol Biotechnol 104:2611-
2621. https://doi.org/10.1007/500253-020-10407-3

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 17 of 17

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.3389/fmicb.2021.637662
https://doi.org/10.3389/fmicb.2021.637662
https://www.news-medical.net/health/pH-in-the-Human-Body.aspx
https://www.news-medical.net/health/pH-in-the-Human-Body.aspx
https://doi.org/10.1038/s41591-018-0202-8
https://doi.org/10.1007/s00253-020-11051-7
https://doi.org/10.1007/s00253-020-11051-7
https://doi.org/10.3390/biom8040122
https://doi.org/10.1111/2049-632X.12020
https://doi.org/10.1128/AAC.39.6.1361
https://doi.org/10.1007/s00253-013-5394-8
https://doi.org/10.3390/ijms21051635
https://doi.org/10.3390/ijms21051635
https://doi.org/10.1111/mcn.12110
https://doi.org/10.1111/mcn.12110
https://doi.org/10.3389/fmicb.2017.02705
https://doi.org/10.1007/s00253-020-10407-3

	Lactobacillus rhamnosus and Staphylococcus epidermidis in gut microbiota: in vitro antimicrobial resistance
	Abstract 
	Key points 
	Introduction
	Materials and methods
	Bacterial strain and culture conditions
	Preparation of antimicrobial agents
	Antimicrobial assays for planktonic bacteria
	Half-maximal inhibitory concentration  (IC50) and minimum inhibitory concentration (MIC)
	Fractional inhibitory concentration (FIC)
	Minimum bactericidal concentrations (MBC)

	Antimicrobial assays for bacterial biofilms
	Preparation of bacterial suspension for biofilm assay
	Preparation of the in vitro biofilm assay
	Minimal complete biofilm eradication concentration (MCBEC)

	Statistical analysis

	Results
	Antimicrobial assays for planktonic bacteria
	Effect of increasing lysozyme concentration on Lactobacillus rhamnosus GG
	Effect of increasing lysozyme concentration on Staphylococcus epidermidis 444
	Effect of increasing lysozyme on the co-culture of planktonic Lactobacillus rhamnosus GG and Staphylococcus epidermidis 444
	Effect of oxytetracycline hydrochloride with and without lysozyme-EDTA mixture on planktonic Lactobacillus rhamnosus GG
	Effect of oxytetracycline hydrochloride with and without lysozyme-EDTA mixture on planktonic Staphylococcus epidermidis 444
	Effect of oxytetracycline hydrochloride with and without lysozyme-EDTA mixture on a co-culture of planktonic Lactobacillus rhamnosus GG and Staphylococcus epidermidis 444

	Antimicrobial assays for bacterial biofilms
	Effect of increasing lysozyme concentration on Lactobacillus rhamnosus GG, Staphylococcus epidermidis 444, and co-culture biofilm
	Effect of oxytetracycline hydrochloride with and without lysozyme-EDTA mixture on Lactobacillus rhamnosus GG, Staphylococcus epidermidis 444, and co-culture biofilm

	Comparison of IC50, MIC, MBC and MCBEC50 values
	Comparison of FIC50 values

	Discussion
	Acknowledgements
	References




