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ABSTRACT

In this study, the exposure of three Russian Propolis ethanol extracts from different regions in Russia was used
in: 1) the prevention and 2) treatment of Staphylococcus aureus biofilms on various surfaces. It was found that
despite similar activities against biofilm prevention (planktonic bacteria), drastic differences were observed in
biofilm treatments. The antibacterial and anti-biofilm results indicated that: 1) antibacterial and 2) anti-biofilm
activity of Russian propolis ethanol extracts may be governed by different types of chemical compounds found
in the propolis ethanol extracts. Further analysis indicated that the mechanism of action of propolis ethanol
extracts appear to be complex and involves the degradation of the extracellular polymeric matrix, exposing the
bacteria within the biofilm to the antibacterial agents found in the propolis extracts. Kinetic studies conducted
under optimal experimental conditions, revealed that bacterial cells in Staphylococcus aureus biofilms were
killed (>99.9%) by propolis after 12 hours of treatment. The sterilization ability of propolis for the prevention
and treatment of biofilm related contaminations on various materials were confirmed and information gathered
from this study provides insights into the anti-biofilm mechanism of propolis.

Keywords: Propolis ethanol extracts; decontamination; sterilization; anti-biofilm; Staphylococcus aureus
biofilms.

Abbreviations: MTT: 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide, ATCC: American Type
Culture Collection, TSBG: Tryptic soy broth supplemented with 0.2% glucose, CV: Crystal Violet, PBS:
phosphate buffered saline, S. aureus: Staphylococcus aureus, SEM: scanning electron microscopy MIC:
minimal inhibition concentration, SDS: sodium dodecyl-sulfate.
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INTRODUCTION account for the majority (>70%) of hospital
acquired infections. These bacterial biofilms are
The adhesion of bacteria to a surface is mediated often  associated with long periods of
by different types of interactions, which can be hospitalization, morbidity and death.’®
specific, such as protein film formation or
nonspecific interactions such as surface energy, During biofilm formation, an extracellular
surface charge, hydrophobicity and van der Waals polymeric matrix is produced and plays significant
forces.? Once adhered to a surface, the bacteria roles in both the structure and function of biofilm
form communities which develop into biofilms and communities. The formation of the extracellular
this serves as reservoirs for the development of polymeric matrix provides considerable advantages
pathogenic infections.®*! Staphylococcus aureus, such as: protection against antimicrobial agents,
an example of just one theses pathogenic acquisition of new genetic traits, nutrient
infections, can grow biofilms with thicknesses of availability and metabolic cooperability.®! The
up to 20 pm after 24 hours of incubation®™ and biofilm architecture serves as a physical barrier to
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antimicrobial agents as well as the hosts immune
system, by blocking access to the bacteria
embedded deep within the biofilm.! As a result,
these bacterial communities are up to 1000x’s more
resistant to antibiotics and the hosts immune
system in comparison to planktonic bacteria.[***!

In response to the resistant and infectious attributes
of biofilms, propolis, a known antibacterial,
predated only by the discovery of honey™, was
investigated for the decontamination of mature S.
aureus biofilms. Although many types of propolis
extracts originating from different regions of the
world have been proven effective against a wide
range of free-living microorganisms, only a handful
of studies have been carried out to determine the
inhibitory effect of propolis against bacteria of
within mature biofilms and an even fewer number
have considered the mechanism of action. Propolis,
a natural product derived from plant resins, is a
strongly adhesive, resinous substance collected and
transformed by bees. Honeybees use propolis for
the construction and maintenance of their hives
walls in order to protect entrance from intruders.!**!
This multifunctional substance contains a complex
mixture of chemical constituents. The chemical
composition of propolis is dictated by the
constituents of the plant material making up the
native vegetation as well as the season of
collection."¥ Propolis, is reported to contain more
than 210 different compounds including, aliphatic
acids, aromatic esters and acids, flavonoids, fatty
acids, carbohydrates, aldehydes, amino acids,
ketones, vitamins, minerals and enzymes including
succinic dehydrogenase, glucose- 6-
phosphatasechalcones, which are all reported to
play significant roles in the antibacterial activity of
propolis.[*5*!

Propolis, is one of the few natural remedies that has
maintained its popularity over a long period of
time. In addition to its antibacterial activity,
propolis ethanol extracts have also been tested and
confirmed for several other biological activities
including anti-inflammatory, tissue regenerative,
wound healing and anti-carcinogenic, etc.”>?4 The
objectives of this study are to: 1) expand on the
potential application of propolis ethanol extracts
not only against gram-positive S. aureus planktonic
bacteria but also towards bacteria embedded within
the protective coating of mature S. aureus biofilms
and 2) begin to unravel the mechanism of action of
propolis ethanol extracts for the sterilization of S.
aureus biofilm contaminated surfaces.

MATERIALS AND METHODS
Bacterial strains and medium: Staphylococcus

aureus  (penicillin  resistant, ATCC 29213,
penicillin  sensitive, 25923, and methicillin
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resistant, ATCC 43300), all good biofilm forming
S. aureus strains, were purchased from the
American Type Culture Collection (ATCC,
Manassas, VA). We grew staphylococcus bacteria
in tryptic soy broth (TSB) supplemented with 0.2%
glucose (TSBG). For each experiment, an isolated
single bacterial colony was picked from a tryptic
soy broth agar plate, transferred to 10-15 ml of
medium, and then incubated under orbital agitation
(100-150 rpm) at 37 °C for 18-24 h.

Reagents and solutions: A LIVE/DEAD staining
kit was purchased from Invitrogen Life
Technologies (Carlsbad, CA) for the staining of
bacteria within biofilms. Also, 5% methyl thiazolyl
diphenyl-tetrazolium bromide, 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT), in phosphate buffered saline (PBS), crystal
violet (CV), sodium dodecyl-sulfate (SDS) and
other reagents were all purchased from the Sigma
Chemical Laboratory (St Louis, MO).

Growth of biofilms on different materials: For
each experiment, an isolated single bacterial colony
was picked from an agar plate, transferred to 10-15
ml of TSBG medium and then incubated under
orbital agitation (100-150 rpm) at 37 °C for 18-24
h. This overnight culture of S. aureus was diluted
in TSBG to 2x10° cells mI™ and then inoculated on
surfaces of different materials including 8-well
glass chambers, polyethylene terephthalate films,
polystyrene 6-well plates, and silicon wafers. S.
aureus biofilms of 15~20 pum in thickness were
formed on all tested materials within 24 hrs, were
used throughout this work.

Preparation of ethanolic extracts of propolis:
Propolis samples were gathered from three regions
of Russia: Crude propolis sample | was obtained
from Krasnodar Krai region of Russia, which is
located in the southwestern part of the North
Caucasus. Crude propolis samples Il and Il were
obtained from apiaries of the Ural Mountains
region, East European part of Russia. Hand
collected propolis were kept desiccated and in the
dark up to their processing. Propolis samples were
ground with minimal amounts of ethanol with
continuous stirring at room temperature for 30
days. The suspension was filtered and then
centrifuged at 3000 rpm for 20 min to remove all
un-dissolved propolis. The supernatant was then
concentrated in a rotary evaporator under reduced
pressure at 40 °C and re-dissolved (1 ml of 99 %
ethanol was used to dissolve 0.3 mg of propolis)
and kept at room temperature in the dark until use
(Santos et al. 1999).

Planktonic bacterial and biofilm assays: It is
known that planktonic bacteria once adhered to a
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surface form biofilms. The purpose of this
experiment was to test the ability of the propolis
ethanol extracts to prevent biofilm formation. In
this assay, 4 mL of midlogarithmic (mid-log) phase
bacteria (~ 2 x 10° cells/ml) suspended in TSBG
medium were exposed to propolis ethanol extracts
with volumes ranging from 0 to .100 mL (0 to 20
ug) for 24 h at an incubation temperature of 37 °C.
After the 24 hours of incubation, the formation of
biofilms was verified using the popular CV staining
method in combination with the MTT based
viability assay to assess biofilm susceptibility to the
propolis ethanol extracts. Unlike CV staining,
which is used for staining bacterial cells (both live
and dead) and other macromolecules such as
polysaccharides, DNA and proteins in the biofilm
extracellular matrix, the MTT assay was designed
for live bacteria by measuring the overall metabolic
activity of bacterial cells in biofilms. Thus, CV
staining was used for the quantification of biofilms
(total biomass of biofilm) while the MTT assay
staining was utilized to evaluate viability of
bacteria in biofilms and DNA/polysaccharides in
the biofilm extracellular matrix. It should be stated
that there is an excellent correlation between
formazan concentrations (absorbance at OD 570
nm) and CFU counting.

In CV staining, biofilms were stained with 0.1%
(w/v) CV for 10 min. The excess dye was removed
by thoroughly rinsing the plate with water. CV dye
associated with biofilms was then extracted by 33%
glacial acetic acid and quantified using a
microplate  reader by measuring  solution
absorbance values at 570 nm. The CV and MTT
assays were also used for pre-formed biofilms as
well.

In the MTT assay, biofilms were incubated with
MTT at 37 °C for 30 min. After washing, the purple
formazan formed inside the bacterial cells was
dissolved by SDS and then measured using a
microplate reader by setting the detecting and
reference wavelengths at 570 nm and 630 nm,
respectively.

Antibacterial activity of studies of ethanol
extracts of propolis: At the end of incubation, the
formed biofilms were washed with PBS in order to
remove planktonic and loosely attached bacteria. S.
aureus biofilms of 15~300 pum in thickness were
formed on all tested materials after seven days of
incubation. Pre-formed biofilms on various
substrates were washed with PBS to remove
loosely bound bacteria. All ethanol extracts of
propolis were weighed under aseptic conditions in
sterile volumetric flasks and different volumes 0 to
400 pL (0 pg- 120 pg) were pipetted into fresh 4
mL of TSBG. These TBSG solutions containing
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the different amounts of propolis ethanol extract
were used to treat both planktonic bacteria and pre-
formed biofilms. After exposure to propolis
extracts for up to 24 hours, TSBG containing
propolis was removed and the biofilms were once
again washes with PBS.

Staining of live and dead bacteria: Live and dead
bacterial distributions of planktonic bacteria as well
as bacteria in biofilms were studied by confocal
laser scanning microscopy using a LIVE/DEAD
staining kit as described previously.® Biofilms
grown on LabTek 8-well cover-glass chambers
were washed with PBS to remove planktonic
bacteria and TSBG medium. After that
LIVE/DEAD dyes in PBS were added and
incubated for 15 minutes at room temperature.
Stained live (green) and dead (red) bacteria in
biofilms were visualized by confocal fluorescence
microscopy according to the protocol provided by
the manufacture.

Scanning electron microscopy: SEM images were
obtained wusing an Auriga scanning electron
microscope. Silicon wafers containing adhered S.
aureus bacteria were treated with argon plasma
under specific experimental conditions. These
samples were attached to the SEM stage using
conductive tape and coated with gold for 30 sec.
The applied voltage was 2 kV.

RESULTS AND DISCUSSION

Antibacterial activity of Russian propolis
ethanol extracts: The composition of propolis
depends mainly on the vegetation at the site of
collection. Due to differences in the geographical
locations among the propolis samples used in this
study, variances in the chemical compositions are
expected and therefore, ethanol extracts from each
sample of propolis was expected to demonstrate
different antibacterial activity. However, that was
not the case with respect to planktonic bacteria
(Fig. 1A). In this study, the antibacterial activity of
propolis ethanol extracts was observed through two
significantly different assays; 1) viability (MTT)
and 2) biomass (CV). Each propolis ethanol extract
(1, 1, or I) showed similar and very potent
antibacterial activity towards S. aureus planktonic
bacteria. The viability of S. aureus planktonic
bacteria decreased with respect to propolis ethanol
extracts concentration. Up until 3 pg of propolis,
significant numbers of bacteria were still viable
(Fig. 1A). Beyond 4pug of propolis ethanol extract,
complete planktonic bacterial death is observed
(Fig. 1A). Based on the results, it seems reasonable
that the antibacterial activity may stem from
common chemicals compounds present in each of
the three propolis ethanol extracts, suggesting that
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the antibacterial activity may be caused by some

synergistic effects of propolis, which is in
agreement with outside studies.?>%!
Viable planktonic bacteria results in the

colonization of a surface and eventually in the
formation of biofilms, the CV assay was another
method used in evaluating the efficiency and
effectiveness of these Russian propolis ethanol
extracts against planktonic bacteria by monitoring
the formation of biofilms. Biofilm formation (CV
assay) was proportional to the numbers of viable
bacteria (MTT assay), indicated by high
absorbance readings. On the other hand, complete
bacterial inactivation was confirmed by the absence
of bacterial biofilms found in samples treated with
>4ug of propolis (Fig. 1B).

In addition to the MTT method, another cell
viability assay using a Live/Dead staining kit was
used to evaluate the antibacterial activity of the
different propolis samples. The SYTO 9 dye, a
nucleic acid probe with green fluorescence color, is
permeable to healthy cell membranes and thus
bacteria with intact (live) cell membranes are
stained green. Propidium iodide, a nucleic acid
probe with red fluorescence color, is cell membrane
impermeable and thus only stains dead bacteria
with  damaged cell membranes. Confocal
microscopy images of treated planktonic bacteria
are consistent with the results obtained in the MTT
assay and confirm that the antibacterial activity of
propolis towards S. aureus cells is concentration
dependent (Fig. 1C). In response to the significant
activity of propolis, we chose to expand on this
study and test these same three propolis ethanol
extracts against mature Staphylococcus aureus
biofilms. S. aureus biofilms had normal
architectural components with proven resistance to
antibiotic treatment.”’

Anti-biofilm activity of Russian propolis ethanol
extracts: Although the antibacterial activity of
propolis has already been demonstrated against
Gram-positive strains and eventually confirmed in
this study, the aim of the present work was to
evaluate the activity of these propolis samples
against various strains of S. aureus bacterial
biofilms. Since very few reports have used propolis
for the decontamination of bacteria within mature
biofilms, good biofilm forming S. aureus strains
(ATCC 29213, ATCC 25923, and ATCC 43000)
were cultured and their susceptibility to propolis
was evaluated. These S. aureus strains of bacteria
can grow into biofilms of 15-300 um thickness in
TSBG, depending on duration of incubation.
Mature biofilms (1 to 7-days old), were cultured
specifically and on various materials including six-
well plates, 8-well glass chambers and silicon
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wafers, depending on the experimental
specifications and microscopy requirements.

In these mature biofilms, individual bacteria were
protected and attached to one another by an
extracellular polymeric substance, which is
secreted by the bacteria and indicated by red arrows
(Fig. 2). The idea behind exposing propolis to
biofilms was to test the antibacterial activity of
propolis against the resistance nature commonly
associated with these biofilms. Although there was
slight pH drop from 7.4 — 6.8, after the addition of
propolis ethanol extracts to TSBG culture media,
the pH change had no measurable effect on the
activity of the TSBG solution containing propolis,
as determined by changing the pH of TSBG to 6.8
and exposing this culture media to the bacteria as
well as biofilms (data not shown). Throughout this
study, S. aureus planktonic bacteria as well as S.
aureus biofilms, were subjected to TSBG culture
media containing exact volumes of 99% pure
ethanol (0 mL to .400 mL), which was used for the
extraction of propolis. In these control groups,
almost 98% of S. aureus planktonic bacteria and
the S. aureus bacteria in biofilms were still alive
(data not shown). These results confirm that the
antibacterial/anti-biofilm activity of propolis was
dependent solely on the wvarious chemical
compositions associated with each sample of
propolis ethanol extract. Results from biofilm
studies suggest that the extracellular polymeric
matrix could protect (to a certain extent) these
infectious microorganisms from the antibacterial
chemicals found in propolis ethanol extracts as it
regularly does against the host’s immune system
and antibiotic attack. Since the biofilm acts as a
barrier preventing the active compounds in propolis
from inactivating S. aureus bacteria in biofilms,
higher propolis concentrations in comparison to the
amount of propoplis required to kill planktonic S.
aureus bacteria is needed. These results indicate
that the extracellular polymeric matrix could limit
the exposure of the active chemicals found in
propolis to the bacteria, allowing bacteria to thrive
under higher (<10 pg) concentrations of propolis.
Up until 9ug of propolis |, there is a gradual
decline in the numbers of viable S. aureus bacteria
in biofilms, but the bacteria embedded deep within
the biofilm thrived (Fig. 3A). However, at propolis
concentrations above 10pg (MIC), complete
biofilm inactivation were achieved in propolis |
ethanol extracts (Fig. 3A). The same was not the
case for biofilms exposed to propolis samples Il
and Ill. In fact, decreased killing activities were
noticed for these propolis ethanol extracts even at
higher concentrations of propolis (>30ug).
Interestingly, as the numbers of viable bacteria
were reduced in biofilms treated with propolis I,
significant decreases in biomass were observed
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(Fig. 3B). It was not surprising that propolis
ethanol extracts from crude samples Il and Il
showed similar results since they were taken from
the areas of close proximity to one another. As a
result, these crude samples possibly contain nearly
identical chemical compositions and therefor, show
nearly identical activities.

Activities of the three Russian Propolis extracts:
It was very surprising to see that the activities of
propolis samples against S. aureus biofilms varied
drastically and were not consistent with
antibacterial activity assays. Bacterial and biofilm
inactivation with propolis is concentration
dependent. Ethanol extracts from propolis | showed
more potent anti-biofilm activity in comparison to
Propolis Il and Propolis Il samples as
demonstrated in MTT assays (Fig.3A). A
reasonable explanation may be that the antibacterial
and anti-biofilm activities of propolis ethanol
extracts stem from different chemicals or
combinations of chemicals. Therefore, place of
origin may create variation and concentration
differences among the chemical compositions of
propolis and this may affect the anti-biofilm
properties. It should be stated that the purpose of
this work was not to determine the active
compounds in propolis. Establishing between the
chemicals or compounds involved in either the
antibacterial or anti-biofilm activity is a future
direction of this project. With that said, it is
possible that: 1) ethanol extracts from propolis Il
and 111 contain similar antibacterial compounds but
different anti-biofilm compounds; or 2) propolis
ethanol extracts from 11 and Il possess both the
same antibacterial and anti-biofilm compounds as
in propolis | but in significantly less amounts with
respect to anti-biofilm compounds. At particular
high (>20 pg) concentrations of propolis Il and 11l
used in this study, limited activity towards S.
aureus bacteria within biofilms was observed and
reached a plateau. At these concentrations,
diffusion of active compounds through the biofilm
was limited. The active compounds could not reach
the bacteria deep within the protective
surroundings of the extracellular matrix and
interact specifically with the bacteria deep within
the confinements of the biofilm to cause bacterial
cell death.

Anti-biofilm mechanism studies of Russian
propolis extracts: Based on the results acquired in
Figure 3, propolis | ethanol extracts were focused
on due to its potent anti-biofilm activity over the
other propolis extracts. The activity of propolis |
ethanol extracts against different strains of S.
aureus bacterial biofilms was studied and the
results were not surprising. As already seen in anti-
biofilm S. aureus (29213) studies, (Figure 3),
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propolis | ethanol extracts were effective towards
both S. aureus (43300) and (25923) strains of
bacteria (Fig. 4). In these experiments, similar
killing curves were demonstrated and the activity
of propolis | ethanol extracts towards different
strains of S. aureus biofilms is confirmed (Fig. 4A).
We know that some chemicals found in propolis
extracts cause bacterial cell death. The question
now becomes: 1) how do these antibacterial
compounds gain access to the bacteria deep within
the biofilm? This question was studied through Z-
stack confocal microscope imaging technology of
biofilms, which provided an opportunity to
visualize and quantify the contributions of the anti-
biofilm activity ability of propolis treated samples
along with corresponding biomass staining assays.

Preliminary data for the proposed mechanism of
action was obtained in Figure 3 and suggests that
the anti-biofilm mechanism can be attributed to the
chemical degradation ability of propolis with
respect to the biofilm’s extracellular polymeric
matrix. If biofilms are inactivated through this
mechanism, the CV staining results should indicate
biofilm biomass loss with respect to increased
killing activity. Data obtained from Figure 3b
shows that decreases in biomass accompanies
increased Kkilling activities (indicated with green
arrow in Fig. 3B). On the other hand, significant
biomass removal was not present in biofilms
treated with either propolis Il or 111 ethanol extracts
(indicated with red arrow in Fig. 3B) and biofilms
treated with these extracts did not inactivate
bacteria to the extent that propolis | did (Fig. 3A).
Only at high concentrations is significant activity
for these propolis Il and 111 samples achieved but
still do not achieve the same Killing activity at
propolis 1. These results indicate that propolis Il
and 1l extracts possess both the antibacterial
properties and the anti-biofilm compounds but in
much lower concentrations with respect to the anti-
biofilm compounds. In order to test the proposed
mechanism of action, the inactivation of biofilms
using minimal inhibition concentration (20 pg) at
different exposure times was studied. In these
Kinetic studies, the anti-biofilm activity was a
gradual process, which took 12 hours to achieve
>99.9% killing (Fig. 5A). CV assays confirm that
reductions of live bacteria are proportional to
biomass loss (Fig. 5B). Although longer exposure
times were associated with improved effectiveness
of propolis ethanol extracts in killing bacteria in 1-
day old biofilms, treatment times beyond 12 hours
did not result in improved activity (>99.9%).
Corresponding Live/Dead confocal microscopy
images were taken and the results match nicely
with both MTT and CV results (Fig. 4C). Z-stack
confocal microscope images show the reductions in
biofilms but with respect to biofilm thickness as
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treatments times are increased, confirming the
removal ability of propolis (Fig. 5C). Untreated 1-
day old S. aureus biofilms were about 18 um in
thickness and were filled with live bacteria (stained
green). The thickness of the same biofilm gradually
reduced with treatment time and was finally
reduced to 4-6 um after treatment with 20 pg of
propolis for 12 hours. The results obtained in this
study indicate that as the numbers of viable
bacteria are decreased, reduction in the biomass of
the same treated biofilms is observed. It is believed
that as the chemical and structural integrity of the
extracellular polymeric matrix becomes
compromised by the anti-biofilm compounds in the
propolis ethanol extracts. As a result, the polymeric
coating is no longer able to provide protection to
the bacteria. The inability of the biofilm to protect
the infectious microorganism allows access of the
antibacterial chemicals to the bacteria. Eventually,
the bacteria succumb to the antibacterial agents. As
the damage becomes more severe to the
extracellular polymermic matrix, removal of the
coating from the surface of the biofilm occurs.
Consequently, the bacteria that were once
surrounded by the protective coating of the biofilm
are now exposed to the antibacterial properties of
the propolis and reduction in thickness occurs,
indicated by red arrows (Fig. 5C). In order to test
the proposed acting mechanism of propolis ethanol
extracts, 7-day old biofilms were grown. SEM
images show that aged biofilms contain more
extracellular polymeric matrix and have more
sophisticated biofilm structures (Fig.2B) and is
significantly different from what was observed for
1-day old biofilms (Fig. 2A). It is expected that the
more sophisticated biofilm structures with drastic
increases in biofilm thickness would play an even
more integral role in protecting the bacteria deep
within the biofilm against the anti-biofilm activity
of propolis ethanol extracts. For this reason, the
anti-biofilm activity of propolis ethanol extracts
was tested on 7-day old biofilms. Unlike the 1-day
old biofilms, S. aureus cells in 7-day old biofilms
were completely buried inside the extracellular
polymeric matrix and very few single bacteria
could be identified using SEM (Fig. 2B). MTT
(Fig. 6A) along with confocal microscopy images
(Fig. 6C) of 7-day old biofilms, show that only
<30% of S. aureus cells in 7-day old biofilms were
killed after being exposed to 20 pg of propolis as
compared to 1-day old biofilms. Bacteria that were
wrapped inside these biofilm structures with a rich
extracellular polymeric matrix were protected and
consequently more difficult to treat than 1-day old
biofilms, which were susceptible to 20 ug of the
propolis ethanol extract. Exposure concentrations
of 40pg required more than 18 hours to
substantially reduce the number of viable bacteria
in the 7-day old biofilms and were accompanied by
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a reduction in biomass along with biofilm
thickness. In order to achieve significant (>99.9%)
inactivation, an exposure concentration of 120 ug
for up to 24 hours was required and involved a
drastic reduction in biomass (>60%). Obviously,
the impact of the degradation effect on the anti-
biofilm activity of propolis is influenced greatly by
the maturation of biofilms (Fig. 6B). As z-stack
confocal microscopy images are considered,
reductions of biofilm thicknesses (300 um to <100
pm) was observed as the numbers of live bacteria
were decreased after optimal exposure of propolis
was achieved, confirming that complete
decontamination of biofilms is achieved through
the chemical degradation of biofilm architectural
components.

CONCLUSION

Unlike many “natural” remedies, there is a
substantial database on the biological activity and
toxicity of propolis indicating it’s many
pharmaceutical properties including antibiotic,
antifungal, antiviral and antitumor, among other
attributes.”® Although many groups have studied
the activity of propolis ethanol extracts against
planktonic bacteria, the activity of propolis ethanol
extracts have rarely been studied against bacteria
protected within biofilms. The results discussed in
this study begin to unravel the mechanisms of
action of propolis ethanol extracts and provide
evidence for the successful decontamination of S.
aureus biofilms. Our results present unambiguous
proof that propolis samples from various regions of
Russia have similar antibacterial activities but
drastic differences in anti-biofilm activities. Such
differences are due to the chemical compositions of
propolis samples, stemming from different
geographic locations. In this study, the mechanism
of action of propolis ethanol extracts appears to be
complex and involves the degradation of the
extracellular polymeric matrix, which affected the
architectural and chemical integrity of the biofilm
causing the biofilm to become unable to protect the
bacteria and eventually exposing the bacteria to the
antibacterial agents of the propolis. Our results, as
well as the literature data dealing with chemical
composition cannot point out one individual
substance or a particular chemical class, which
could be responsible for this action. Obviously, in
different samples, different concentrations of
chemicals and/or chemical combinations are
present and affect the anti-biofilm activity. Future
studies involving the linking of chemicals to
particular activities will be conducted.
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Figure 1. Propolis ethanol extracts caused planktonic bacteria death. Bacterial viability (A) and biofilm
formation (B) were determined by MTT and CV staining assays, respectively. Planktonic S. aureus (29213)
bacteria were treated with 0 — 20 ug of the three different samples of propolis extracts for 24 hours. Viable
bacterial numbers and biofilm formation were quantified by measuring absorbance changes in biofilms at
OD570 nm after treatment. Data represents the mean and SD of at least three samples. Fluorescence confocal
microscopy images of planktonic bacteria treated with propolis | ethanol extracts of concentrations 0 ug (Cy); 1
Mg (Cy); 3 ug (Cs); and 5 pg (Cs) were taken. Bacteria were stained with Live/Dead staining Kit. Live bacteria
were stained green and dead bacteria were stained red, respectively. Scale bar = 20.0 um.
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Figure 3. Propolis ethanol extracts caused bacterial death and biomass loss in pre-formed 1-day old S. aureus
(29213) hiofilms grown on 6-well plates, after treatment for 24 hours. Bacterial viability (A) and biomass loss
(B) were determined by MTT and CV staining assays, respectively. Viable bacterial numbers and biomass loss
were quantified by measuring absorbance changes in biofilms at OD570 nm after treatment. Data represents the
mean and SD of at least three samples.
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Figure 4. Propolis ethanol extracts caused bacterial death in pre-formed 1-day old S. aureus (25923 and 43300) biofilms grown on 6-well
plates, after treatment for 24 hours. Bacterial viability (A) along with corresponding Fluorescence confocal microscopy images of propolis |
ethanol extract mediated biofilm inactivation of biofilms grown on PET films. Viable bacterial numbers were quantified by measuring
absorbance changes in biofilms at OD570 nm after treatment. Data represents the mean and SD of at least three samples. Control groups (C),
represent biofilms not exposed to any propolis extracts, while treated groups (T), represent biofilms treated with 20 pg of propolis ethanol
extract for 24 hours. Bacteria in biofilms were stained with Live/Dead staining Kit. Live bacteria were stained green and dead bacteria were

stained red, respectively. Scale bar = 20.0 pum.
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Figure 5. Biofilms were treated with 20 pg of propolis ethanol extracts for 13 hours. Different time points were selected and
bacterial death and biomass loss in pre-formed 1-day old S. aureus (29213) biofilms grown on 6-well plates was monitored.
Bacterial viability (A) and biomass loss (B) were determined by MTT and CV staining assays, respectively. Bacterial
numbers and biomass loss were quantified by measuring absorbance changes in biofilms at OD570 nm after treatment. Data
represents the mean and SD of at least three samples. Fluorescence confocal microscopy images along with corresponding z-
stack images of propolis | ethanol extract mediated biofilm inactivation and biomass removal of S. aureus biofilms grown on
PET films at treatment times of 0 hour (Cy); 3 hours (Cs); and 12 hour (Cy,) time points were taken. Bacteria were stained
with Live/Dead staining kit. Live bacteria were stained green and dead bacteria were stained red, respectively. Scale bar =

20.0 pm.
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Figure 6. Propolis ethanol extracts caused bacterial death and biomass loss in pre-formed 7-day old S. aureus
(29213) biofilms grown on 6-well plates. Bacterial viability (A) and biomass loss (B) were determined by MTT
and CV staining assays, respectively. Bacterial numbers and biomass loss were quantified by measuring
absorbance changes in biofilms at OD570 nm after treatment. Data represents the mean and SD of at least three
samples. Fluorescence confocal microscopy images along with corresponding z-stack images of propolis |
ethanol extract mediated biofilm inactivation and biomass removal of 7-day old S. aureus (29213) biofilms
grown on PET films treated with 0 pg (Co); 20 ug (Cs); and 120 pg (Ciz) of propolis I ethanol extracts were
taken. Bacteria were stained with Live/Dead staining Kit. Live bacteria were stained green and dead bacteria
were stained red, respectively. Scale bar =20.0 um.
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