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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.
Materials and methods. The effect of the following disinfectants has been 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 37ºC 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 lg. The viable bacterial cell counts in BFs reduced by more than 4 lg 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-lg 
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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Аннотация
Введение. Бактерии в биоплёнке (БП) обладают повышенной устойчивостью к антибактериальным аген-
там, в том числе дезинфицирующим веществам (ДВ), однако степень эффекта варьирует в зависимости 
от приложенного воздействия. В связи с этим оценка эффективности основных ДВ в отношении микроор-
ганизмов в БП представляет научный и практический интерес.
Целью исследования было изучение воздействия ДВ различных химических групп на грамположитель-
ные и грамотрицательные бактерии в составе БП.
Материалы и методы. Изучено действие ДВ: алкилдиметилбензиламмония хлорида (АДБАХ), третич-
ного амина (ТА), полигексаметиленгуанидина хлорида (ПГМГ), перекиси водорода (ПВ), хлорамина (ХА), 
натриевой соли дихлоризоциануровой кислоты (Na-ДХЦК), гипохлорита натрия (ГХ), спирта этилового 
(ЭС), глутарового альдегида (ГА)) в отношении Pseudomonas aeruginosa ATCC 15442 и Staphylococcus 
aureus ATCC 6538-P в БП. БП культивировали в 96-луночных планшетах при 37оС в течение 24 ч, затем 
воздействовали на них растворами биоцидов. Эффективность воздействия ДВ оценивали на основании 
регистрации оставшихся жизнеспособных клеток и относительной плотности БП. 
Результаты. Изученные штаммы бактерий образовывали умеренную БП, среднее количество жизнеспо-
собных клеток в БП составило 6,51 ± 0,19 lg. Количество жизнеспособных клеток бактерий в составе БП 
снижалось на 4 lg и более под действием растворов ПВ в концентрации 6%, раствора Na-ДХЦК — 0,1% (по 
активному хлору), ГХ — 1% (по активному хлору), ХА — 1% (по препарату), ПГМГ — 0,05%, ТА — 1,0 %. При 
этом плотность БП снижалась на 70% и более. Растворы АДБАХ в концентрациях 0,1–1,0%, ТА — 0,05%, 
ПВ — 3%, раствор Na-ДХЦК — 0,05% (по активному хлору) обеспечивали снижение жизнеспособных клеток 
в БП на 2 lg. Эффективность воздействия хлорактивных соединений и ПВ повышалась при добавлении 0,5% 
сульфонола. Растворы ГА (0,25–1,00%) и ЭС (40–70%) были неэффективны в отношении микроорганизмов 
в БП. 
Заключение. Для борьбы с микробными плёнками перспективны ДВ из группы окислителей (хлорактив-
ные и кислородсодержащие), ТА и ПГМГ; применение АДБАХ как индивидуального соединения неэффек-
тивно; альдегиды и спирты для разрушения БП и уничтожения в ней микроорганизмов не пригодны. 

Ключевые слова: биоплёнки, биоциды, дезинфицирующие вещества, резистентность микроорганиз-
мов
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Introduction
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 

consisting mainly of polysaccharides, proteins, and 
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 

https://www.sciencedirect.com/topics/engineering/exopolysaccharide
https://www.sciencedirect.com/topics/engineering/exopolysaccharide
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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 6538P 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;

• 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 
μl of bacterial broth cultures were added to the wells of 
the 96-well flat-bottom plates, and the covered plates 
were incubated statically at 37ºC 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 μl 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 μl 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 μl 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 μl 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 
37ºC for 24 hours. 

The reliability of results was achieved by using 6 
wells per 1 test sample and by calculating the average 

https://www.sciencedirect.com/science/article/pii/S2590207523000023#bib9
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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 6538P formed 
BFs with a density of OD580 = 1.50 ± 0.19 after 24 
hours. The average number of viable cells in BFs was 
6.2 ± 0.7 lg.

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 lg (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 

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-P by 46.55 ± 9.45 and 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 lg.

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 

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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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 lg 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 

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.
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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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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. 
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