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Abstract

Introduction: The number of published biofilm studies and novel ways for studying them has risen dramatically in recent years, ow-
ing to the broad application of biofilms in medicine. Some bacteria develop biofilms that are highly resistant to antimicrobial agents,
resulting in persistent infections. This necessitates the development of alternative methods for combating biofilms. In this regard, the
application of cationic polymers is a good candidate for realization of this strategy.

Aim: The aim of our study was to investigate the potential of a newly synthesized covalently attached star copolymer of N,N’-dimeth-
ylaminoethyl methacrylate and hydroxyl-bearing oligo(ethylene glycol) methacrylate [P(DMAEMA-co-HOEGMA)] to silica surfaces
and its quaternized version [P(QDMAEMA-co-HOEGMA)] for destruction of biofilms formed by Bacillus subtilis or Pseudomonas
aeruginosa.

Materials and methods: Model strains representing different genera and taxonomic groups were selected for the study. The anti-bio-
film activities of two different newly synthesized cationic polymers were investigated by observation (live/dead staining) of the viability
of bacterial cells within the biofilm.

Results: The results obtained by the live/dead labeling of bacterial biofilms show a substantial decrease in the viability of population in
the presence of cationic polymers, better expressed at B. subtilis.

Conclusions: The studied two immobilized on silica wafers newly synthesized star copolymers exhibited potential for anti-biofilm
effects. The results demonstrated combined potential for reducing the viability of bacterial cells within the biofilms and probably for
loosening the biofilm matrix. The effect was better expressed in B. subtilis.

Keywords

biofilm destruction, B. subtilis, P. aeruginosa, star cationic polymers

INTRODUCTION

bacterial cells but by their ability to form structured com-
munities (biofilms) as well. Biofilms are surface-attached
Pathogenic microorganisms resistant to antibiotics and an- ~ communities of bacteria embedded in an extracellular
timicrobial drug therapy are an increasingly serious public ~ matrix.[!! Biofilms formed by large part of bacterial strains
problem. Furthermore, the increase in health problems is  are highly resistant to the action of antimicrobial agents,
caused not only by the antibiotic resistance of free-living  which results in persistent infections and failure in their
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treatment. The bacteria in the biofilm are often more re-
sistant to antibiotics than the same bacteria in plankton
form.[23! The drug tolerance of biofilms is often due to the
presence of tolerant and persistent cells in their communi-
ty.l] These cells can survive during the antibiotic treatment
and recover when antibiotic treatment is discontinued. 1°!
The biofilm formations are a key factor for survival of bac-
teria in diverse environments. However, often biofilms
underlie major problems in medicine, in industry, and ag-
riculture. Hence, finding alternative ways for either preven-
tion or eradication of biofilms as well as searching for new
materials to overcome the biofilm resistance with both in-
dustrial and biomedical applications is necessary. In recent
years, interest in surfaces with antibacterial properties has
significantly increased.

Studies on the potential of novel high-performance
polymeric materials as antimicrobial drug carriers'® or as
a bactericidal polymer on its own!”%! already include inves-
tigations on their possible application in novel anti-biofilm
strategies.[”” Cationic polymers capable of interacting with
the biofilm’s extracellular matrix are of special interest. Se-
ries cationic polymers show sustainable antibacterial activi-
ty!1%11 and to enhance their bactericidal activity functional
amino groups of these polymers are often quaternized.!'>!3!

AIM

The aim of the present study was to evaluate the capacity
of the newly synthesized covalently attached star polymers
of N,N*-dimethylaminoethyl methacrylate (PDMAEMA)
and its quaternized version to destroy biofilms of P. aeru-
ginosa and B. subtilis and to kill the bacteria embedded in
the biofilm.

Reference strains of Pseudomonas aeruginosa (important
opportunistic pathogen, highly resistant to large number
antimicrobials) and Bacillus subtilis (adopted as a model
organism for pathogenic microbes such as Staphylococcus
aureus) were used for the biofilm experiments.

MATERIALS AND METHODS

Microorganisms

The strains Bacillus subtilis 168 (Culture Collection, In-
stitute of Microbiology, Bulgarian Academy of Sciences),
Pseudomonas aeruginosa PAO1 - obtained from the In-
ternational Reference Panel' were used throughout this
study. The cultures were maintained at 4°C on Bacto agar
(Difco) and Tryptic Soy Agar (TSA, Sigma) slants.

Culture medium and growth condition

Inoculum was prepared by transferring the cells from agar
slants in Mueller Hinton Broth (MHB) (HiMedia) and
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grown overnight at 37°C with agitation at 200 rpm.

Bioflim cultivation

Bacterial cells were diluted in MHB to 1.5-3x108 colonies
forming units (CFU/ml). Appropriate dilutions were made
to obtain working solution of approximately 1.5-3x10°
CFU/ml. In one test, under sterile conditions and by dupli-
cate, the samples and the control were placed in Multiwell
Plate, 6 well containing 5 mL of the working solution. The
samples were incubated in temperature-controlled incuba-
tor at 37°C for 24 hours. After 24-hour incubation interval,
the thin films were removed from the specimens with cot-
ton swab and the microbial cells embedded in the biofilm
were suspended in TBS buffer.

Star copolymer nanolayers

Star copolymers of N,N’-dimethylaminoethyl methac-
rylate (DMAEMA) and hydroxyl-bearing oligo(ethylene
glycol) methacrylate (HOEGMA, Mn=360 g/mol) [P(D-
MAEMA-co-HOEGMA)] and its quaternized version
P(QDMAEMA-co-HOEGMA) (quaternized using octyl
bromide) covalently attached to silicon wafers were syn-
thesized in the Centre of Polymer and Carbon Materials,
Polish Academy of Sciences, Zabrze, Poland and were pro-
vided by Dr B. Mendrek.

Fluorescence microscopy

For fluorescence microscopy, a fluorescent dye combina-
tion “live/dead” BacLight Bacterial Viability Kits (Molec-
ular Probes) was applied according to the manufacturer’s
instructions. The Viability kit is composed of green-fluo-
rescent nucleic acid stain (Syto 9) and the red-fluorescent
nucleic acid stain (propidium iodide). Finally, the samples
were dropped on glasses into mounting medium, Fluoro-
mount (Sigma).

Observations were made by means of confocal laser
scanning microscope (CLSM) Nikon Eclipse TiU, at exci-
tation wavelengths of 488 nm and 543 nm by epifluores-
cence mode with 60X oil PlanApo objective. Images were
acquired with a CCD Camera Nikon DS-Fil and twen-
ty-five of them were randomly taken from each sample. The
images were generated and further processed by NIS-ELE-
MENTS software and Image ] program for image analysis.

Viability evaluation by plate count

To evaluate the viability of bacterial cells within the biofilm,
we used the drop-plate technique on agar. After 24-hour
cultivation at 37°C the biofilm was collected with ster-
ile swabs and after dilutions in phosphate-buffered saline
(PBS). 100 pl of treated bacterial suspension was trans-
ferred to Mueller Hinton Agar (MHA) plates in triplicates.
The inoculated plates were incubated at 37°C for 24 hours
and surviving bacterial cells were counted.
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Statistical analysis

The experiments were performed in triplicate and the av-
erage values were calculated. Mean values are given with
standard deviations of <10%. The OriginPro 6.1 was used
for statistical analysis.

RESULTS

Observation of the viability of bacterial
cells within the biofilm

Evaluation of biofilm formation and estimation of the vital-
ity of bacterial cells within biofilms by fluorescence micros-
copy were performed. The observed biofilm in B. subtilis on
P(DMAEMA-co-HOEGMA) star nanolayers was made up
of predominantly dead bacterial cells (Fig. 1A). There were
also single surviving living ones. Dense biofilm monolay-
er of dead cells, without the presence of separate island
formations, was observed in the presence of P(QDMAE-
MA-co-HOEGMA) star nanolayers (Fig. 1B). Relatively
small numbers of single surviving cells were registered. In
contrast to the control (silicon wafer) developed biofilm,

with local accumulations of bacterial cells in intact form
were observed (Fig. 1C). Lack of changes in sporulation
processes and presence of viable spores were also observed
(Fig. 1D).

Data show that in the presence of P(DMAE-
MA-co-HOEGMA) and P(QDMAEMA-co-HOEGMA) star
nanolayers, the cells in B. subtilis biofilm formations are sig-
nificantly interfered. Most of the bacterial cells in the control
biofilm were green, indicating that it consisted mainly of vi-
able bacteria. The presence of P(DMAEMA-co-HOEGMA)
nanolayers and especially of P(QDMAEMA-co-HOEGMA)
nanolayers in the growth media caused predominantly red
coloring of the cells, indicating the death of the predomi-
nant part of the bacterial population.

As also shown by the live/dead staining data, a substan-
tial decrease in viability was registered for the P. aeruginosa
biofilm cells in presence of P(DMAEMA-co-HOEGMA)
nanolayers (Fig. 2A). The biofilm developed in the pres-
ence of P(QDMAEMA-co-HOEGMA) nanolayers also
contains a significantly reduced proportion of viable bacte-
ria, but considerably less than that formed in the presence
of P(DMAEMA-co-HOEGMA) nanolayer (Fig. 2B).

In both treated samples, the presence of dead, islet cell
accumulations was reported. In contrast, in the control sam-
ple, we report both clusters and single viable cells (Fig. 2C).

Figure 1. Estimation of the viability of B. subtilis bacterial cells within the biofilms. Representative fluorescence microscopy images of
B. subtilis biofilms (A to C). (A) P(DMAEMA-co-HOEGMA) nanolayers - predominantly dead, bacterial cells. There are also single,
surviving living ones (green color); (B) P(QDMAEMA-co-HOEGMA) nanolayers - dense biofilm monolayer of dead cells, without the

presence of separate island formations; (C) silicon wafer (control) - enveloped biofilm, with local accumulations of bacterial cells in

intact form; (D) the presence of viable spores colored green (white arrow). Scale bar = 30 um.
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Figure 2. Estimation of the viability of P. aeruginosa bacterial cells within the biofilms. Representative fluorescence microscopy images
of P, aeruginosa biofilms (A to C). (A) P(DMAEMA-co-HOEGMA) nanolayers - presence of dead, islet cell accumulations and surviving
cells; (B) P(QDMAEMA-co-HOEGMA) nanolayers - dead, islet cell accumulations and higher percentage surviving cells; (C) silicon
wafer (control) - clusters and single viable cells typical for biofilm cells communities. Scale bar = 30 um.
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Figure 3. Effects of P(DMAEMA-co-HOEGMA) and P(QDMAEMA-co-HOEGMA) on the viability of bacterial cells within the bio-
films of P. aeruginosa and B. subtilis. The cells viability was determined as described in the Materials and methods section. Control
samples for each strain were accepted as 100 % and the other values were normalized to controls.
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To evaluate the viability of bacterial cells treated with
nanolayers we used the classical agar plating method. As
also shown by the live/dead labeling, the plate count meth-
od verifies a decrease in the viability for the two treated
with star nanolayers B. subtilis biofilms (Fig. 3). The range
of viability was between 15% and 20% of the control val-
ues. Regardless of the number of surviving bacterial cells
reported in P. aeruginosa treated biofilms, the percentage
of those in sample P(QDMAEMA-co-HOEGMA) was
higher within the range of 34% compared to (P(DMAE-
MA-co-HOEGMA) (Fig. 3).

DISCUSSION

Biofilms are microbial communities embedded in an extra-
cellular matrix.*! The matrix can be composed of exopoly-
saccharides, extracellular DNA (eDNA), RNA proteins, ions
(bound or free), and water.!' P aeruginosa has the capacity
to synthesize three exopolysaccharides implicated in biofilm
formation: alginate, Psl,and Pel.!®®) Pel is a positively-charged
chain of amino sugars, and is thought to bind ionically with
extracellular DNA (eDNA) in the biofilm matrix.!!]

In P, aeruginosa (PAOL), Psl is localized to the periphery
of the microcolonies.!'®! Peripherally localized exopoly-
saccharide may be an important general feature of biofilm
microcolonies. Ps] is a neutral, branched polymer, and in-
creasing Psl production increases the elastic modulus of the
biofilm.[17]

Psl and Pel probably cause electrostatic repulsion of the
cationic P(DMAEMA-co-HOEGMA) and P(QDMAE-
MA-co-HOEGMA) stars and thus do not allow serious
damage to the matrix and reach the bacteria embedded in
the biofilm.

The weaker effect of P(QDMAEMA-co-HOEGMA) star
nanolayers is probably due to the increase of positive charge
(quaternary ammonium groups) that does not allow inter-
action with the biofilm extracellular matrix, disintegration
of biofilm, and killing the bacteria within biofilm.

In B. subtilis, the matrix consists primarily of an exo-
polysaccharide (EPS), protein fibers (TasA and TapA), and
a hydrophobin coat (BslA). These components function
synergistically to allow biofilm formation.!'®)

Another component that plays an important role in
biofilm microstructure is the anionic polymer y-poly-
glutamate (y-PGA).['") P(DMAEMA-co-HOEGMA) and
P(QDMAEMA-co-HOEGMA) stars are cationic polymers
and their efficiency may be due to the presence of positive
charges, which allows them contact through electrostatic
interaction not only with the negatively charging com-
ponents of biofilm matrix but with bacterial cell wall too.
Probably, the positively charged P(DMAEMA-co-HOEG-
MA) and P(QDMAEMA-co-HOEGMA) stars bind to the
negatively charged y-PGA and thus allow interaction with
the biofilm extracellular matrix and subsequently exerting
antibacterial action by interaction with the bacterial cell
wall and killing the embedded bacteria.

CONCLUSIONS

The obtained data from our investigation for B. subti-
lis demonstrate the ability of new star copolymer nano-
layers (P(DMAEMA-co-HOEGMA) and P(QDMAE-
MA-co-HOEGMA) to reduce the biofilm bacteria viability
probably by destroying the extracellular matrix. The posi-
tively charged star polymer layers interact with the acidic
moieties of the biofilm matrix thus partially solubilizing its
structure and killing the embedded bacteria. Therefore, the
polymers possess biofilm-eradicating properties which are
no less important than preventing biofilm formation. Fi-
nally, the results suggested for their possible practical use
for successfully reduction in the viability of the biofilm cells
formed by Gram (+) bacteria.

In the case of P. aeruginosa, there was insufficient viabil-
ity reduction in the biofilm cells. Regardless the presence
of dead islet cell accumulations, the high percentage of
surviving bacterial cells was reported especially for P(QD-
MAEMA-co-HOEGMA) star nanolayers. Moreover, the
surviving cells could restore the development of the biofilm
in the absence of the cationic polymer layers.

However, we do not exclude their possible practical ap-
plication in the destruction of formed biofilms by other
Gram (-) strains.
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Pe3tome

BBepeHune: KomryecTBo omy6/IMKOBaHHBIX MCCIEIOBAHMIT OMOIVIEHOK M HOBBIX CIIOCOOOB MX M3YYeHVs Pe3KO BO3POCIIO B IOC/IEN-
HJie TOfbl 6Tarofiaps IMPOKOMY IIPMMeHEHMIO 6OIUIEHOK B MepuuuHe. HekoTopele 6akTepuy 06pasyioT 6MOIUIEHKY, 06/mafaioniye
BBICOKOJI YCTOYMBOCTBIO K IIPOTMBOMUKPOOHBIM IpenapaTaM, 4TO IPUBOSUT K IEPCUCTUPYIOIMM MHEKIMAM. DTO BBI3BIBAET
HeoOXOMMOCTb Pa3pabOTKN a/IbTePHATUBHBIX METOJOB 60PBObBI ¢ OMOIIEHKAMM. B CBA3M ¢ 9TMM IpMMeHeHVe KaTHOHHBIX ITO/IIMe-
POB ABJIAETCSA YAYHBIM IIPEJIOKEHMEM /1A Peann3alii 3TOi CTpaTernim.

Lienb: Ienpro Hamrero mcciefoBaHust ObUIO M3ydeHNe NMOTEHIMANA HEJABHO CUHTE3MPOBAHHOTO KOBAJIEHTHO CBS3AHHOTO 3BE3[O-
o6pasuoro comonumepa N,N‘-IMMeTIIAMIHOSTHIMETAKPIIATa 1 TUAPOKCUICOREPIKAIEro OMUTrO(3THUIEHIIMKOIb)METaKpIIa-
ta [P(DMAEMA-co-HOEGMA)] ¢ AMOKCHMIOM KpeMHUsl ITOBEPXHOCTeNl 1 ero KBarepHusoBaHHbI Bapuant [P(QDMAEMA-co-
HOEGMA)] pna paspyuenus 6MomiéHok, obpasosannbix Bacillus subtilis wnu Pseudomonas aeruginosa.

Matepuanbl n meToAbl: [ nccnenoBanys 6bIM 0TOOPaHbI MOZIEIbHbIE LITAMMBI, IIPEACTAB/IAIONIE Pa3HbIe PObI M TAKCOHOMIYe-
CKue Ipymbl. AHTHOMOIUIEHOUHYIO aKTUBHOCTD ABYX PA3/NNYHBIX HEJABHO CYHTE3VPOBAHHBIX KaTMOHHBIX IIO/IMIMEPOB UCCIeNOBAIIN
myTéM HabmogeHnsa (KuBoe/MEPTBOE OKPAILIBaHIe) 3 KI3HECIIOCOOHOCTHIO GaKTepHalIbHBIX KJIETOK BHY TP OMOIUIEHKIL.

Pe3ynbrartbl: PesymbraThl, HOTy4eHHbIe METOIOM OKPAIIMBAHNA )XMUBBIX/ MEPTBBIX 6aKTepHMaIbHBIX OMOIIEHOK, TOKAa3bIBAIOT CyIIie-
CTBEHHOE CHIJDKEHe )XM3HECIIOCOOHOCTY TTONY/IALMN B IIPYCYTCTBUM KaTMOHHBIX IIOJIVIMEPOB, /TyYllle BhIpakeHHoe y B. subtilis.

3aknoyeHne: [Isa nsyueHHbIX HefABHO CHHTe3MPOBAHHBIX 3BE3[[UAThIX COLO/IVMEPa, NMMOOUIN30BaHHBIX Ha KPeMHe3eMHBIX IIIa-
CTHMHAX, IPOfIEMOHCTPIPOBA/IN IIOTEHIMAN L1 aHTUOMOIUIEHOYHOTO BO3[ENCTBISL. PesynbTaTsl MpOXEeMOHCTPUPOBAI KOMOUHN-
POBAHHBIII MTOTEHIMA /I CHIDKEHMS SKI3HECIIOCOOHOCTI GaKTepuaIbHbIX KIETOK B OMOIUIEHKAX ¥, BEPOSATHO, A/ OCTabIeHNs
Matpukca 6uomnénku. D¢ ekt 61 Tydle BeIpaxkeH y B. subtilis.

KnwoueBble cnoBa

mecTpyKuus 6Mornénku, B. subtilis, P. aeruginosa, 3Be3gyaTble KATUOHHbIE IIOTMMEPbI
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