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Abstract

Introduction. Bacteria in biofilms (BFs) have increased resistance to antibacterial agents, including disinfectants;
however, the efficacy level varies depending on the chosen treatment. Therefore, evaluation of efficacy of main
disinfectants against BF-residing microorganisms is of scientific and practical interest.

The purpose of the study was to explore the effect of disinfectants from various chemical groups on gram-
positive and gram-negative bacteria residing in BFs.

Materialsand methods. The effectofthe followingdisinfectantshasbeen evaluated: alkyldimethylbenzylammonium
chloride (ADBAC), tertiary amine (TA), polyhexamethylene guanidine chloride (PHMG), hydrogen peroxide (HP),
chloramine (CA), dichloroisocyanuric acid sodium salt (Na DCC), sodium hypochlorite (HC), ethyl alcohol (EA),
glutaraldehyde (GA)) against Pseudomonas aeruginosa ATCC 15442 and Staphylococcus aureus ATCC 6538-P
BFs. BFs were grown in 96-well plates at 37°C for 24 hours and then exposed to biocide solutions. The efficacy
of disinfectants was evaluated by the number of remaining viable cells and BF relative density.

Results. The analyzed bacterial strains formed moderate BFs; the average number of viable cells in BFs was
6.51 £ 0.19 Ig. The viable bacterial cell counts in BFs reduced by more than 4 Ig when exposed to HP solutions
at a concentration of 6%, Na DCC solution — 0.1% (by active chlorine), HC — 1% (by active chlorine), CA- 1%
(by product), PHMG — 0.05%, TA — 1.0 %. The BF density decreased by more than 70%. ADBAC solutions at
concentrations of 0.1-1.0%, TA— 0.05%, HP — 3%, Na DCC solution — 0.05% (by active chlorine) caused a 2-Ig
reduction in viable cell counts in BFs. The efficacy of chlorine-active compounds and HP increased when 0.5%
sulfonol was added. GA (0.25-1.00%) and EA (40-70%) solutions were ineffective against BF microorganisms.
Conclusion. A promising potential in combating microbial biofilms is demonstrated by disinfectants from the
group of oxidizing agents (chlorine-active and oxygen-containing), TA and PHMG; using ADBAC as an individual
compound is ineffective; aldehydes and alcohols are unable to destroy BFs and eliminate microorganisms in
them.
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CpaBHuTenbHas oueHka 3¢ PeKTUBHOCTN BO3[ENCTBUA
Ae3NHULMPYIOLWNX BELeCTB HA MMKPOOPraHn3Mbl B OMonnéHke

®epoposa J1.C.*, UnbakoBa A.B.

Haquo-mccnenosaTeanKMM NHCTUTYT CUCTeMHOWM Gronorum n meauumHbl, Mockea, Poccus

AHHOMayus

BBeaeHue. baktepuu B 6uonnéxke (bBIN) obnagatoT NOBbILLEHHOW YCTOWYMBOCTBIO K aHTUGaKTepuanbHbIM areH-
Tam, B TOM 4ucre aesmHduumpyowmum Bellectsam ([B), ogHako cteneHb adpdekTa BapbMpyeT B 3aBUCMMOCTH
OT NPUIOXEHHOro BO3AencTBuA. B cBA3M € 9TnM oueHka adhdpeKTMBHOCTM OCHOBHbLIX [1B B OTHOLLEHWUN MUKPOOP-
raHnamoB B Bl npeactaBnseT Hay4HbIA U NPAKTUYECKUA UHTEpeC.

Llenbro nccnegoBaHus 6bino usdyyeHne Bo3gencTBus [1B pasnuyHbIX XMMUYECKUX TPynn Ha rpamnonoXuTenb-
Hble 1 rpamoTpuuaTensHele 6aktepumn B coctase BIT.

Martepuansi u metoabl. V3yyeHo gencteue [B: ankungnmetun6eHsunammonns xnopuga (AOBAX), Tpetuy-
Horo amuHa (TA), nonurekcameTuneHryaHmamHa xnopuga (MrMr), nepekvcu sogopoaa (MB), xnopamuHa (XA),
HaTpmeBoWn conu guxnopusoumanyposon kucnotel (Na-OXLK), runoxnoputa Hatpus ([X), cnmpta 3TUnosoro
(3C), rnytaposoro anbgernaa (I'A)) B oTHoweHun Pseudomonas aeruginosa ATCC 15442 w Staphylococcus
aureus ATCC 6538-P B BI1. BIN kynstMBnpoBanu B 96-nyHOYHbIX MnaHwertax npu 37°C B TeueHne 24 4, 3atem
BO34EMCTBOBANM Ha HUX pacTBopamu Guounaos. SdeKkTnBHOCTL Bo3aencTanst [1B oueHnBanu Ha ocHoBaHUM
perucTpauuy ocTaBLUNXCS )KM3HECMOCOBHbIX KMETOK U OTHOCUTENbHOM NinoTHocTu BI.

Pesynbratbl. V3yyeHHble wtammbl 6aktepuii 06pa3oBbiBany ymepeHHyto Bl1, cpegHee konmyecTBO Xu3Hecno-
cobHbIX kneTok B Bl coctasuno 6,51 + 0,19 Ig. Konnuectso xm3HecnocobHbix kneTtok b6aktepuin B coctase bl
CHuxanocb Ha 4 Ig n 6onee nog gerictBuemM pacteopos B B koHueHTpaumu 6%, pacteopa Na-AXLK — 0,1% (no
akTuBHoOMy xnopy), M'’X — 1% (no aktnsHomy xnopy), XA — 1% (no npenaparty), MMMIN — 0,05%, TA— 1,0 %. MNpwu
3TOM nnoTHocTb Bl cHukanack Ha 70% wn 6onee. PactBopbl ALBAX B koHueHTpaumsax 0,1-1,0%, TA — 0,05%,
MB — 3%, pacteop Na-OXUK — 0,05% (no akTvBHOMY xriopy) 06ecneumBani CHKEHME XMU3HECNOCOOHBIX KIETOK
B Bl Ha 2 Ig. 3ddpeKkTBHOCTL BO3OENCTBUS XITOPaKTUBHBIX coeauHeHuii v B nosbiwanack npu gobaenexHun 0,5%
cynbdoHona. Pacteopsl A (0,25-1,00%) n 3C (40—70%) 6b1nn HeahdeKTUBHBLI B OTHOLLEHU MUKPOOPraHN3MoB
B BI.

3aknroyeHue. [1nst 60pbObl C MUKPOOHBLIMKU NNEHKaMK NepcnekTuBHbI [B 13 rpynnbl okUcruTenen (XmnopakTme-
Hble n kucnopogcogepxawme), TA n NMIMIT; npumeHenne AJBAX kak MHOMBUAYanNbLHOTO COEANHEHNST Headdek-
TMBHO; anbaernabl 1 cnUpTbl ANs paspyLlenus Bl u yHNYTOXeHUs: B He MUKPOOPraHM3MOB HE MPUroaHbI.

KnroueBble cnoBa: 6uonnéHku, buoyudsl, desuHuyupyrouwue gewecmesa, pe3ucCmMeHMHOCMb MUKPOOP2aHU3-
moe

HNcmoyvHuk gpuHaHcupoeaHusi. ABTOpPbI 3asiBMSAOT 06 OTCYTCTBUM BHELUHETO (hUHAHCUPOBAHWS MPW NPOBEAEHUN UC-
cnenoBaHus.

KoHgbnnukm uHmepecos. ABTOpbI [eKNapupyoT OTCYTCTBUE SIBHbIX M MOTEHUManbHbIX KOH(MMMKTOB UHTEPECOB, CBS-
3aHHbIX C Nybnukauuen HacTosILLEen cTaTbu.

Ansi yumupoeaHus: Pepoposa J1.C., UnbsikoBa A.B. CpaBHuTenbHasi oueHka ahEKTUBHOCTM BO3OENCTBUSA OE3UH-
hVLMpPYIOLLMX BELLECTB HA MUKPOOpPraHu3Mbl B Guonnénke. XKypHan Mukpobuonoauu, anudemuonoauu u UMmMyHobuo-
noeuu. 2023;100(5):302—-309.
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Introduction consisting mainly of polysaccharides, proteins, and

The ability of microorganisms to form biofilms
on almost any surface is a critical problem in health-
care and other areas of human life [1-3]. Biofilms
(BFs) are formed through bacterial adhesion to surfac-
es of objects present in the surrounding environment,
being facilitated by high-humidity conditions [3]. BFs
are composed of a continuous multilayer of bacteri-
al cells attached to the surface and/or to each other,
and embedded in an extracellular polymeric matrix

© depoposa J1.C., Nnbsakosa A.B., 2023

nucleic acids [3-5]. The matrix provides structural
support to BF, stability and protection of BF-residing
microbial cells against dehydration and other adverse
environmental impacts [5—8]. Microorganisms make
up approximately 10% of the BF dry mass, whereas
the matrix can make up 90% [9].

Studies [10—13] have shown that bacteria in BFs
are more resistant to disinfectants than their planktonic
counterparts. Such resistance is mainly caused by the
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poor penetration of chemical compounds (disinfec-
tants) through the extracellular matrix as well as by a
lower metabolic activity and slower bacterial growth
rates in BF [6, 8]. As a result, disinfection treatment
guidelines developed for healthcare settings and em-
ploying planktonic cells are ineffective against BF-re-
siding microorganisms, while no established methods
used for evaluation of efficacy of disinfectants against
BF microorganisms are currently available.

In the meantime, numerous studies have con-
firmed the presence of dry microbial BFs on various
surfaces in healthcare settings [14—16]. Pathogenic mi-
croorganisms within BFs can survive on dry surfaces
for extended periods and are periodically released as
free-living planktonic cells into the environment. BFs,
being a reservoir of pathogenic microorganisms, func-
tion as a source of dispersion of pathogenic bacteria in
the hospital environment [17]. Studies [18-20] have
confirmed the important role of microbial BFs, which
are found on epidemiologically significant items in
healthcare facilities, in the spread and transmission of
nosocomial strains of microorganisms and occurrence
of healthcare associated infections.

Currently, there are no comprehensive systematic
studies on the effect of biocides on microorganisms in
BFs and on the ability of the existing detergent formu-
lations and disinfectants to destroy BFs.

Therefore, the aim of the study was to evaluate
the antimicrobial activity and destructive effect of com-
monly used disinfectants — active chlorine and oxygen
compounds, cationic surface-active agents (SAAs), al-
cohols, and aldehydes — against test microorganisms
Pseudomonas aeruginosa ATCC 15442 and Staphylo-
coccus aureus ATCC 6538-P living in BFs.

Materials and methods
Disinfectants based on cationic SAAs, alcohol,
hydrogen peroxide, and chlorine-based agents are rec-
ommended for disinfection of surfaces in healthcare
facilities. Chemical compounds selected for the study
were the most typical representatives of active ingredi-
ents in disinfectant formulations:

» from the group of cationic SAAs —alkyldi-
methylbenzylammonium chloride (ADBAC) at
concentrations of 0.1-1.0%, polyhexamethylene
guanidine chloride (PHMG) — 0.02-0.05%,
tertiary alkylamine (TA) — 0.1-1.0%;

* from the group of active oxygen — hydrogen
peroxide (HP) at working solution concentra-
tions of 3—6%;

* from the group of active chlorine — chloramine
(CA) at working solution concentrations of
0.5-1.0% by product; dichloroisocyanuric acid
sodium salt (DCCA) — 0.03-0.10% by active
chlorine (AC), sodium hypochlorite (HC) —
0.5-1.0% by AC;

ORIGINAL RESEARCHES

* from the group of alcohols — ethyl alcohol
(EA) — 40-70%;

* from the group of aldehydes — glutaraldehyde
(GA) — 0.25-1.00%.

In disinfection of surfaces, products based on
chlorine and hydrogen peroxide are most often used
with the addition of 0.5% detergent to provide addi-
tional detergent properties. Therefore, we evaluated the
efficacy of chemical compounds of DCCA sodium salt,
HC, and HP with the addition of 0.5% sulfonol, which
is an anionic SAA.

Reference strains from the American Type Cul-
ture Collection (ATCC) — Pseudomonas aeruginosa
ATCC 15442 and Staphylococcus aureus ATCC 6538-
P were used as test microorganisms. These reference
strains are used for evaluation of bactericidal activity
against gram-negative and gram-positive bacteria in ac-
cordance with R 4.2.3676-20 — Methods of laboratory
research and testing of disinfectants to assess their ef-
fectiveness and safety [21].

Bacterial BFs were grown under static conditions
in 96-well flat-bottom polystyrene microtitration plates
according to O'Toole et al. [22]. The overnight cultures
of bacterial strains were adjusted to the 2.0 McFarland
standard and diluted 1 : 100 in a tryptic soy broth. 100
ul of bacterial broth cultures were added to the wells of
the 96-well flat-bottom plates, and the covered plates
were incubated statically at 37°C for 24 hours for BF
formation. Then, the wells of the plates were washed
three times with phosphate-buffered saline to remove
planktonic cells. Then, 100 pl of detergents at different
concentrations were added to the test wells, while the
control wells were filled with normal saline solution
(0.9% NaCl) and left for 30 min; then, 100 pl of a neu-
tralizer containing Tween 80 (3%), saponin (0.3-3.0%),
histidine (0.1%), cysteine (0.1%), sodium thiosulfate
(0.1%) were added.

The efficacy of disinfectants against the formed
BFs was evaluated by measuring the relative optical
density of the crystal violet-stained BF matrix. For this
purpose, 200 pl of 0.1% aqueous solution of crystal vi-
olet was added to the wells and left for 30 min. The
BF biomass was measured by the level of extraction of
the dye with ethanol, which was measured with a TEC-
AN DESKTOP-4A7U9AL\Infinite M Plex microplate
reader at the wavelength of 580 nm in optical density
(OD) units.

To assess the viability of cells in BF, 100 pl of
phosphate-buffered saline was added to the wells and
treated with ultrasound at 37 kHz for 1 min in the Elma
Ultrasonic 30S bath (Elma). The cell viability was as-
sessed by the number of colony forming units (CFUs)
after plating onto solid growth medium (tryptone soy
agar) and by counting CFU/ml after the incubation at
37°C for 24 hours.

The reliability of results was achieved by using 6
wells per 1 test sample and by calculating the average
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optical density of the test sample and the decimal log-
arithm (lg) for CFUs. Then, the average optical densi-
ty of BF eluate and CFU/ml treated with disinfectants
were compared with the untreated control samples.
Comparisons were made using Student's t-test [23].
The obtained results were processed using the MS Ex-
cel statistical software package. The p < 0.05 value was
considered statistically significant.

Disinfectants were considered effective against
test microorganisms in BFs, if viable cell counts in
BFs decreased more than 400 times after the exposure
to disinfectants. If the optical density after exposure
decreased by more than 70% compared to the control
samples, the disinfectants were considered highly ef-
fective, while the decrease by 30-70% implied that they
had moderate efficacy, and the decrease by less than
30% qualified them as low-effective.

Results

The tested cultures of microorganisms P. aerugi-
nosa ATCC 15442 and S. aureus ATCC 6538-P formed
BFs with a density of OD,, = 1.50 + 0.19 after 24
hours. The average number of viable cells in BFs was
6.2+0.71g.

The treatment of the formed BFs with 0.1% and
1.0% ADBAC solutions decreased the BF density com-
pared to the controls (primary BF) by 48.6 + 9.5 and
51.2 + 8.1% (Fig. 1) and reduced the number of viable
cells in BFs by 2 and 3 Ig (Fig. 2), respectively.

The effect of TA solutions on BFs demonstrated a
direct relationship between the increased concentration
of disinfectants and the destruction of the BF matrix.
After the formed BFs had been treated with 0.1% and
1.0% TA solutions, the BF density decreased by 58.2
+ 5.5 and 72.5 + 8.2%, and the number of viable cells
decreased by 3 and 4 lg, respectively.

The treatment of P. aeruginosa ATCC 15442 and
S. aureus ATCC 6538-P BFs with 0.02% and 0.05%
PHMG solutions resulted in a significant decrease in
the BF density — by 78.1 + 9.3 and 87.5 £ 5.9% and

OD 580 nm

OP. aeruginosa ATCC 15442

in a reduction in the number of viable cells by more
than 5 lg.

The treatment with GA solutions at concentrations
of 0.25 and 1.0% caused a slight decrease in the BF
density — by 24.66 = 9.6 and 10.75 + 4.5% and an in-
significant reduction in the number of microorganisms.

Ethyl alcohol at concentrations of 40% and 70%
also had a weak destructive effect on BFs. The increase
in concentrations of ethyl alcohol led to a decrease of
its efficacy. The treatment with 40% ethyl alcohol de-
creased the BF density by 20-25%, while the treatment
with 70% ethyl alcohol resulted in a 10-12.5% decrease
(Fig. 1).

HP working solutions at a concentration of 3% de-
creased the BF density of P. aeruginosa ATCC 15442
and S. aureus ATCC 6538-Pby 46.55+9.45and 54.45+
7.5%, causing a reduction in the number of viable cells
by 2.8 and 3 lg, respectively (Fig. 1, 2). The increase in
HP concentration to 6% resulted in increased efficacy
and reduced the number of viable cells by 4.0—4.5 1g.

The treatment of BFs with active chlorine com-
pounds demonstrated that efficacy depends on the dis-
infectant concentration. The best results were achieved
by using 1.0% chloramine solution (by product), 0.1%
DCCA sodium salt solution (by AC), and 1.0% sodium
hypochlorite solution (by AC) compared to lower con-
centrations of these disinfectants (Fig. 1, 2).

The treatment with working solutions of 3% HP,
0.03% DCCA (by AC), and 0.5% HC (by AC) sup-
plemented with 0.5% sulfonol detergent increased the
antimicrobial effect on BF microorganisms by 40-52%
(Fig. 3).

Discussion

The effect of disinfectant solutions on BFs is not
completely understood. The action of disinfectants is
usually limited to the interaction with the surface layer
of BFs, as the matrix prevents molecules of disinfec-
tants from unrestricted diffusion into the deeper layers.
There is also evidence that some disinfectants can cause

m S. aureus ATCC 6538-P

Fig. 1. Comparative assessment of the effect of disinfectants on the density of the formed BFs of P. aeruginosa ATCC 15442
and S. aureus ATCC 6538-P.
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Fig. 2. Comparative assessment of the effect of disinfectants on the viability of P. aeruginosa ATCC 15442 and S. aureus
ATCC 6538-P cells in BFs.

the opposite effect, leading to BF growth. Such growth
promotion is associated with their destruction of sur-
face structures, thus facilitating the inflow of nutrients
into BFs [10, 11].

The efficacy of commercial disinfectants has
been studied only in relation to planktonic forms of
microorganisms, while the data on their biocidal ac-
tivity against microorganisms growing within BFs are
not available. Although multiple studies address the
combating strategies against BFs, the disinfectants
that could specifically inhibit BF formation and kill
bacteria inside BFs, causing their degradation and
destroying the matrix have not been found so far.
The systemic study of the main disinfectants against
gram-negative and gram-positive microorganisms in
BFs has been conducted for the first time. The study
showed that HP at a concentration of 6%, DCCA so-
dium salt solution at a concentration of 0.1% (by AC),
sodium hypochlorite at a concentration of 1.0% (by
AC), chloramine at a concentration of 1.0% (by prod-
uct), PHMG at a concentration of 0.05%, and TA at a
concentration of 1.0% decrease the number of micro-
organisms in BFs by 4 Ig and more, while the BF den-
sity is decreased by more than 70%. The need to use
biocides from the group of oxidizing agents at higher
concentrations is most likely associated with their par-
tial inactivation by biopolymers in BF surface layers.
The BF matrix restricts the diffusion through the BF
surface to deeper layers and neutralizes some disin-
fectants, providing the resistance of the microbial BF
to the action of these compounds. Since detergents are
added to active chlorine compounds to enhance their
detergent properties, the effects of solutions of these
compounds were studied using 0.5% sulfonol added to
them. It was found that the efficacy of active chlorine

compounds and HP was increased, and, most likely,
this increase is associated with the increased permea-
bility of the BF matrix due to anionic SAA — sulfo-
nol facilitating the diffusion of disinfectants into BFs
due to a reduction in the solution surface tension and,
consequently, the improved wetting of the BF surface.

ADBAC demonstrated the lowest efficacy
against BF bacteria among cationic SAAs, as nega-
tively charged polysaccharides in BFs can bind pos-
itively charged ADBAC molecules, thus protecting
BFs against destruction [24]. On the other hand, some
studies demonstrate the possibility of using quaternary
ammonium compounds for combating microbial BFs,
if their effect is enhanced by synergists or enzymes in
composite agents [25].

TA demonstrated good efficacy at a concentration
of 1%. The TA distinctive feature is the combination of
antimicrobial and detergent properties. The presence of
free amino groups and the tertiary nitrogen atom gener-
ate an alkaline medium, thus contributing to improved
antimicrobial activity [25].

PHMG demonstrated bactericidal benefits com-
pared to ADBAC and TA. The significantly decreased
BF density and pronounced antimicrobial effect prove
that the integrity of the BF structure was significantly
impaired due to the destruction of the polysaccharide
matrix and the impact on bacteria. The mechanism of
this effect has not been uncovered and requires further
research.

Glutaraldehyde (0.25-1.00%) and ethyl alcohol
(40-70%) solutions had a poor effect on BF destruc-
tion and elimination of microorganisms in BFs. Studies
[26] have demonstrated that GA reacts with BF amino
groups, cross-linking long molecules of biopolymers,
thus causing swelling or coagulation of the BF surface
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Fig. 3. Comparative assessment of the effect of disinfectants supplemented with the detergent on the BF density (a)
and viability (b) of P. aeruginosa ATCC 15442 and S. aureus ATCC 6538-P.

layers and preventing further GA diffusion into deeper
layers of microbial BFs. Ethyl alcohol owes its low ef-
ficacy to a fixing effect and poor penetration of alcohol
molecules into protein-rich tissues [27]. Higher alcohol
concentrations caused an increase in the BF density.

Conclusion

In combating microbial BFs, good prospects are
demonstrated by disinfectants from the group of oxi-
dizing agents (active chlorine and oxygen-containing),
TA and PHMG; quaternary ammonium compounds are
not effective if used individually; aldehydes and alco-

hols are of no use for BF destruction and elimination
of BF-residing microorganisms. The method used for
evaluation of efficacy of biocides can be recommended
for studies and assessment of the disinfectant activity
of agents for combating microbial BFs at the stage of
primary selection..
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