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Abstract
In this study, Lactobacillus plantarum F-10, a promising probiotic strain isolated from fecal microbiota of healthy breastfed
infant, was assessed as a bio-control strategy for wound infections. Pseudomonas aeruginosa PAO1/ATCC 27853, methicillin-
resistant Staphylococcus aureus ATCC 43300, and their hospital-derived strains isolated from skin chronic wound samples were
used as important skin pathogens. The cell-free extract (CFE) of the strain F-10 was shown to inhibit the growth of all pathogens
tested, while no inhibition was observed when CFE was neutralized. The strain displayed no hemolysis and exhibited a strong
auto-aggregating phenotype (51.48 ± 1.45%, 5 h) as well as co-aggregation. Antibiotic resistance profile was found to be safe
according to the European Food Safety Authority. Biofilm formation was measured by crystal violet assay and visualized with
scanning electron microscopy and confocal laser scanningmicroscopy. One hundred percent reduction in biofilm formation of all
pathogens tested was obtained by sub-MIC value (12.5 mg/ml) of CFE following 24-h co-incubation. Inhibition of quorum
sensing–controlled virulence factors (motility, protease and elastase activity, production of pyocyanin and rhamnolipid) of
P. aeruginosa strains was also observed. DPPH radical scavenging activity of the CFE was determined as 88.57 ± 0.49%. In
conclusion, our results suggest that L. plantarum F-10 may represent an alternative bio-control strategy against skin infections
with its antimicrobial, anti-biofilm, anti-quorum sensing, and antioxidant activity.
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Introduction

The process of wound healing is ever more dangerous, com-
plex, and requires a range of clinical skills and knowledge [1].
In recent years, the growing prevalence and incidence of non-
healing wounds with infection as well as inflammation stages
are a worrying global concern with its enormous social and
economic implications worldwide. The incidence of wounds
in the EU-27 is approximately 4 million and further 2 million
patients acquire nosocomial infections each year [2]. While the
cost of a problematic wound care is between €6650 and
€10,000 per patient, the total cost constitutes the 2–4% of
European healthcare budgets [3]. Besides these economic costs,
delayed healing process in wound cases affects the quality of
patients’ life as well as leads to their psychological isolation in

the society [4]. Therefore, it is regarded as important to treat the
wound cases as soon as possible. However, one of the biggest
challenges for wound care is the risk of infectionwhich causes a
delayed wound healing that urgently needs to be controlled to
facilitate the management [5].

Infections, developed in any type of wound and resulted in
local and systemic host responses, can be defined as multipli-
cation of bacteria that impair the wound healing process
through the mechanisms such as the formation of biofilm, pro-
duction of metabolic products and toxins, downregulation of
immune response, and releasing of free radicals [6]. Many spe-
cies of bacteria are implicated in wound infection. The most
common ones are multiresistant Staphylococcus aureus and
Pseudomonas aeruginosa [7]. These important pathogens are
located in the first order of hospital-borne infections all over the
world and have become increasingly widespread and global
threats in developing countries since the day they first emerged
[8]. Many different antibiotic-based approaches have been de-
veloped against these pathogens. However, it is a well-known
fact that most antibiotics are broadly acting, killing, or
preventing the growth of both good and bad bacteria and

* Fadime Kiran
fkiran@science.ankara.edu.tr

1 Faculty of Science, Department of Biology, Ankara University,
Tandogan, 06100 Ankara, Turkey

https://doi.org/10.1007/s12602-018-9486-8
Probiotics and Antimicrobial Proteins (2019) 11:1110–1123

Published online: 6          December 2018

http://crossmark.crossref.org/dialog/?doi=10.1007/s12602-018-9486-8&domain=pdf
mailto:fkiran@science.ankara.edu.tr


opening the door for drug-resistant microbes to cause infection.
Therefore, the spread of multiple drug-resistant bacteria indi-
cates a growing need for new products especially including
natural materials, as an alternative to diagnose and treat resis-
tant infections as well as reduce the use of antibiotic-based
medicines in human health. Recently, some studies focus on
alternative therapies such as honey, essential oils, and anti-
microbial dressings [9]. In addition, one of the emerging trends
in wound care research is the use of probiotics as a suitable,
safe, and natural medication alternative for the patients.

Probiotics, defined as live microorganisms that confer
health benefits when taken in adequate amounts, are receiving
renewed attention in the medical fields [10]. Although numer-
ous studies have demonstrated the importance of probiotics
and their potential therapeutic effects within the gut [11], very
few studies have been undertaken in the skin health, to date.
Recent studies have been shown that probiotics have thera-
peutic potential in terms of prevention of skin infections with
fighting against drug-resistant bacteria by producing potent
antimicrobial substances (bacteriocins, bacteriocin-like me-
tabolites, organic acids, and H2O2), inhibiting the biofilm for-
mation of the pathogens as well as their quorum-sensing ac-
tivity in long-term periods [12].

Our current study was undertaken to determine the poten-
tial effects of Lactobacillus plantarum F-10, a promising pro-
biotic strain isolated from fecal microbiota of healthy
breastfed infant, against bacterial human skin pathogens. To
clarify the potential value of the strain, its antimicrobial, anti-
biofilm, and anti-quorum sensing and antioxidant activities
were analyzed.

Materials and Methods

Bacterial Strains and Growth Conditions

In this study, Lactobacillus plantarum F-10 isolated from
fecal microbiota of healthy breastfed infant and identified
by molecular methods based on 16S rRNA gene sequence
analysis in our previous studies was used as a promising
probiotic strain. The strain was activated using 10% (v/v)
inoculum in Man, Rogosa, and Sharpe (MRS) medium for
24 h at 37 °C under static conditions and was sub-cultured
twice prior to use. P. aeruginosa PAO1/ATCC 27853,
methicillin-resistant S. aureus (MRSA) ATCC 43300, and
their hospital-derived clinical isolates (CI) from skin chron-
ic wound samples were used as important skin pathogens
and were grown in TSB (Tryptic Soy Broth) medium for
24 h at 37 °C. All bacterial strains were preserved in 50%
glycerol at − 80 °C. Unless otherwise stated, all laboratory
materials, mediums, chemicals, and reagents were pur-
chased from Fisher Scientific Ltd. (Loughborough, UK) or
Oxoid (Basingstoke, UK).

Determination of Hemolytic Activity

Hemolytic activity and the antibiotic resistance of L. plantarum
F-10 have been determined within the safety criteria of probi-
otic strains. An overnight culture of the strain F-10 was streak
plated on Columbia agar (BioMerieux, France) containing 5%
(w/v) sheep blood and incubated for 24 h at 37 °C. Pathogen
bacteria were used as controls. Following the incubation, clear
zones around the colonies were considered as β-hemolytic
while the bright green zones as α-hemolytic and the absence
of the zone as γ-hemolytic [13].

Determination of Antibiotic Resistance

The antibiotic susceptibility of the strain F-10 was investigat-
ed for nine different antibiotics (kanamycin, ampicillin, van-
comycin, streptomycin, gentamicin, erythromycin, tetracy-
cline, chloramphenicol, and clindamycin) as determined by
EFSA (European Food Safety Authority) by disk diffusion
(Kirby-Bauer Disc Susceptibility Test) and minimum inhibi-
tory concentration (MIC) assays. For the disc diffusion meth-
od, the cell density of the overnight culture was adjusted to
McFarland 0.5 and then spread plated on MRS agar plates.
Different antibiotic discs were placed on agar surface at ap-
propriate intervals and the inhibition zones formed around the
antibiotic discs were measured following the incubation of
24 h at 37 °C [14]. The MIC values were determined accord-
ing to the Clinical and Laboratory Standards Institute by the
Bmicrotitre plate assay^ method [15]. Each well in the micro-
titer plate contained 200 μl MRS broth with twofold dilutions
of antibiotics (1024–0.25 mg/l) and the overnight culture of
the strain, adjusted to McFarland 0.5. Wells containing only
bacteria but not antibiotics were used as positive control,
while onlyMRS were used as negative control. The microtiter
plates were incubated 24 h at 37 °C. Following the incubation,
bacterial growth was measured spectrophotometrically at
620nm using a Dynatech microplate reader. Antibiotic suscep-
tibility was defined on the microbiological breakpoints data
categorizing bacteria as resistance, determined by EFSA [16].

Assessment of Antimicrobial Activity

In order to determine the antimicrobial activity of L. plantarum
F-10 against the most common pathogens in wound infections,
the efficacy of viable cells, culture supernatants recovered fol-
lowing the centrifugation and filtration through 0.22-μm filters
(cell-free extract; CFE preparation), and its neutralized form
with 8MNaOH to pH 7 (neutralized filtrate; CFEn preparation)
was used. The activity was assessed by the method of agar well
diffusion [17]. Pathogen bacteria, grown in TSB for 24 h at
37 °C, were adjusted to McFarland 0.5, inoculated in soft agar,
and then pour plated on agar surfaces. Viable cells, CFE, and
CFEn samples were transferred as 50μl into the 6-mm-diameter
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wells opened on agar surfaces and incubated 24 h at 37 °C.
MRS medium was used as negative control. Following the
incubation, the diameter of the inhibition zones around the
wells was measured as millimeter. In addition, the retention of
activity in the CFE following the exposure of heat (100 °C for
15 min) and enzymes (proteinase K, amylase, and catalase
1 mg/ml) was evaluated as described by Bhunia et al. [18].

MIC values of the lyophilized CFE (100–1.56 mg/l)
against all pathogens tested were determined by using micro-
titer plate assay as described before [15].

Determination of Lactic Acid Production

Lactic acid production of L. plantarum F-10 was determined
using a commercial kit according to the manufacturer’s in-
struction (Megazyme, International Ireland Ltd.).

Determination of Exopolysaccharide Production

Exopolysaccharide (EPS) of L. plantarum F-10 was investi-
gated with the two forms of EPS as release (EPSr) and cell-
bound (EPSb). An overnight culture of the strain F-10 was
heated for 15 min at 100 °C then centrifuged at 15.000 rpm
for 15 min. Trichloroacetic acid (20%) was added to the su-
pernatant and incubated for 2 h at 4 °C under the shaking
conditions. Following the centrifugation in 4 °C at
25.000 rpm for 20 min, 95% ethanol was added to the super-
natant in 2× volume and incubated for overnight under the
4 °C conditions. After the incubation period, samples were
centrifugated in 4 °C at 6.000 rpm for 30 min, and the pellet
containing the EPSr was suspended with ddH2O and was
stored in 4 °C for further analysis [19].

For the extraction of EPSb, an overnight culture of the strain
F-10 was centrifugated in 4 °C at 15.000 rpm for 15 min. Pellet
waswashedwith phosphate-buffered saline (PBS) twice and re-
suspended in 1 M NaCl solution. Cells were sonicated at 40 W
for 3min in 4 °C and then centrifugated in 4 °C at 6.000 rpm for
30 min. Absolute ice-cold ethanol was added to the obtained
supernatant in 2× volume and incubated overnight under the
4 °C conditions. After the incubation period, samples were
centrifugated in 4 °C at 6.000 rpm for 30 min, and the pellet
containing the EPSbwas suspendedwith ddH2O andwas stored
in 4 °C for further analysis [19]. Quantitative determination was
evaluated by the phenol-sulfuric acid method of Dubois et al.
[20], using glucose as a standard.

Auto-aggregation and Co-aggregation Assay

Auto-aggregation and co-aggregation assays were achieved
according to Del Re et al. [21], and Kos et al. [22]. An over-
night culture of the strain F-10 was centrifugated in 4 °C at
6.000 rpm for 30 min, and the pellet was washed with PBS
three times then re-suspended in the same buffer to give an

OD of 0.5 (620nm). The cell suspension was mixed for 10 s
and incubated for 5 h at room temperature. The auto-
aggregation was determined by taking 1 ml sample of the
upper suspension into a cuvette and measuring the absorbance
at 620nm. The equation used to calculate the percentage of
auto-aggregation was [1 − (At/A0) × 100] (A, absorbance; t,
hours). The protocol was also carried out for each pathogen.
For the co-aggregation assay, equal volumes of F-10 cells and
pathogens were mixed and incubated for 5 h at room temper-
ature without agitation. Following the incubation, the absor-
bance of the suspension’s upper phase was measured at 620nm,
and the percentage of co-aggregation was calculated with the
formula of [(Ax + Ay)/2] −A(x + y)]/Ax + Ay/2 (A, absor-
bance; x, F-10; y, pathogen). Auto-aggregation and co-
aggregation were also visualized using light microscopy
(Olympus) and scanning electron microscopy (SEM, Zeiss,
EVO 40) according to Kiran et al. [23].

Assessment of Anti-biofilm Forming Activity

Biofilm formation was measured by crystal violet assay. For
this purpose, polystyrene-based 96 well microplates (LP
Italiana) were used. An overnight culture of the strain F-10
and pathogens were adjusted to McFarland 0.5 and added to
the microplate wells. Following the 24-h incubation at 37 °C,
biofilm biomass by adherent bacteria was quantified upon
removal of medium, washing with PBS, and staining with
crystal violet (0.1%). Biofilm-bound dye was recovered with
acetone:ethanol (30:70, Meck) solution, and each biomass
was quantified by measuring the absorbance at 595nm.
Mediums without bacteria were used as negative controls.
The biofilm production capabilities of the strains were evalu-
ated by calculating the Bcut off^ values [24, 25].

Before the inhibition assays, the ideal conditions for the
biofilm formation of each pathogenic strain was determined
on the basis of crystal violet binding. Modified TSB medium
with different concentrations of glucose (0.5–3%) was used
for P. aeruginosa strains while TSB medium containing 3%
NaCl prepared with different concentrations of glucose (0.5–
3%) was used for MRSA strains. Following the 24-h incuba-
tion, the biofilm formations of the strains were assessed as
described before. The conditions resulted in the highest bio-
film formation were selected for each strain and used for fur-
ther analysis.

For the anti-biofilm-forming activity of the strain F-10,
three different approaches including co-incubation, eradica-
tion, and pre-treatment were carried out. Viable cells of the
strain F-10, sub-MIC value of its lyophilized CFE, as well as
EPSs were used as active ingredients. In the co-incubation
approach, pathogen strains adjusted to McFarland 0.5 were
co-incubated with each active ingredient (1:1), separately.
For eradication assay, pathogenic bacteria were grown in mi-
croplate wells for 24 h at 37 °C. Then, wells were aspirated
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and planktonic cells were removed. The active ingredients
were added to each well. For the pre-treatment assay, active
ingredients were added to the microplate wells and incubated
3, 6, 9, and 12 h under room temperature. Following each
incubation period, active ingredients were removed and each
well washed with PBS, then pathogen bacteria adjusted to
McFarland 0.5 were added to each well, separately. In all
assays, medium without bacteria was used as a negative con-
trol while medium containing only the pathogens as positive
controls. For all assays, biofilm formation was checked as
described before, after 24-h incubation at 37 °C. Inhibition
of biofilm formation was calculated as percentage inhibition
with the formula of [(C − B) − (T − B)]/[(C − B)] × 100 (C,
well including the pathogen; B, well including the medium;
T, well including the pathogen and active ingredient together).
The best results obtained from three assays were repeated on
glass made coverslips and visualized with SEM [23] and con-
focal laser scanning microscopy. LIVE/DEAD BacLight
Bacterial Viability Kit (Thermo Fisher) was used to determine
the cell viability for the confocal laser scanning microscopy
according to the user manual. Imaging was performed with a
Leica TCS SP5 II confocal microscope, using a × 20 oil-
immersion lens with 477 nm excitation and 560–600 nm
emission range.

Co-incubation and pre-treatment assays were also carried
out on the coupons made from stainless steel surfaces to de-
termine the cell viability within the biofilms. Following the
treatments, coupons were washed twice with PBS and then
air-dried. Homogenization was obtained by speed vortexing
of the coupons with the glass beads (r 3 mm) for 1 min.
Samples were serially diluted and spread plated on TSA
plates. After 48-h incubations at 37 °C, cell viability in the
biofilms was calculated as logarithmic reduction [26].

Assessment of Anti-quorum Sensing Activity

For the assessment of anti-quorum sensing activity of the sub-
MIC value of CFE, P. aeruginosa strains were used with their
well-known QS activity. LB agar plates containing 1%, 0.5%,
and 0.3% agar, supplemented with or without CFE, were used
for determining the effect on twitching, swarming, and swim-
ming mobility of strains spotted on the surface, respectively.
Plates were analyzed after incubation of 24 h at 37 °C [27].

Pyocyanin was extracted by the method of Ramos et al. [28].
Following the 24-h incubation of the strains in LB medium
supplemented with or without the sub-MIC value of CFE, the
organic phase was obtained by adding 3 ml chloroform into the
5 ml culture. The solution was mixed with 1 ml 0.2 M HCl and
then centrifugated at 8.000 rpm for 10 min. Pyocyanin-rich or-
ganic layer was removed and its absorbancewasmeasured spec-
trophotometrically at 520nm. The amount of pyocyanine (μg/ml)
was calculated as themultiplication of obtainedwavelengthwith
17.072 (molar extinction coefficient, ε). For rhamnolipid

production, strains were spotted on an M9 glutamate minimal
agar supplemented with or without CFE. Following the incuba-
tion for 24 h at 37 °C, the clear zone around the growing bacteria
was accepted as a sign of rhamnolipid activity and its diameter
was measured as millimeter [29].

To determine the proteolytic activity, strains were spotted
on the middle of the LB agar surfaces containing 2% skim
milk supplemented with or without CFE. Following the incu-
bation for 24 h at 37 °C, proteolytic activity was measured by
the diameter of the clear zone surrounding the bacterial growth
[30]. Elastase activity was measured by elastin congo red
(ECR) assay according to Yin et al. [31]. The strains were
inoculated into the LB medium supplemented with or without
CFE and incubated for 24 h at 37 °C. The culture broth was
centrifugated at 4500 rpm for 5 min. One hundred microliters
of supernatant was mixed with 900 μl ECR solution (100 mM
Tris,1 mM CaCl2, 20 mg elastin congo red, pH 7.5), and then
incubated 3 h at 37 °C. Insoluble ECR was obtained after the
centrifugation at 1500 rpm for 10 min and its absorbance was
measured at 495nm for elastase activity.

Assessment of Antioxidant Activity

The total phenolic content in the CFE of the strain F-10 was
determined using the spectrophotometric method of Singleton
and Rossi [32]. The reaction was prepared by mixing 100 μl
of CFE in different concentrations, and 100 μl of 50% Folin-
Ciocalteu’s reagent dissolved in water. Following the incuba-
tion in darkness at room temperature for 3 min, 2 ml NaHCO3

(2%) was added to the reaction. Different gallic acid concen-
trations (0.05, 0.1, 0.15, 0.2, 0.3 mg/ml) were used as phenolic
standard and MRS was used as blank. The color change after
30-min incubation in similar conditions was analyzed by spec-
trophotometric measurements at 750nm wavelength. Based on
the measured absorbance, the concentration of phenolics was
read (mg/ml) from the calibration line; then, the content of
phenolics in the extract was expressed in terms of gallic acid
equivalent (mg of GA/g of CFE).

The total amount of flavonoid substances in the CFE of
the strain F-10 was determined using the ammonium chlo-
ride colorimetric method of Zhishen et al. [33]. The reaction
was prepared by mixing 100 μl of CFE in different concen-
trations, 300 μl ethanol, 20 μl AlCl2 (10%), 20 μl 1 M
sodium acetate, and 560 μl ddH2O. Different quercetin con-
centrations (0.025, 0.05, 0.1, 0.15, 0.2 mg/ml) were used as
flavonoid standard and MRS was used as blank. Following
the incubation in darkness at room temperature for 30 min,
the absorbance was determined using spectrophotometer at
425nm and the concentration of flavonoids was read (mg/ml)
on the calibration line.

The ability of the CFE of the strain F-10 to scavenge 2,2-
diphenyl-1-picrylhydrazyl (DPPH) free radicals was assessed
by the method of Blois [34]. The reaction was prepared by
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mixing 200 μl of CFE in different concentrations, 500 μl
120 μM DPPH in ethanol, and 500 μl ethanol. Different gallic
acid concentrations (0.05, 0.1, 0.15, 0.2, 0.3 mg/ml) were used
as standard and MRS was used as blank. Following the incu-
bation in darkness at room temperature for 30 min, the absor-
bance was determined using spectrophotometer at 517nm.
Percentage inhibition was calculated using the equation of
[(Acontrol −Asample)/Acontrol] × 100 (A, absorbance), while IC50

value was estimated from the percentage inhibition versus con-
centration plot, using a non-linear regression algorithm.

Statistical Analysis

All assays were carried out with three independent experi-
ments performed in triplicate and data were analyzed using
SPSS version 19.0 (IBM, New York, NY, USA), by one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc
test and unpaired t test (GraphPad Prism v.3.0, GraphPad
Software, San Diego, CA, USA). All results were presented
as a mean ± standard deviation. A p value of less than 0.05
was used to indicate a significant difference.

Results

Hemolytic Activity and Antibiotic Susceptibility

L. plantarum F-10 had no clear transparent or greenish zone
on the blood agar plates, surrounding the colonies, and thus
was found γ-hemolytic or non-hemolytic. The antibiotic sus-
ceptibility test results for the strain of F-10 were shown in
Table 1. The strain was found resistant to gentamicin and
kanamycin antibiotics, while susceptible to the rest of the an-
tibiotics tested.

Antimicrobial Activity

Screening for the potential antagonistic activity of
L. plantarum F-10 against the important skin pathogens was
performed using the agar well diffusion assay. Overall, the
results with CFE of the strain F-10 demonstrated powerful
antimicrobial activity on all selected microorganisms tested
in this work, with the greatest inhibition as follows: 18 ±
2.1 mm for MRSA ATCC 43300, 16 ± 2.1 mm for MRSA
CI, 19 ± 0.7 mm for P. aeruginosa PAO1/ATCC 27853, and
18 ± 2.8 mm for P. aeruginosa CI, respectively (Fig. 1).
Overall, results were summarized in Table 2 which was shown
that there was no significant difference (p > 0.05) in the size of
inhibition zones from the point of each pathogen and also
between the viable cells and CFE of the strain.

The minimum inhibitory concentration (MIC) for CFEwas
determined as 25 mg/l for all pathogens tested and sub-

minimum inhibitory concentration (sub-MIC) of CFE
(12.5 mg/l) was used for further analysis.

To test whether the inhibition was due to the production of
organic acids, the CFE was neutralized and no inhibition
zones were observed. In addition, CFE was treated with heat
and different enzymes and no significant differences
(p > 0.05) were detected between the CFE and its treated sam-
ples from the point of inhibition zone diameter.

Lactic Acid and EPS Production

The pH in the MRS growth medium of the strain F-10 was
reduced significantly (p < 0.05) to approximately 3.8 upon
incubation for 24 h at 37 °C. The D-/L-lactic acid (D-/L-lactate)
test kit is used for the rapid and specific concurrent measure-
ment and analysis of L-lactic acid (L-lactate) and D-lactic acid
(D-lactate) in CFE of the strain F-10. The amount of total lactic
acid in the CFE, following the 24-h incubation at 37 °C in
MRS medium, was detected as 15.1 ± 1.18 g/l.

L. plantarum F-10 was also evaluated for the production of
EPS by a phenol-sulfuric acid method using glucose as stan-
dard. EPS content was calculated according to the regression
equation based on the standard curve and then converted with
a dilution ratio. With glucose as a carbon source, the total
quantity of EPSb and EPSr was found as 750 ± 12 mg/l and
1.157 ± 72 mg/l, respectively.

Auto-aggregation and Co-aggregation

The results showed that the strain displayed a stronger auto-
aggregation (51.48 ± 1.45%, Fig. 2a) after 5 h. From the point
of each pathogen strain, clinical isolates demonstrated signif-
icantly higher auto-aggregation (P. aeruginosa 19.6 ± 1.21%
and MRSA 17.2 ± 2.21%) compared with ATCC strains of
P. aeruginosa (13.6 ± 1.05%) and MRSA (13.07 ± 1.02%),
respectively. For the co-aggregation assay, results were de-
fined as the percentage reduction after 5-h co-incubation in
the absorbance of the mixed suspension compared with the
individual strains. In the current experiment, the strain F-10
demonstrated greatest co-aggregation with all pathogens
shown in Table 2. Co-aggregation with P. aeruginosa
PAO1/ATCC 27853 was found greatest overall which also
visualized in a light microscope (Fig. 2b, c) as well as
SEM (Fig. 3a–f).

Anti-biofilm Forming Activity

To determine the optimal conditions for biofilm production of
the pathogens, experiments were conducted using modified
TSB medium with different concentrations of glucose and
NaCl. With the crystal violet assay, P. aeruginosa strains
showed strong biofilm production in TSBmedium supplement-
ed with 0.5% glucose, while MRSA strains with 3% glucose
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and 3% NaCl (Fig. 4a), visualized by SEM (Fig. 5a, b). The
effect of the various applications on the biofilm formation of
skin pathogens was summarized in Table 3. All pathogens lost
their ability to form biofilm and became no biofilm producer (0)
when co-incubated with the sub-MIC value of L. plantarum F-
10 CFE (Fig. 4b). EPS (10 mg/ml) derived from strain F-10
also exhibited an anti-biofilm activity between the range of 23–
60%. Remarkably, EPSb is found significantly most effective
than EPSr (p < 0.05). Upon treatment with EPSr, classification
of all pathogens changed from strong to moderate biofilm pro-
ducers, while strong to weak with EPSb. Among active ingre-
dients derived from the F-10 strain, CFE was also used for
eradication and pre-treatment assays. No valuable reduction
was observed in eradication assays, although × 5 MIC value
of CFE concentration has been used. From the point of pre-
treatment assay, no significant differences between the reduc-
tion of biofilm formations of ATTC strains were observed in all
time intervals (p > 0.05). However, > 50% reduction was ob-
served for all clinical isolates following the 6-h pre-treatment.
In all biofilm experiments, MRS was used as a control which

had no significant inhibitory effect (p < 0.001) on biofilm pro-
duction of all pathogens tested.

The scanning electronmicroscopywas used to illustrate the
effect of pre-treatment approach on the topology of the biofilm
developed by P. aeruginosa ATCC 24853. The micrographs
(Fig. 6a–f) displayed a well-grown biofilm along with adher-
ing bacterial cells in controls while dispersed bacterial cells in
treated samples. It is also well observed that the treatment
cause cells to shrink, and cell number and biofilm formation
have also been affected time dependently. Less attachment of
bacterial cells to the surface was observed even up to 12 h in
the treated samples compared to control. To confirm the re-
sults on biofilm inhibition, we visualized its structural organi-
zation by confocal laser microscopy using stainless steel slides
for reproducing abiotic surfaces used in healthcare units and
industries’ environment. The dead P. aeruginosa cells were
labeled with propidium iodide, whereas live cells stained with
SYTO 9, which produced red and green fluorescence, respec-
tively. A significant number of dead cells were detected in the
biofilms following the treatments (Fig. 7a–f). Similarly to

Table 1 Cut-off values for antibiotics used in this study and antibiotic susceptibility of L. plantarum F-10

Antibiotics Disc amounts Cut-off values F-10

Inhibition zones (mm) MIC (mg/l) Inhibition zones (mm) MIC (mg/l) Result

R IS S

Ampicillin 10 μg ≤ 12 13–15 ≥ 16 2 22 ± 0.1 < 0.25 S

Erythromycin 15 μg ≤ 13 14–17 ≥ 18 1 24 ± 0.7 1 S

Gentamicin 10 μg ≤ 12 – ≥ 13 16 6 ± 0.1 256 R

Kanamycin 30 μg ≤ 13 14–17 ≥ 18 64 6 ± 0.1 > 1024 R

Clindamycin 2 μg ≤ 8 9–11 ≥ 12 2 34 ± 0.1 < 0.25 S

Chloramphenicol 30 μg ≤ 13 14–17 ≥ 18 8 25 ± 0.4 4 S

Streptomycin 10 μg ≤ 11 12–14 ≥ 15 n.r. 14 ± 0.1 512 n.r.

Tetracycline 30 μg ≤ 14 15–18 ≥ 19 32 19 ± 0.1 32 S

Vancomycin 30 μg ≤ 14 15–16 ≥ 17 n.r. 17 ± 0.1 > 1024 n.r.

n.r. not required, R resistance, S sensitive, IS intermediately susceptible

Pseudomonas aeruginosa ATCC 27853                                        MRSA ATCC 43300

CFE CFE

viable
cells

viable
cells

CFEn CFEn

Fig. 1 Inhibition zones of
L. plantarum F-10 on agar plates,
obtained from the agar well dif-
fusion method
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SEM, the micrographs clearly show not only a reduction of
viable cells but also the biofilm formation by the treated sam-
ples compared to control. The reduced intensity due to the
reduction in the live cells on treatment CFE was easily visible,
which signified the shrinking of biofilm formation.

Anti-quorum Sensing Activity

Our results exhibited the potential of sub-MIC value (12.5 mg/
l) of CFE to attenuate the quorum sensing ability of
P. aeruginosa ATCC 27853 and its clinical isolate from the
point of motility and their virulence factors (Table 4). The
concentration of pyocyanin produced by the strain
P. aeruginosa ATCC 27853 and the clinical isolate was cal-
culated to be 1.26 ± 0.0012 and 0.93 ± 0.0008 μg/ml.
Following the treatment, concentrations were reduced to
0.13 ± 0.0002 and 0.05 ± 0.0001 μg/ml, respectively.
Similarly, the concentration of the elastase produced by the
strain P. aeruginosa ATCC 27853 and the clinical isolate was
calculated to be 0.43 ± 0.004 and 0.40 ± 0.007 μg/ml, respec-
tively. Following the treatment, concentrations were reduced
to 0.06 ± 0.005 and 00.06 ± 0.003, respectively.

Antioxidant Activity

Level of phenolic content of CFE was expressed in terms of
gallic acid equivalent (GAE). The equation of the right-hand
side of the proportioning of total phenolic content by the meth-
od of Folin-Ciocalteu gave Y = 5.455 × + 0.013 with R2 =
0.999, and the total content of phenols was calculated as
5.8 mg GAE/g of CFE. Total flavonoid concentration of CFE
was also expressed in terms of quercetin equivalent (QE) and
determined as 0.9 mg QE/g. In the DPPH analysis, sub-MIC

value of CFE exhibited strong radical-scavenging activity with
an inhibition rate of 88.57 ± 0.49% (Fig. 8). The results were
expressed as IC50 which was calculated as 4.16 mg/ml.

Fig. 2 Auto-aggregation of L. plantarum F-10 (a), and co-aggregation
with P. aeruginosa PAO1/ATCC 27853 following 0 (b) and 5 h (c) co-
incubation (Gram staining under a light microscope, × 100)

Table 2 Antimicrobial activity (mm) and co-aggregation ability (%) of
L. plantarum F-10

P. aeruginosa
ATCC 27853

P. aeruginosa
clinical isolate

MRSA
ATCC
43300

MRSA
clinical
isolate

Inhibition zones (mm)

Viable cells 17 ± 1.4 16 ± 0.7 16 ± 1.4 14 ± 0.7

CFE 19 ± 0.7 18 ± 2.8 18 ± 2.1 16 ± 2.1

CFE n 0 0 0 0

Inhibition zones (mm) of CFE following different treatments

100 °C for 15 min 19 ± 1.4 18 ± 2.1 18 ± 1.4 16 ± 0.1

Proteinase 17 ± 0.7 16 ± 1.7 16 ± 1.4 15 ± 0.7

Amylase 18 ± 2.8 18 ± 0.7 16 ± 2.1 15 ± 1.4

Catalase 17 ± 1.4 17 ± 0.7 18 ± 0.7 16 ± 1.7

Co-aggregation
ability (%)
following 5 h
co-incubation

27 ± 2.1 24 ± 1.6 21 ± 1.4 19 ± 1.2
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Discussion

Wound healing process affected from infection as well as in-
flammation is ever a more dangerous case for the patients.
Medicinal products including antibiotics are in use for preven-
tion from the infection during this period. However, antibiotic
resistance is an irreversible problem all over the world [35]. In
addition, skin pathogens are an emerging therapeutic problem
due to their biofilms which offer them considerable advantages
in terms of self-protection from the effects of antibiotics [36].
Therefore, developments of antimicrobial and anti-biofilm, as
well as anti-quorum sensing strategies against important skin
pathogens, are of major concerns of wound healing and new

therapies including innovative materials are urgently required
for wound therapy.

The studies investigating the role of probiotics in skin dis-
eases are very often when compared to the other studies deal-
ing with the importance of probiotics [11]. Convincing evi-
dence is demonstrated in a few studies that live probiotics or
their spent culture fluid could impact significantly on enhanc-
ing the wound healing process by reducing the infection
[37–43]. However, limited data suggest their possible effect
in the wound management, and in general, the mechanisms
underlying their positive effects have not been well under-
stood [40]. Current researches are focused on understanding
the concept of probiotics use to reduce skin infections [41]. In

a b

c d

e f 

P. aeruginosa ATCC  27853

Fig. 3 Scanning electron
micrographs of L. plantarum F-10
cells (a), P. aeruginosa PAO1/
ATCC 27853 cells (b), auto-
aggregation of L. plantarum F-10
and co-aggregation with
P. aeruginosa PAO1/ATCC
27853 (c–f)

Fig. 4 Biofilm formation
displayed with crystal violet
assay. Untreated wells (a) and
wells co-incubated with a sub-
MIC value of CFE (b), as
triplicate
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this study, we first investigated whether the potential probiotic
strain L. plantarum F-10 might interfere with the pathogenic
properties of P. aeruginosa and MRSA. Based on susceptibil-
ity tests, the CFE from L. plantarum F-10 exhibited high abil-
ity to inhibit the infection-causing capacity of P. aeruginosa
and MRSA. The potential of Lactobacillus species to inhibit
pathogens of clinical importance had been evaluated in many
studies. Similarly to our results, L. fermentum CMUL054 and
L. plantarum CMUL140 had shown antimicrobial potential

against S. aureus [44]. A study conducted by Tejero-
Sarinena et al. [45] showed that most of the selected strains
of probiotics were able to produce active compounds against
skin pathogens. The primary antimicrobial effect exerted by
different Lactobacillus species of lactic acid bacteria may be
explained via production of a range of antimicrobial agents
such as organic acids which reduces the pH of the immediate
environment, bacteriocins, hydrogen peroxide, and other sur-
factants [46]. According to our results, neutralization of the

Table 3 Anti-biofilm activity results of L. plantarum F-10

P. aeruginosa ATCC
27853

P. aeruginosa clinical
isolate

MRSA
ATCC 43300

MRSA clinical
isolate

Biofilm reduction (%)

Co-incubation

Viable cells 82 ± 2.7 66 ± 4.2 81 ± 3.1 55 ± 1.9

Sub-MIC value of CFE (12.5 mg/ml) 100 ± 4.8 100 ± 2.9 100 ± 4.7 100 ± 0.9

EPSr (10 mg/ml) 60 ± 3.9 53 ± 1.1 59 ± 2.8 57 ± 3.1

EPSb(10 mg/ml) 32 ± 1.7 27 ± 0.9 29 ± 0.8 23 ± 1.2

Pre-treatment with sub-MIC value of CFE (12.5 mg/ml)

3 h 89 ± 4.1 32 ± 0.9 87 ± 1.3 29 ± 0.5

6 h 91 ± 6.3 59 ± 1.8 91 ± 2.4 68 ± 1.9

9 h 95 ± 3.6 61 ± 3.9 94 ± 0.9 69 ± 2.7

12 h 97 ± 2.8 70 ± 2.0 95 ± 1.7 80 ± 3.9

Cell viability reduction (%) in biofilms following the treatment of

Co-incubation

Sub-MIC value of CFE (12.5 mg/ml) 95 ± 3.9 50 ± 4.7 90 ± 1.1 48 ± 0.9

Pre-treatment with sub-MIC value of CFE
(12.5 mg/ml)
3 h 52 ± 2.7 58 ± 0.9 50 ± 2.1 61 ± 2.4

a 

b 

Fig. 5 Scanning electron
micrographs illustrating the
biofilm formations. P. aeruginosa
PAO1/ATCC 27853 (a), MRSA
ATCC 43300 (b)
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CFE resulted in the loss of the inhibitory effect, suggesting
that the lowered pH of CFE, related with the production of
organic acids, is responsible for the inhibition [47].

Pathogenic bacterial cells communicate with each other via
signal molecules, andwhen they reach a sufficient majority, they
regulate critical gene expression, such as the synthesis of viru-
lence factors which is the basis for the successful infection pro-
cess. Therefore, the prevention of communication by means of
quorum sensing molecules has become one of the current goals
of antimicrobial treatment approaches. Targeted use of natural
components instead of antibiotics has been a promising ap-
proach in recent years. The presence of some substances (plant
extracts, mushroom extracts) that block the quorum sensing sys-
tem in P. aeruginosa has been determined in the literature [48].
However, the obtained results have not found the application
under in vivo systems due to their toxic effects on the host and
the requirements of their high concentrations. Using in vitro
studies, we have demonstrated that CFE of L. plantarum F-10
inhibited the expression of soluble virulence factors of opportu-
nistic dermal pathogens mainly involved in biofilm-based
wound infections. The effect of probiotics on MRSA and
P. aeruginosa was first carried out by Valdez and colleagues
who evaluated the ability of the probiotic strain L. plantarum

to inhibit the P. aeruginosa through blocking the production of
quorum sensing molecules and elastase with the whole culture
cells as well as culture filtrates [43]. Similar inhibitory effects
were also obtained by Sadowska and coworkers with the CFE of
L. acidophilus H-1 via competitive interactions between
S. aureus strains and the probiotic strain [49]. Since
quorum sensing signals are also necessary for the biofilm for-
mation, our results showed that CFE might have reduced
quorum sensing signals needed for biofilm formation.
Accordingly to the recent studies evaluated the ability of com-
monly used probiotic strains (L. acidophilus DSM 20079,
L. paracasei DSMZ 16671, L. rhamnosus GG, etc.) to hamper
pathogen growth and biofilm formation were all suggested that
the antimicrobial activity of Lactobacilli seems to be strain-
specific and especially pH-dependent, similar to our results
[50, 51]. In another previous report, the supernatant of
L. bulgaricus FTDC8611 inhibited significantly S. aureus bio-
film production via the effect attributed to organic acids [52]. In
addition, Zmantar and colleagues stated that the decrease in pH
caused a decrease in MRSA biofilm formation [53]. The ob-
served information of reduced biofilm ability of postbiotics pro-
duced by L. fermentum is also determined Kanmani et al. [54]
andBulgasem et al. [55]. In contrast to our study,Walencka et al.

Fig. 6 Scanning electron
micrographs illustrating the effect
of the sub-MIC value of CFE on
biofilm formation. Untreated (a,
b), pre-treatment for 3 h (c), 6 h
(d), 9 h (e),12 h (f)
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[56] defined that L. acidophilus–derived surfactants reduced the
MRSA biofilm development by the mechanism of influencing
the cell surface hydrophobicity, without affecting the cell
growth. In our study, the cell viability of MRSA and
P. aeruginosa in their biofilms was also reduced by co-
incubation with CFE, similarly to the results of Varma et al.
[57]. However, eradication results were not found sufficient
compared to the initial addition or pre-treatment of the CFE in
the microtiter wells. Therefore, a possible conclusion of the
biofilm assays is that CFE might modify the target surface in a
way that there might be a reduction or inhibition of irreversible
attachment of the biofilm-forming bacteria that prevents biofilm
formation for the organisms studied in this work.

Although many probiotics have been described as generally
recognized as safe (GRAS) by the American Food and Drug
Administration (FDA), careful assessments must be taken with-
in their use. It is a necessary requirement to select safe strain-
specific probiotics with their appropriate properties for host
consumptions. To confirm the safety of the strain, in vitro and
in vivo studies are required. In our study, we only evaluated its
safety aspects from the point of hemolytic activity and antibiotic
susceptibility, under in vitro conditions. L. plantarum F-10 was
found non-hemolytic and sensitive to all antibiotics considered
as important by the European Food Safety Authority (EFSA),
except gentamicin and kanamycin. These antibiotics are
regarded in intrinsic antibiotic resistance property within lactic

Fig. 7 Confocal laser microscopy
images illustrating the effect of
the sub-MIC value of CFE on the
cell viability of pathogens and
their biofilm formations. MRSA
ATCC 43300: untreated (a), co-
incubation (b), pre-treatment for
3 h (c). P. aeruginosa ATCC
27853: untreated (d), co-
incubation (e), pre-treatment for
3 h (f)
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acid bacteria which helps its applications for human health [58,
59]. In addition to the safety issues, other valuable and impor-
tant features of the strain were also evaluated such as antioxi-
dant capacity. Antioxidant activities of lactic acid bacteria are
associated with many diseases in the field of health. Synthetic
antioxidants exhibit disadvantages because of their low oxida-
tion capacity, reliability, and toxic effects. Therefore, the extra-
cellular extracts of lactic acid bacteria have recently gained
attention as natural sources of antioxidants. Our results from
the point of antioxidant capacity of L. plantarum F-10 strain
were found similar to the literature data [60–62]. Nevertheless,
among antioxidant properties, DPPH inhibition activity was
found very high than other studies as evaluated by
Uugantsetseg and Batjargal [63], which determined the antiox-
idant activity of the CFE between the range of 26.1 and 38.4%.
Detection of the 88.57% DPPH inhibition activity and high
total phenolic and flavonoid content of the CFE proved the
antioxidative potential of L. plantarum F-10 strain and offer a
practical advantage in reduction of oxidative stress in wound
healing stages [64, 65]. Considering the importance of different
stages in wound healing process, it is thought that L. plantarum

F-10 strain can provide additional contributions to the healing
management from the point of not only protection from the
infections but also with its antioxidant effect.

Conclusion

Ourmain concept is to combine the probiotics or their postbiotic
mediators originated from human microbiota and nanofiber ma-
terials for the development of a novel bio-therapeutic wound
dressing product to be used in skin and surgical practice. For
this purpose, our current study aimed to investigate the role of
selective probiotics on some bacterial human skin pathogens as
an adjunct therapy against infection in wound management. In
conclusion, an ideal probiotic which is able to compete and
interfere with biofilm-growing pathogens has been identified,
especially in the context of specific wound infections. Despite
being regarded as GRAS, there is no current evidence for the
topical use of probiotic bacteria as viable cells due to the possi-
bility of accessing the blood circulation. Therefore, we decided
to use CFE of L. plantarum F-10 with its antimicrobial, anti-

Table 4 Anti-quorum sensing
activity results of L. plantarum
F-10

P. aeruginosa ATCC 27853 P. aeruginosa clinical isolate

QS factor reduction (%)

Following treatment of sub-MIC value of CFE (12.5 mg/ml)

Twitching 100 ± 0.1 98 ± 2.1

Swarming 75 ± 4.1 70 ± 3.4

Swimming 59 ± 2.0 56 ± 1.1

Pyocyanin production 90 ± 1.8 95 ± 5.1

Rhamnolipid production 69 ± 2.9 62 ± 2.8

Elastase activity 87 ± 4.1 85 ± 3.9

Protease activity 53 ± 0.8 48 ± 4.1

0           6.25         12.50      18.25       25 mg/ml 

Fig. 8 DPPH scavenging activity
of CFE derived from
L. plantarum F-10 and color
changes occur at the end of the
reaction
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biofilm, and anti-quorum sensing and antioxidant activities, for
the further development of wound management strategies. But
clearly, more work is needed in this area to fully demonstrate the
proof of principle.
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