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Abstract. Along with the wide spread of bacterial antibiotic resistance over the world, the treatment efficiency of infec-
tious disease is greatly affected by the mixed biofilm formation by pathogenic bacteria. Staphylococcus aureus and
Pseudomonas aeruginosa, a frequent cause of nosocomial infections, exhibit both synergistic and antagonistic interac-
tions in co-culture, leading to various changes in the metabolic profile of bacteria, which in turn affect their sensitivity
to antimicrobials. Here we show that S. aureus cell-free culture liquid exhibits bacteriostatic properties and increases
the efficacy of antimicrobials against P. aeruginosa. Thus, the MICs of amikacin, gentamicin, and ciprofloxacin de-
creased 2-4 fold in the presence of cell-free supernatant of S. aureus 24 h culture. Furthermore, the combination of the
latter with antimicrobials increased the efficacy of amikacin up to 64-fold. Thus, the combined use of cell-free culture
liquid of S. aureus with broad-spectrum antibiotics can be used to increase the effectiveness of antimicrobial therapy of
P. aeruginosa.
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Introduction

Over the world, diseases caused by biofilms
are difficult to treat since bacteria in biofilms
exhibit increased resistance to antimicrobials
(Ding et al., 2021; Beaudoin et al., 2017
Briaud et al., 2019). To date, it is believed that
rather multispecies than monobacterial biofilms
are formed during the development of infection.
The multispecies communities are character-
ized by a different metabolic profile and prop-
erties in contrast to their monospecific counter-
parts (Harrison et al., 2020; Cendra et al.,
2019). These changes may affect the sensitivity
of bacteria to antibiotics (Hall et al., 2017;
Uruén et al., 2020; Luo et al., 2021; Singh et
al., 2021). Since very few antimicrobial agents
effective against infections associated with the
formation of biofilms are available, the discov-
ery of new therapeutic strategies to combat bio-
films is a modern challenge in medicine
(Simoes et al., 2021; Xuan et al., 2021; Maka-
benta et al., 2021). In patients with pneumonia,
the most frequently isolated types of opportun-
istic pathogens are Staphylococcus aureus and
Pseudomonas aeruginosa. These are the most
common multidrug-resistant pathogens and ex-
hibit both synergistic and antagonistic interac-

tions in mixed biofilms (Behzadi et al., 2021;
Little et al., 2021; Cheung et al., 2021).

The antimicrobial peptides (AMPs), which
can act individually and increase the activity of
antibiotics, seem to be one of the alternatives to
antimicrobial therapy (Grassi et al., 2017; Por-
telinhaetal., 2021). S. aureus is able to produce
AMPs (aureocins), which have high bacteri-
cidal activity and increase the activity of known
antibiotics against various microorganisms
(Ceotto et al., 2012). We have shown previ-
ously that the sensitivity of P. aeruginosa to
broad-spectrum antibiotics increases in the
S.aureus - P.aeruginosa mixed community
(Trizna et al., 2020). In the present study, we
show that S. aureus cell-free culture liquid ex-
hibits bacteriostatic properties and increases the
efficacy of antimicrobials against P. aeru-
ginosa.

Materials and Methods

Bacterial strains and growth conditions

S. aureus ATCC 29213 (Museum Strain of
the American Collection of Microorganisms),
P. aeruginosa ATCC 27853 (Museum Strain of
the American Collection of Microorganisms)
were used in this study. Bacteria were grown in
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flasks with a medium: flask volumes ratio of
1:7.5 with a shaking intensity of 200 rpm at
37 °C. To obtain biofilms, bacteria were grown
for 48 hours under static conditions at 37 °C in
Basal medium broth (BM) (glucose 5g, peptone
79, MgSO4x7H20 2.0g and CaCl2x2H20 0.05g
in 1.0 liter tap water) in plates with an initial
density of bacterial culture of 1x10° CFU/ml.

Determination of minimum inhibitory con-
centration (MIC) and minimum bactericidal
concentration (MBC)

MICs of antimicrobials were determined by
microdilution approach in BM broth according
to EUCAST recommendations (Leclercq et al.,
2013). Antibiotics were diluted with broth in a
96-well plastic plate (Eppendorf Cell Culture
Plates) at concentrations of 0.25-512 pg/mL.
The wells were inoculated with 200 pL of bac-
terial culture (2-9x10° CFU/mL) in BM and in-
cubated at 37°C under static conditions. The
minimum inhibitory concentration was defined
as the lowest concentration of antibiotic at
which no bacterial growth was observed after
24 hours of incubation. Next, the minimum bac-
tericidal concentration (MBC) was determined.
For that, a 1000x culture dilution was made
from wells with no visible growth and incu-
bated for 24 hours in broth without any antimi-
crobials. The MBC was taken as the lowest con-
centration of the substance at which bacterial
growth was completely absent at 24 hours of in-
cubation.

Determination of the permeability of the ex-
tracellular matrix of biofilms for antibacterial
substances (Anderl et al., 2000)

The mono- and polymicrobial biofilms were
obtained on sterile nitrocellulose discs. The
bacterial suspension with density of 3 x 107
CFU/ml in BM broth were dropped on discs
which were placed on plates with LB agar and
incubated for 48 hours at 37°C. Then disks were
transferred onto a new LB agar plate containing
an antibiotic at a concentration corresponding
to 1xMBC for corresponding bacterium.
A smaller membrane disk moistened with BM
broth was placed on the disks with biofilms. Fi-
nally, 6-mm Whatman disks were laid out on
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the surface of upper membrane, allowing ab-
sorbing the antibiotic diffusing from the nutri-
ent medium through biofilm. After 24 hours in-
cubation at 37 °C, the Whatman disks were
placed on new plates with bacterial culture
spread on the surface of LB agar. After 24-hour
incubation, the growth repression zones were
measured. As a control, discs were placed on
membranes with biofilms and kept in a medium
without antibacterial substances. To assess the
effect of antibiotics themselves on bacterial cul-
tures, discs were incubated on sterile mem-
branes without bacterial biofilms.

Obtaining cell-free culture liquid

S. aureus cells were grown for 24 hours in
LB broth with a shaking intensity of 200 rpm at
37 °C. Next, cells were removed by centrifuga-
tion for 15 minutes at 12000 rpm at 37 °C. The
supernatant was filtered using sterile Minisart
High Flow, 0.2 um filters.

Alamar-blue test

To evaluate the bacterial viability, 100 pl of
bacterial suspension was transferred into a 96-
well plate. The biofilms were resuspended in
0.9% NaCl by mechanical scratching. The
resazurin sodium salt (Sigma) solution was
added to the culture liquid to a final concentra-
tion of 120 uM and incubated for 10 min. In the
presence of a pink color, the bacteria were iden-
tified as viable. The blue color indicated death
cells.

CFUs count

The CFUs count was assessed by drop plate
assay (Herigstad et al., 2001) with modifica-
tions (Baidamshina et al., 2017). Briefly, a se-
rial 10-fold dilutions of the bacterial suspension
were prepared in 0.9% NaCl. For cells in bio-
films, 0.9% NaCl was added to the wells and
bacteria were suspended by scratching the well
bottoms with subsequent treatment in an ultra-
sonic bath for 2 min to facilitate the disintegra-
tion of bacterial clumps. Then 5 pl from each
dilution was dropped onto LB agar plate and in-
cubated for 24 hours at 37 °C. CFUs were
counted from dilutions containing 5-10 colo-
nies.
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Statistical analysis

Experiments were performed in three bio-
logical replicates with three technical repeti-
tions in each. The statistical significance of dif-
ferences in determining the number of colonies
by counting CFU from a series of dilutions was
evaluated by the formula 10 log10[c], where ¢
is the number of cells obtained, using Pearson's
Chi-square test for homogeneity. Differences
were considered significant at p < 0.05.

Results

The permeability of the extracellular matrix
of S. aureus and P. aeruginosa mono- and dual
species biofilms for antimicrobials

The increased sensitivity of P. aeruginosa in
amixed S. aureus—P. aeruginosa community to
broad-spectrum antibiotics has been shown pre-
viously (Trizna et al., 2020). We asked whether
this is a consequence of the change in the bio-
chemical composition of the extracellular ma-
trix of a mixed biofilm and consequent altera-
tion in its permeability for antimicrobials. To
test that, Ampicillin, vancomycin, amikacin
and ciprofloxacin were added to LB agar at a
concentration corresponding to respective
IxMBC (Table 1) and antibiotics diffusion
through the biofilm has been assessed as de-
scribed in Materials and Methods.

For the S.aureus and P. aeruginosa bio-
films, no significant changes were found com-
pared to the control, indicating a low permea-
bility of antibiotics through the extracellular
matrix of biofilms (Fig. 1). Of note, a signifi-
cant inhibition of S. aureus growth has been ob-
served around the discs incubated on the mixed
S. aureus-P. aeruginosa biofilm, apparently,

due to the synthesis of antimicrobial metabo-
lites by P. aeruginosa in the mixed community.
Thus, the change in the P. aeruginosa sensitiv-
ity in mixed S. aureus - P. aeruginosa biofilm
Is governed rather by the production of extra-
cellular metabolites by S.aureus affecting
P. aeruginosa than due to changes in the of the
biofilm permeability.

Effect of S. aureus cell-free culture liquid on
P. aeruginosa susceptibility to antibiotics

Some antibiotics are known to show synergy
when combined with antimicrobial peptides
(Grassi etal., 2017). We assumed that the S. au-
reus secrets AMPs exhibiting synergistic effect
with various antibiotics against P. aeruginosa.
To test this assumption, the S. aureus cell-free
culture liquid was diluted 4-fold with fresh LB
medium in combination with various antibiotics
in the concentrations of 0.5-512 pg/mL and
seeded by P. aeruginosa. After 24h the residual
viability of P. aeruginosa cells was assessed. In
presence of 25% S. aureus cell-free culture lig-
uid, the efficacy of aminoglycosides (Amika-
cin, Gentamicin) against P. aeruginosa in-
creased 2-fold. Further, the effect of the S. au-
reus cell-free culture liquid on biofilm-embed-
ded P. aeruginosa susceptibility to antibiotics
was evaluated. For that, the cell-free culture lig-
uid of S.aureus was diluted with fresh BM
broth to final concentrations of 6% and 12% in
combination with various antibiotics at concen-
trations of 0.25-128 pg/mL. As a control of the
nutrients depletion, NaCl solution was added in
the same proportions (6% and 12%). After 24h
of incubation the residual viability of P. aeru-
ginosa in biofilm was assessed (Table 2).

Table 1
Minimum inhibitory and bactericidal concentrations of antibiotics, pg/mL
P. aeruginosa S. aureus
MIC, pg/mL MBC, pg/mL MIC, pg/mL MBC, pg/mL
Amikacin 1 64 8 32
Ciprofloxacin 4 64 0.25 16
Ampicillin ND ND 0.5 64
Vancomycin ND ND 2 64

Note: ND — not determined
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Fig. 1. Evaluation of the permeability of mono- and dimicrobial S. aureus - P. aeruginosa biofilms for anti-

microbials
Table 2
Synergism of cell-free culture liquid (CL) of S. aureus with antibiotics
. 6%0 The effect increase, 12% The effect in-
Antibiotic NacCl 6% CL fold NacCl 12%CL crease, fold
MIC, ug/mL MIC, pg/mL
Ciprofloxacin 32 32 0 64 16 4x
Gentamicin 64 16 4x 64 32 2X
Amikacin 128 2 64x 64 4 16x
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Fig. 2. The number of viable detached cells and biofilm-embedded cells P. aeruginosa in the presence of the
culture liquid of S. aureus, S. aureus - P. aeruginosa and antibiotics. Viability was assessed by counting CFU
by the serial dilution. Antimicrobials were added to 48-hour biofilms (A — 24-hour incubation with culture
liquid and amikacin, cells in the biofilm; B — 24-hour incubation with culture liquid and amikacin, detached
cells; C — 24-hour incubation with culture liquid and ciprofloxacin, cells in the biofilm; D — 24-hour incuba-
tion with culture fluid and ciprofloxacin, cells in the biofilm)

The cell-free culture liquid of S. aureus sig-
nificantly increased the efficiency of the antibi-
otics. Thus, ciprofloxacin together with 12%
culture liquid led to the death of P. aeruginosa
at a concentration 4 times lower than the com-
bination with saline. The effectiveness of gen-
tamicin in combination with 6% culture liquid
also increased 4 times. The maximum effect
was observed when using the culture liquid
with amikacin, where the efficacy of the antibi-
otic increased up to 64 times.

The mutual action of the cell-free culture lig-
uid of S. aureus with broad-spectrum antibiot-

ics against P. aeruginosa cells was also quanti-
fied by CFUs count. For that, 48 hours P. aeru-
ginosa biofilms were established in 24-well
plates, washed and filled with 25-100% culture
liquid of S. aureus or a of S. aureus — P. aeru-
ginosa mixed culture and antibiotics were
added at concentrations equal to their
0.03 -8 x MBC (Table 1). After a 24-hour in-
cubation, the viability of detached cells and bio-
film-embedded cells of P. aeruginosa was as-
sessed by drop plate assay (Fig. 2).

The culture liquid itself of either S. aureus or
S.aureus — P.aeruginosa did not decrease

Opera Med Physiol. 2022. VVol. 9 (3) | 117



CFUs count, suggesting that antimicrobial me-
tabolites have rather bacteriostatic than bacteri-
cidal effect. The addition of amikacin with cul-
ture liquid increased the efficacy of antimicro-
bial. Thus, in presence of the latter, the decrease
in CFUs count by 3 orders of magnitude was
observed at concentrations of amikacin 4-16-
fold lower compared to solely antimicrobial
(Fig. 2).

When ciprofloxacin was added in 100% cul-
ture liquid of either S. aureus or S. aureus —
P. aeruginosa, a decrease in the viability of de-
tached P. aeruginosa cells by three orders of
magnitude was observed at an antibiotic con-
centration of 2 pg/mL (which corresponds to
0.03xMBC of antibiotics), while the introduc-
tion of ciprofloxacin alone led to a similar effect
only at an antibiotic concentration of 8xMBC.
In biofilm, the complete cell death of P. aeru-
ginosa was observed when the culture liquid of
S. aureus — P. aeruginosa was introduced to-
gether with ciprofloxacin at a concentration of
2xMBC, while solely antibiotic led to a de-
crease in CFUs by three orders of magnitude at
8xMBC (Fig. 2).

Discussion

Over the world, diseases caused by Pseudo-
monas aeruginosa in increased tolerance to an-
timicrobials raises significantly, suggesting that
the development of novel approaches for treat-
ment challenging. The antimicrobial peptides
(AMPs), which can act individually and in-
crease the activity of antibiotics, seem to be one
of the alternatives to antimicrobial therapy
(Grassi et al., 2017 Portelinha et al., 2021).
S. aureus is able to produce AMPs (aureocins)
with high bactericidal activity and increasing
the activity of various antibiotics (Ceotto et al.,
2012). Thus, the sensitivity of P. aeruginosa to
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broad-spectrum antibiotics increases in the
S. aureus — P. aeruginosa mixed community
(Trizna et al., 2020). Here we show that S. au-
reus produces extracellular metabolites which
exhibit bacteriostatic properties and and can be
used as enhancers of antimicrobials against
P. aeruginosa.

The biofilm-diffusion test revealed that the
change in the P.aeruginosa sensitivity in
mixed S.aureus — P.aeruginosa biofilm is
governed by the production of extracellular me-
tabolites by S. aureus affecting P. aeruginosa.
Indeed, in presence of 25% S. aureus cell-free
culture liquid, the efficacy of aminoglycosides
(Amikacin, Gentamicin) against P. aeruginosa
increased 2 fold. In the case of biofilm-embed-
ded P. aeruginosa, ciprofloxacin together with
12% culture liquid led to the death of P. aeru-
ginosa at a concentration 4 times lower than the
combination with saline. In combination with
6% culture liquid, the effectiveness of gentami-
cin increased 4 times and the MBC of amikacin
decreased 64 times (Table 2, Fig. 2).

Taken together, these data confirm that
S. aureus produces antimicrobial metabolites
which increase the efficacy of antimicrobials
against P. aeruginosa cells in both planktonic
and biofilm-embedded form. These metabolites
can serve as a promising approach to improve
the antimicrobial therapy of infections associ-
ated with the formation of P. aeruginosa bio-
films on various surfaces, while their identifica-
tion remains challenging.
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