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Abstract
Introduction In the management of osteomyelitis, one of the first and important stages is the treatment 
of  wounds with antiseptics and disinfectants. However, there are conflicting opinions in the literature 
about their effectiveness against biofilms formed by bacteria. It indicates the need to study the structure 
and functioning of biofilms formed by leading pathogens in chronic osteomyelitis, monitoring their sensitivity 
to antiseptics drugs.
Purpose To evaluate the bactericidal activity of hydrogen peroxide and alcohol-based skin antiseptic against 
biofilms formed by S. aureus strains isolated from patients with chronic osteomyelitis.
Materials and methods Biofilms of S. aureus bacteria were grown in 96-well plates and on coverslips 
for  24  hours. Twenty-four hour old biofilms were treated with disinfectants according to the developed 
protocol. The effect of antiseptics and disinfectants on monospecies biofilms of S. aureus was assessed visually 
and quantitatively on glass coverslips using an Axio Lab. A1 microscope (Carl Zeiss, Germany) and an ELx808 
photometer (BioTek, USA) at a wavelength of 630 nm. All experiments were repeated four times.
Results Disks impregnated with 3 % Н2О2 or 6 % H2O2 skin antiseptics had a bactericidal effect against all 
clinical isolates studied. S. aureus strains formed biofilms with varying intensity on the surface of coverslips 
and in 96-well plates. Impregnation with 3 % or 6 % hydrogen peroxide decreased the intensity of MSSA 
biofilm formation by 1.2 times compared to control values and of MRSA by 1.5 times. The application of a 
skin antiseptic to 24-hour old biofilms did not lead to a significant decrease in the level of biofilm formation. 
Biofilms in the groups differed in structure and morphology.
Discussion The varying activity of disinfectants against monospecies biofilms depends on their type 
and concentration. Low concentrations of H2O2 disrupt cell membranes, oxidize DNA, and destabilize enzymes 
and proteins. Sublethal concentrations of H2O2 can lead to the emergence of cells with the small colony variant 
(SCV) phenotype due to increased mutation rates and subsequent replication, which will facilitate the survival 
of the pathogen in body tissues.
Conclusion Hydrogen peroxide at a concentration of 3 % and 6 % suppresses the activity of biofilm formation 
by clinical strains of S. aureus and MRSA, but does not completely remove them from the abiotic surface, 
which indicates the bacteriostatic nature of the action of the disinfectant. The skin antiseptic is not effective 
against the biofilm form of bacteria, but can have a bactericidal effect on single adhered cells around which 
the exopolysaccharide matrix has not formed yet.
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INTRODUCTION

Osteomyelitis accounts for 10% of all purulent inflammatory diseases, with a recurrence rate 
of  10 to  40 %  [1, 2]. Staphylococcus aureus bacteria are among the pathogens most frequently 
isolated from wound discharge in chronic osteomyelitis. They are usually found as part of a biofilm 
characterized by high heterogeneity of cells with an altered phenotype resulting from their reduced 
proliferative and metabolic activity [3, 4]. It is known that the virulence and pathogenicity of all 
pathogens increases in the biofilm [5, 6]. The biofilm matrix is capable of retaining and inactivating 
antibiotics  [6, 7]. One of the ways to increase the effectiveness of antibiotic therapy is their 
simultaneous use with drugs that act on the structure of the biofilm (enzymes, phages, various 
disinfectants), the activity of which can be aimed at suppressing the adhesion of bacteria 
to the surface, blocking the synthesis or destruction of the polymer matrix, disrupting intercellular 
information exchange, etc. [8–10].

Various methods have been developed to prevent the formation and control of biofilms, including 
their physical removal and wound irrigation with disinfectant solutions [11]. In clinical practice, 
hydrogen peroxide- and alcohol-based disinfectants are traditionally used for wound treatment 
in most cases. Antimicrobial disinfectants are also used to treat surfaces and medical equipment 
to prevent the transmission of pathogens to patients [12–14].

In the management of osteomyelitis, one of the first and most important steps is wound treatment 
with antiseptics and disinfectants. However, the literature contains conflicting opinions regarding 
their effectiveness against bacterial biofilms [12–15]. This indicates the need to study the structure 
and function of the biofilms formed by the leading pathogens causing chronic osteomyelitis and 
monitor their sensitivity to antiseptics.

Purpose To evaluate the bactericidal activity of hydrogen peroxide and alcohol-based skin antiseptic 
against biofilms formed by S. aureus strains isolated from patients with chronic osteomyelitis.

MATERIAL AND METHODS

The object of the study was clinical isolates of Staphylococcus aureus (n = 38), including 
methicillin‑resistant staphylococci (MRSA, n = 12), isolated from wounds and fistulas during surgery 
in patients with chronic osteomyelitis.

Bacteria were isolated using standard microbiological methods. Species identification was 
performed using a BactoScreen bacteriological analyzer, which includes a MALDI mass spectrometer 
and  BactoScreen-ID software for microorganism management, analysis, and identification. 
The reference strain S. aureus 25923 from the American Type Culture Collection (ATCC) was used 
as a control.

To evaluate the bactericidal activity of disinfectants and of a skin antiseptic against the isolated 
clinical strains, a disk diffusion method was used. Working suspensions of 24-hour S. aureus 
bacterial cultures grown on a dense indicator medium (DIM) at 37 °C were prepared by directly 
suspending pure culture colonies in a sterile isotonic solution. The suspension density corresponded 
to a turbidity standard of 0.5 according to McFarland. Sterile disks made of technical filter cardboard 
(GOST 6722-75), soaked in 1–3 % or 2–6 % H2O2 solutions and skin antiseptic (SA), were placed 
on  the  surface of a lawn obtained from a bacterial culture suspension on Muhler-Hinton agar. 
The dishes were incubated at a temperature of (35 ± 1) °C for 24 hours. To assess the effectiveness 
of each disinfectant, the diameter of the microbial inhibition zone around the discs was measured. 
Each test was repeated three times, and the results were averaged.
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Biofilms formed by S. aureus bacteria were grown in 96-well plates and on coverslips for 24 hours. 
The  24-hour old biofilms were treated with disinfectants according to a previously developed 
protocol [9] and placed in an incubator for 24 hours (48 hours of experiment). 

The experiment had four series:

— Series 1: determination of biofilm forming ability (BA) of clinical isolates S. aureus without 
applicayopn of antiseptics (control group);

— Series 2: BA determination under the effect of 3 % H2O2;

— Series 3: BA determination under the effect of 6 % H2O2;

— Series 4: BA determination under the effect of a skin alcohol-based antiseptic (60 % 2-propanol, 
10 % 1-propanol).

Sterile meat-peptone broth (MPB) was used to control the quality of the study.

The effect of antiseptics and disinfectants on monospecies S. aureus biofilms was assessed visually 
on coverslips using an Axio Lab.A1 microscope (Carl Zeiss, Germany) and quantitatively using 
an ELx808 photometer (BioTek, USA) at a wavelength of 630 nm. All experiments were performed 
in  quadruplicate. Biofilm formation activity was characterized as high (OD630 > 0.360), medium 
(0.180 < OD630 ≤ 0.360), weak (0.090 < OD630 ≤ 0.180), and no activity (OD630 < 0.090).

Using the modular software ZEN (Carl Zeiss, Germany) and the ImageJ software (USA), we digitalized 
the fields of view with the biofilm formed on the surface of the cover glass, measured the area of the field 
of view, the number and area occupied by single adherent cells (SAC) and microcolonies (MC).

Gnumeric 1.12.17 was used to process and statistically analyze the obtained results. Digital data 
are presented as median (Me) and quartiles (Q25–Q75). The nonparametric Wilcoxon test was used 
to determine differences between the groups. Differences were considered significant at p < 0.05.

The study was conducted at the Federal State Budgetary Institution Ilizarov National Medical Research 
Center of Traumatology and Orthopedics of the Russian Ministry of Health at  the  Microbiology 
Laboratory and the Department of Preclinical and Laboratory Research.

RESULTS

Discs impregnated with 3 % H2O2 or 6 % H2O2 and skin antiseptic 
had a bactericidal effect against all clinically isolated strains of 
S. aureus. A considerable zone of their growth inhibition was noted 
for hydrogen peroxide (Fig. 1). The diameter of the inhibition zone 
aganst bacterial growth of S. aureus depended on the disinfection 
agent and was (45 ± 3) mm for  3 % H2O2; (47 ± 2) mm for  6 % 
H2O2; and (35 ± 3) mm for skin antiseptic.

The biofilm formation activity of methicillin-susceptible S. aureus 
isolates (MSSA) in the control series was 0.351 (0.311; 0.359) 
optical density units, while that of methicillin-resistant isolates 
was 0.275 (0.258; 0.290) (p = 0.044) optical density units, which 
corresponded to the average level of biofilm formation. Addition 
of 3 % and 6 % hydrogen peroxide decreased the intensity of biofilm 

Fig. 1 Bactericidal effects 
of 1 — 3 % H2O2, 2 — 6 % H2O2 
and 3 — skin antiseptic 
on clinical strains of S. aureus

formation in MSSA by 1.2 times compared to the control values (p = 0.04 and p = 0.04), and in MRSA by 
1.5 times (p = 0.033 and p = 0.027). In the fourth series of the experiment, the skin antiseptic added to 
the 24-hour old biofilms did not lead to a significant decrease in the level of biofilm formation (Fig. 2).
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All clinical isolates formed biofilms on the coverslip surface with varying intensity. Treatment 
of  the 24-hour biofilm formed by S. aureus strains with 3 % and 6 % hydrogen peroxide resulted 
in a significant change in the MC proportion per unit area of the visual field compared to the control 
and the SA group. Alcohol-based skin antiseptic was less effective against microcolonies (Fig. 3).

Fig. 2 Biofilm formation of MSSA and MRSA and its 
dependence on the disinfection agent after 48 hours

Fig. 3 Area occupied by MC S. aureus and MRSA 
on the surface of coverslip after 48 hours

Biofilms in the groups differed in structure and morphology. In the control group, after exposure 
to 3 % H2O2 and SA, most of the coverslip surface was occupied by microcolonies larger than 1000 μm2; 
after treatment with 6 % H2O2, their proportion was two to six times smaller. In the control group, 
the  biofilm on the coverslip surface was represented by large MCs with smaller MCs located 
between them, as well as a large number of OAC. After treatment with 3 % H2O2, the biofilm 
acquired the appearance of a network with lumpy, cloud-like, large MCs having an altered dye color. 
After treatment with 6 % H2O2, MCs smaller in size than 1000 μm2 predominated on the coverslip 
surface. SA, like hydrogen peroxide, changed the dye color; the biofilm was represented by large, 
coarse, lumpy structures (Fig. 4).

Fig. 4 Images of fields of view of the biofilm formed by clinical strains of  S. aureus and MRSA on the coverslip 
surface: (a) S. aureus; (b) S. aureus + 3 % H2O2; (c) S. aureus + 6 % H2O2; (d) S. aureus + SA; (e) MRSA; (f) MRSA + 3 % 
H2O2; (g) MRSA + 6 % H2O2; (h) MRSA + SA. Light microscopy. Magnification ×400. Staining with carbolic solution 
of gentian violet

The amount of SAC depended on the concentration and type of antiseptic. Treatment with 6 % 
hydrogen peroxide and SA significantly reduced the amount of SAC on the surface of the coverslip 
compared to the control (p = 0.045; p = 0.0014) (Fig. 5).
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Fig. 5 Number of SACs of S. aureus 
and MRSA on the coverslip surface 
after 48 hours

Biofilm formation on the surface of the coverslip by resistant strains differed significantly. 
The  average area and number of MRSA MCs in the control group did not differ significantly 
from  the  corresponding indicators of sensitive staphylococci, but differences in the biofilm 
structure were observed. In the biofilms formed by MRSA, MCs ranging in size from 10 to 10,000 μm2 
predominated, while in sensitive staphylococci the proportion of such MCs was two times smaller. 
Exposure of MRSA biofilm to 3 % H2O2 led to an insignificant increase in the number and proportion 
in  the  field of view of MCs and SAC compared to the control group and significant differences 
from MSSA (p = 0.0000003 and p = 0.000000004) (Fig. 3).

Treatment of MRSA biofilm with 6 % H2O2 resulted in a decrease in the area occupied by MCs 
on the coverslip surface compared to the control group (p = 0.042) and was significantly higher than 
that of MSSA. MCs up to 100 µm2 in size predominated in the biofilm structure; their proportion was 
twice that of the MSSA biofilm.

As in the case of sensitive staphylococci, SA was ineffective against MRSA MCs (Fig. 3).

The morphology of MRSA biofilms differed from that of MSSA. In the control group and after hydrogen 
peroxide treatment, they were more uniform and flat, with individual fields of view completely filled 
with networked MCs. After SA treatment, up to 40 % of the coverslip surface was occupied by large 
MCs measuring over 10,000 µm2 (Fig. 4).

In the control series, the number of MRSA SACs was 2.3 times higher than that of MSSA. 
After exposure to 6 % H2O2 and SA, a significant decrease in SACs by 1.7 and 3.4 times was observed 
as compared to the control. The number of MRSA and MSSA SACs after SA treatment did not differ 
(Fig. 5).

DISCUSSION

Biofilm is one of the ways in which microorganisms adapt to the impact of physical and chemical 
environment [5, 6, 16]. It is known that bacteria in the biofilm state are tolerant to disinfectants 
and antiseptics [8, 10]. In clinical practice, various biocides, including hydrogen peroxide, are often 
used for the cleaning and treatment of chronic wounds. There are few studies on the effect of H2O2 
on chronic wound healing. It is known that hydrogen peroxide can induce natural inflammatory 
responses in the cells and stimulate wound healing, while its effect is dose-dependent [17]. Low 
concentrations of H2O2 destroy cell membranes, oxidize DNA, destabilize enzymes and proteins, 
quickly oxidizing to the hydroxyl radical (OH), which contributes to oxidative stress [14]. Exposure 
of S. aureus to sublethal concentrations of H2O2 can result in the emergence of cells with the small 
colony variant (SCV) phenotype due to an increased mutation rate and subsequent replication, which 
facilitate the survival of the pathogen in host tissues [18]. Several studies have shown a reduced 
susceptibility of biofilms to H2O2 compared to planktonic bacterial cells [19]. According to another 
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study, H2O2 can remove both the matrix of S. aureus biofilms and a viable bacterial mass [20]. Bacterial 
cells in the surface layer of the biofilm produce many enzymes, including catalase, peroxidase, 
glutathione reductase, and superoxide dismutase, which can break down H2O2. It has been shown 
that H2O2 is not able to effectively penetrate mature biofilms, as its destruction occurs in the surface 
layer, preventing effective diffusion of the disinfectant into the inner layers [21]. A common enzyme 
produced by bacteria is catalase. The decomposition of H2O2 due to catalase production may be 
the reason for the need for high concentrations and longer contact times of Н2О2 with the surface 
as an antibiofilm agent [16].

We compared the effects of disinfectant solutions (3 % and 6 % H2O2, alcohol-based antiseptic) 
on monospecies biofilms formed by clinical strains of MSSA and MRSA. Our results demonstrate 
that  the  different activities of disinfectants against monospecies biofilms depend on their type 
and concentration. Hydrogen peroxide and alcohol-based antiseptic did not exhibit bactericidal 
properties against biofilms but inhibited their formation. Thus, after treating the biofilms formed 
by S. aureus strains with 3 % or 6 % hydrogen peroxide, film-forming activity significantly reduced, 
as confirmed by the results of a study on polystyrene plates and a significant reduction in the area 
occupied by MC on the surface of a coverslip, compared to the control group. Similar results were 
obtained when treating MRSA biofilms with 6 % hydrogen peroxide.

After exposure of MRSA biofilm to 3 % hydrogen peroxide, the area occupied by MCs increases; 
irrigating wounds with 3 % H2O2, proteins, nucleic acids, and lipids of healthy cells are oxidized, 
which can slow down wound healing [17]. It is known that oxidative stress can induce the formation 
of a biofilm that is tolerant to antibiotics, and this suggests that antiseptics can reduce the effectiveness 
of drugs used for treatment, which in turn requires an increase in the concentration of the solution 
to enhance the antibacterial effect [22].

Our results are consistent with in vitro studies that show that hydrogen peroxide reduces S. aureus 
biofilm volume without exerting a bactericidal effect [22, 23].

Exposure to 6 % hydrogen peroxide significantly reduced the number of SACs of the clinical strains 
studied. Conversely, treatment with 3 % hydrogen peroxide resulted in an increase in the number 
of SACs of MRSA.

According to literature data, the S. aureus biofilm has a higher tolerance to antiseptics compared 
to planktonic bacteria [15, 24, 25].

An alcohol-based skin antiseptic was ineffective against biofilm MCs. The effect of the alcohol-
based antiseptic on MRSA MCs increased their surface area on the coverslip. A more pronounced 
effect of the antiseptic was observed against S. aureus and MRSA strains.

Alcohols are known to have a broad spectrum of antimicrobial activity against bacteria, 
fungi, and  viruses. The mechanism of their action is unknown, but it is believed to be related 
to the denaturation of membrane and enzymatic proteins. Ethanol and isopropanol (2-propanol) are 
commonly used as components in alcohol-based antiseptics [26, 27]. The effectiveness of alcohol-
containing antiseptics depends on its concentration. The recommended alcohol concentration 
is usually 60–95 %. In this range, the alcohol interacts with functional proteins and inactivates 
them. Alcohol concentration of 60–75 % denatures proteins, while higher concentrations (> 95 %) 
cause coagulation of membrane proteins, which prevents alcohol from entering the cell [28]. Low 
concentration alcohols, which are used as disinfectants, have been shown to promote the formation 
of biofilms by some bacteria (S. epidermidis) and increase their resistance to disinfection [29].
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According to the data obtained, the biofilms that are formed by clinical strains of S. aureus 
and MRSA have a higher tolerance to hydrogen peroxide and antiseptics compared to single adhered 
cells, which may be due to the absence of a complete matrix around them.

CONCLUSION 

Hydrogen peroxide at concentrations of 3 % or 6 % inhibits biofilm formation by clinical strains 
of S. aureus and MRSA, but does not completely remove them from abiotic surfaces, indicating 
the disinfectant bacteriostatic action. Skin antiseptics are ineffective against biofilm-forming 
bacteria, but they may have a bactericidal effect on single adhered cells that have not formed 
an exopolysaccharide matrix around them yet.
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