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Abstract
This study evaluated the effect of low-molecular weight chitosan on Staphylococcus epidermidis, a common colonizer of 
joint implants and other prosthetic devices. We have also attempted to elucidate its mechanism of action. Chitosan was found 
to be effective against both the planktonic and biofilm cells (MIC80 35–40 mg/L; MBIC80 40–150 mg/L), in contrast to the 
antibiotics erythromycin and tetracycline with no antibiofilm activity (MBIC80 not found). In combination, chitosan had an 
additive effect with antibiotics on suspension growth of S. epidermidis (FICi 0.7–1.0), and the combinatory action caused 
a complete inhibition of biofilm metabolic activity in some cases. In addition, chitosan caused rapid cellular damage and 
enhanced antihaemolytic activity of tetracycline in combination towards S. epidermidis biofilm cells. Chitosan efficiently 
inhibited S. epidermidis growth acting via cell membrane damage, yet the extent of antimicrobial and antibiofilm activities 
was quite strain-specific. It was proved to be a very efficient antimicrobial agent worth further examination as a potent can-
didate in pharmaceutical research. Apart from antimicrobial activity, it also acted as antivirulence enhancing agent which 
is a very promising strategy for alternative infectious diseases treatment.

Introduction

Staphylococcus epidermidis nowadays represents one of 
the most clinically relevant opportunistic pathogens (Singh 
et al. 2010). It is also responsible for a wide spectrum of 
symptoms and diseases mostly related to biofilm forma-
tion (Amorena et al. 1999; Jarraud et al. 2002; Males et al. 
1975). Staphylococcus epidermidis belongs to the most 
commonly isolated microorganisms from colonized medi-
cal devices which are often infected when in contact with 
human skin, where this species naturally occurs as part of 
human skin microbiome (Montanaro et al. 2011). However, 
the ability of this species to form biofilm on such devices 
poses a significant problem in medicine of prosthetic 
devices, especially in orthopaedics (artificial joint implants 
and prosthetics), urology (urinary catheters) and cardiol-
ogy (venous catheters, prosthetic heart valves) (Cobrado 

et al. 2013). Biofilm formation is responsible for more than 
70% of overall microbial infections in humans, and there 
are a comprehensive number of studies concerned with its 
medical impact (Costerton et al. 1999; Davey and O’Toole 
2000; Ehrlich et al. 2010; Fux et al. 2005; Hall-Stoodley 
and Stoodley 2009; Mah and O’Toole 2001). Biofilm con-
sists of microbial cells firmly attached to each other and to 
the colonized surface. The cells within it are enveloped in 
a self-produced extracellular matrix, which enables them 
to efficiently evade host immune system and to withstand 
high concentrations of possible antibiotic treatment (Branda 
et al. 2005). Since the antibiotics often fail to cure bio-
film-related infections due to increased endurance of these 
cells and the inability to penetrate the complex structure 
of biofilm, the acquired microbial resistance towards these 
antimicrobial agents is even more likely to be developed 
in such environment than in planktonic cells (Livermore 
2000; Mah and O’Toole 2001). The resistance of microbes 
towards various groups of antibiotics complicates the treat-
ment of infectious diseases and puts a great pressure on 
the development of novel drugs. Beside conventional anti-
biotics used for the treatment of such infections, there are 
several novel approaches to regulate these pathogens. Such 
approach might include the targeting of specific components 
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of biofilm to promote the penetration of other drugs (Anderl 
et al. 2000; Singh et al. 2010). Another possible option is 
to specifically target the microbial virulence and inhibit it, 
therefore diminishing the ability of the pathogen to infect 
the host in the first place and to further promote the host 
resistance in the case of already developed illness (Barczak 
and Hung 2009; Baron 2010; Barretti et al. 2009; Haynes 
2001; Johnson and Abramovitch 2017; Males et al. 1975). 
Another way to regulate biofilm-related infections might 
be the use of naturally occurring substances with a strik-
ingly different mode of action than those of the currently 
used antibiotics and other drugs, which would be less liable 
to lead to the development of microbial resistance (Adrian 
et al. 2000; Bandeira et al. 2018; Cerovsky 2014; Cobrado 
et al. 2013; Kolouchová et al. 2018; Mikstacka et al. 2010). 
Such compounds are often capable of acting in synergy with 
the antibiotics, thus overcoming the microbial resistance 
and decreasing the effective concentration of antibiotics to 
be used (Anderl et al. 2000; Ishak et al. 2016; Maťátková 
et al. 2017; Monzon et al. 2001). The importance of such 
dose decrement would benefit the patient, since there would 
not be the need to, for example, take multiple doses or to 
withstand unpleasant negative effects due to high doses of 
many antibiotics (nephrotoxicity, gastrointestinal problems, 
etc.).

Here, we focused on the effect of low-molecular weight 
chitosan (LMWCH) compared to two commercial antibiot-
ics erythromycin (ERM) and tetracycline (TET) used for the 
treatment of staphylococcal infections. Chitosans are polysac-
charides consisting of semi-acylated glucosamine monomers 
(Devlieghere et al. 2004). They are produced by partial dea-
cetylation of chitin, which is obtained from crustaceans. They 
are relatively cheap to obtain, which makes them promising 
compounds for the research. Chitosan can be produced also 
biotechnologically, since it is a component of the cell wall of 
some fungi and the production by Aspergillus niger might 
be possible (Muslim et al. 2018). Chitosans are known to be 
effective against both gram-positive and gram-negative bac-
teria, yeast and even fungi as mentioned in a comprehensive 
reviews by Kumar (2000) and Goy et al. (2009), but the extent 
of their antimicrobial activity is dependent on their chemical 
and physical properties, mainly their molecular weight and 
deacetylation degree. They are also applicable in a plastic 
industry as a degradable plastic and as a possible carrier for 
other compounds used for various purposes (both industrial 
and medical) (Kumirska et al. 2011; Pillai et al. 2009; Wang 
et al. 2005). Generally, there are three proposed mechanisms of 
antimicrobial effect of chitosan (Goy et al. 2009; Raafat et al. 
2008). It might act via electrostatic interaction of amino groups 
with a negatively charged cellular surface, which can eventu-
ally lead to cell surface damage or alteration in its function. 
Another possible mechanism of chitosan action lies in its ability 
to chelate ions (Pillai et al. 2009; Rinaudo 2006). Cytoplasmic  

membrane of microorganisms is often stabilized by Ca2+ and 
Mg2+ ions, which can be chelated by chitosan, thus weaken-
ing the cytoplasmic membrane rigidity. The last proposed 
mode of action is said to involve its ability to penetrate to cell 
nucleus, bind to negatively charged nucleic acids and inhibit 
DNA replication and transcription (Rabea et al. 2003). The 
last-mentioned mechanism is very controversial since chitosan 
is usually a very large molecule which would hardly penetrate 
the cell core entirely (Dmitriev et al. 2004). We have focused on 
its effect specifically on the growth of S. epidermidis and have 
evaluated whether it can act synergistically in combination with 
antibiotics, which would be otherwise ineffective against this 
pathogen. In connection to the above mechanisms of action, we 
have also attempted to evaluate LMWCH mechanism of action 
against studied microorganism and how it could possibly affect 
its combinatory effect with antibiotics and whether it would, 
alone or combined with antibiotics, somehow affect the haemo-
lytic activity of this species.

Materials and methods

Antimicrobial agents

Commercially available low-molecular weight (50–75 kDa) 
partially deacylated (96%) chitosan (LMWCH) was provided 
by Sigma-Aldrich (Czech Republic). The stock solution was 
prepared by sonication (15 min) of LMWCH in 99% (v/v) 
acetic acid, which was then diluted in a growth medium to 
a final concentration of 1% acetic acid. The prepared solu-
tion was sonicated again until LMWCH was fully dissolved 
(30–45 min). Erythromycin (ERM) and tetracycline (TET) 
were acquired from Sigma-Aldrich (Czech Republic). The 
stock solutions of the antibiotics were prepared by dissolving 
the substance in the growth medium. All agents were studied 
in a final concentration range of 0.5–400 mg/L.

Microorganisms

Three collection strains and one clinical isolate of Staphylococ-
cus epidermidis were studied. Staphylococcus epidermidis DBM 
3179 was kindly provided by Department of Biochemistry and 
Microbiology, UCT Prague, Czech Republic. A type strain S. epi- 
dermidis ATCC 14990 was acquired from Czech National Col-
lection of Type Cultures (Prague, Czech Republic). An elastase-
positive strain S. epidermidis CCM 2343 was obtained from 
Czech Collection of Microorganisms (Brno, Czech Republic). 
Lastly, the clinical isolate of S. epidermidis, named M-1, was 
isolated from artificial knee implant infection from a patient 
in Motol University Hospital in Prague, Czech Republic. All 
microorganisms were stored in 50% (v/v) glycerol at − 70 °C. 
The microorganisms were precultured in TSB medium (Tryptone 
Soya Broth, Oxoid, UK) for 24 h at 37 °C and 150 rpm.
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Cultivation of planktonic cells

The precultured inoculum optical density was adjusted to 
OD600nm = (0.100 ± 0.010) (approximately 1 × 107 CFU mL−1) 
and added into polystyrene microtitre plate wells (Honeycomb 
2, Growth Curves, USA) in a volume of 30 µL. The rest of 
well volume was completed with either stock solution of anti-
microbial agents or/and growth medium to a final volume of 
320 µL. The cultivation took place in the automatic microc-
ultivation device Bioscreen C (Labsystems, Finland) for 24 h 
at 37 °C. The minimum inhibitory concentration (MIC80) was 
determined as the lowest concentration of the antimicrobial 
agent which has already caused 80% decrease of suspension 
growth of the microorganism after 24 h of cultivation in com-
parison to the growth of cells without the antimicrobial agent 
(Vaňková et al. 2020a, b). The experiments were carried out 
in triplicates in three independent repetitions.

The antimicrobial effect of the antibiotics in combi-
nation with LMWCH was also studied. For the purpose, 
fractional inhibitory concentration index (FICi) was used 
according to Maťátková et al. (2017). This index determines 
whether the effect of a combination on suspension growth 
of microorganism is synergistic (FICi = 0.1–0.5), additive 
(FICi = 0.5–1.0), indifferent (FICi = 1.0–3.0) or antagonis-
tic (FICi < 4.0). The value of FICi can be calculated from 
the following equation: FICi = FICA + FICB = cA (comb.)/
MIC80,A + cB (comb.)/MIC80,B. According to this formula, 
FICi is a summation of FICA and FICB, which are fractional 
inhibitory concentrations for substance A or substance B 
in the combination. FIC is a ratio of the lowest effective 
concentration of the substance A or B in combination 
cA(comb.) and cB(comb.), and a minimum inhibitory con-
centration of these substances when acting alone against 
this microorganism (MIC80,A and MIC80,B). In this study, 
cA(comb.) and cB(comb) are the concentrations of each sub-
stance in the combination which has caused at least 80% 
decrease in suspension growth.

Cultivation of biofilm cells

The optical density of precultured inoculum was adjusted to 
OD600nm = (0.800 ± 0.020) (approximately 1 × 108 CFU/mL) 
and added into a 96-well polystyrene microtitre plate (TPP, 
Switzerland) in a volume of 210 µL. The rest of the well 
volume was completed with antimicrobial agent and growth 
medium to a final volume of 280 µL. The substances were 
added alone or in their combination.

The experiments evaluating the antibiofilm effect of 
antibiotics in combination with LMWCH were carried out 
according to Mishra and Wang (2017). The additions of 
LMWCH were derived from approximate average MIC80 of 
LMWCH for all S. epidermidis strains, which were added in 
combination with antibiotics. The LMWCH concentrations 

used were 33 mg/L, 50 mg/L and 66 mg/L. The antibiot-
ics were studied in a range of concentrations from 5 to 
100 mg/L. The cells were cultured for 24 h at 37 °C and 
150 rpm. The experiments were executed in quadruplicates 
in three independent repetitions.

For the purpose of enzymatic activity determination, 
the biofilm was cultured in 24-well microtitre plates (TPP, 
Switzerland). The adjusted inoculum (OD600nm = 0.800) was 
added into each well in a volume of 1 mL. The well was 
filled to a final volume of 1100 µL with stock solution of the 
antimicrobial agent and medium. The cultivation took place 
under the same conditions as mentioned above. The experi-
ments were executed in quadruplicates in three independent 
repetitions.

Determination of antibiofilm effect of antimicrobial 
agents

Metabolic activity of cells in biofilm

The formed biofilm was rinsed with sterile phosphate buffer 
saline (PBS, pH 7.4). The metabolic activity of cells in the 
biofilm was evaluated using MTT viability assay modified 
according to Riss et al. (2013). In short, 50 µL of MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide; Across Organics Belgium) at a concentration of 1 g/L 
(dissolved in PBS and filtered across 0.22-µm filter (EDM 
Millipore, USA)) and 60 µL of d-glucose at a concentra-
tion of 57.4 g/L (dissolved in PBS) was added into each 
well containing biofilm. The biofilm was then incubated for 
1–3 h (depending on the colour change of the samples) at 
37 °C and 150 rpm. The formed crystals of formazan were 
dissolved by adding 100 μL of formazan dissolving solu-
tion into each well. The solution comprised of 40% (v/v) 
dimethylformamide (Carl Roth, Germany) dissolved in 2% 
acetic acid (Penta, Czech Republic) (diluted in PBS) and 
16% (w/v) sodium dodecylsulphate (Carl Roth, Germany). 
The biofilm was incubated for another 30 min at 230 rpm. 
An absorbance of 100 µL aliquot from each well was meas-
ured at 570 nm.

Minimum biofilm inhibitory concentration (MBIC80) 
was determined as the lowest concentration of each antimi-
crobial substance, which has lowered the metabolic activity 
of cells in biofilm by 80% in comparison to control (cells 
without any antimicrobial agent) after 24 h of cultivation. 
A similar approach was used also in the case of a combi-
nation study, where the main aim was to determine any 
combination, which would result in at least 80% inhibition 
of metabolic activity of biofilm cells in comparison to con-
trol (rel. 100%) after 24 h of cultivation. All experiments 
were carried out in quadruplicates in three independent 
repetitions.
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Crystal violet staining

The biofilm biomass content was evaluated by crystal violet 
staining according to Kvasničková et al. (2016). Briefly, the 
rinsed biofilm grown in wells of 96-well plate was stained 
with 200 µL of filtered 0.1% aqueous solution of crystal 
violet (Carl Roth, Germany) for 20 min at room temperature. 
After staining, the liquid content of the wells was poured 
away, and the excess dye was removed by rinsing the biofilm 
with sterile saline. For the extraction of dye bound in the 
biofilm, 200 µL of 96% ethanol was poured into each well, 
and the extraction lasted 10 min at room temperature. An 
absorbance of 100 µL aliquot from each well was measured 
at 580 nm. The results are depicted in relative percentage 
(control samples represent 100%). All experiments were car-
ried out in quadruplicates in three independent repetitions.

Alcian blue staining

The content of mucous exopolysaccharides in biofilm was 
evaluated by alcian blue staining modified according to sev-
eral studies (Jordan et al. 1998; Knudsen et al. 1999; Semedo 
et al. 2015; Thornton et al. 2007) and described in Vaňková 
et al. (2020a, b). Briefly, the rinsed biofilm grown in wells of 
96-well plate was stained with 200 µL of filtered 1% solution 
of alcian blue 8GX (Sigma-Aldrich, Czech Republic) in 1% 
acetic acid for 20 min at room temperature. After staining, 
the liquid content of the wells was poured away, and the 
excess dye was removed by rinsing the biofilm with sterile 
saline. For the extraction of dye bound in the biofilm, 200 µL 
of 50% ethanol was poured into each well, and the extraction 
lasted 10 min at room temperature. An absorbance of 100 
µL aliquot from each well was measured at 620 nm. The 
results are depicted in relative percentage (control samples 
represent 100%). All experiments were carried out in quad-
ruplicates in three independent repetitions.

Propidium iodide uptake

The membrane permeabilization activity was evaluated 
using propidium iodide (PI) uptake according to Nešuta 
et al. (2016) with a slight modification as mentioned in our 
previous work Kašparová et al. (2021). The biofilm of S. 
epidermidis DBM 3179 was cultured as described above 
but in black microtitre plates (black 96-well Microplate, 
F-BOTTOM (chimney well), Greiner Bio-One Interna-
tional GmbH, Austria) in the presence of LMWCH in a 
concentration range of 1–200 mg/L for 1, 2, 4, 8 and 24 h. 
The biofilm was rinsed twice with PBS. For the evalu-
ation of permeabilization activity, 200 µL of 5 mg/L PI 
was added to the wells containing biofilm. After 5 min of 
incubation at room temperature in the dark, the fluores-
cence intensity of PI was measured by Infinite M200 Pro 

Reader (Tecan, Austria) at excitation/emission wavelength 
of 544/620 nm. The experiment contained also blank wells 
containing only PBS and PI, which later served for the 
measurement of background intensity signal, which was 
subtracted from fluorescence intensity values of the sam-
ples. All experiments were performed in quadruplicates in 
three independent repetitions.

Scanning electron microscopy

The biofilm formation of S. epidermidis DBM 3179 was 
visualized on medical grade silicone urinary catheters 
(All Silicone Foley Catheter, Well Lead Medical, China) 
by NanoSEM 450 (Fei, USA) microscope according to the 
procedure described in Vaňková et al. (2020a, b). For the 
purpose of cultivation and visualization, the catheters were 
aseptically cut into 1-cm long pieces and put into microtubes 
containing 1 mL of adjusted inoculum (OD600nm = 0.8) and 
100 µL of growth media with or without antimicrobial agent. 
The cultivation of catheters was carried out for 24 h at 37 °C 
and 150 rpm. The colonized catheters were gently rinsed 
with distilled water and dried out completely by laminar flow 
and put into desiccator for 1 week before visualization. The 
dried colonized catheters were examined by SEM working 
at 10 kV at low vacuum by LVD detector at a magnification 
of 2500 × , spot size 5.0 and dwell time of 20 µs.

Haemolysis assay

The haemolytic activity of biofilm cells was evaluated 
according to Bandeira et al. (2018). The suspension above 
biofilm cultured in a 24-well microtitre plate was harvested 
by centrifugation (10,000 × g, 10 min, RT). The superna-
tant in a volume of 1 mL was incubated with 100 µL of 
5% (v/v) defibrinated sheep blood (LabMediaServis, Czech 
Republic) diluted in TSB medium for 90 min at 37 °C. The 
positive control (100% haemolysis) comprised 1 mL of 2% 
(v/v) solution of SDS dissolved in TSB medium with 100 
µL of diluted blood. The negative control (0% haemolysis) 
was 1 mL of TSB medium with 100 µL of diluted blood. 
The absorbance of the 100 µL aliquot of supernatant was 
measured at 540 nm, and the haemolytic activity was calcu-
lated from linear regression. The experiments were carried 
out in 4 parallels.

Statistical analysis

The distant results were identified and omitted according to 
Dixon’s Q Test. The arithmetic mean and standard devia-
tion were calculated from colorimetric data. The significance 
of results was evaluated by one-way analysis of variance 
(ANOVA) with a significance level p < 0.05.
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Results

Effect of LMWCH and antibiotics on suspension 
growth of S. epidermidis

The antimicrobial susceptibility of S. epidermidis was 
evaluated by determining minimum inhibitory concentra-
tions (MIC80) for each substance tested. ERM was the most 
efficient against planktonic cells of all studied strains with 
MIC80 ranging from 0.25 to 0.75 mg/L (Table 1). In contrast, 
TET had various effects on planktonic cells of S. epider-
midis. It was quite effective against the strain S. epidermidis  
CCM 2343 (MIC80 = 20 mg/L) (Table 2). The clinical isolate 
M-1 was the least susceptible, with MIC80 of TET 100 mg/L. 
The MIC80 values of LMWCH for S. epidermidis were 
between those for the two studied antibiotics, ranging from 
35 to 40 mg/L (Tables 1 and 2). The influence of LMWCH 
in combination with ERM on suspension growth of S. epi-
dermidis was rather ineffective (Table 1). Additive effects 
of the combinations were found only in case of the strains 
S. epidermidis ATCC 14990 and the clinical isolate M-1. 
The other two strains were not effectively inhibited by any  
combination. In the case of S. epidermidis ATCC 14990, 
the combination of 3.5 mg/L (10% MIC80) of LMWCH  
with 0.45 mg/L (60% MIC80) of ERM resulted in 0.7 value 
of FICi indicating an additive action of such combination. 
Similarly, an additive action was also found for LMWCH 
combined with ERM against the clinical isolate M-1. In this 

case, 16 mg/L (40% MIC80) of LMWCH was combined with 
0.025 mg/L (10% of MIC80) of ERM resulting also in 0.7 
of FICi.

In the case of TET in combination with LMWCH, addi-
tive effects were found for all studied strains (Table 2). The 
most effective combination was found against S. epidermidis 
DBM 3179 resulting in the lowest FICi value of 0.7 indicat-
ing an additive action of such combination. The LMWCH 
(3.5 mg/L, 10% MIC80) was in this case combined with 
39 mg/L of TET (60% MIC80). In the case of S. epidermidis 
ATCC 14,990 and the clinical isolate M-1, the most effective 
combinations resulted in FICi with value of 0.8, i.e. acting 
also additively.

Effect of LMWCH and antibiotics on biofilm 
metabolic activity of S. epidermidis

Although ERM was very effective against planktonic cells 
of S. epidermidis, it was found to be completely ineffective 
against the biofilm cells. The minimum biofilm inhibitory 
concentrations (MBIC80) for observed strains were not deter-
mined in a studied range of concentrations (1–400 mg/L of 
ERM) (Table 3). A similar trend was observed also for TET. 
Only in the case of S. epidermidis CCM 2343, the MBIC80 
was determined for 350 mg/L TET. In contrast to both anti-
biotics, LMWCH maintained its activity even against meta-
bolic activity of biofilm cells with MBIC80 ranging between 
40 and 200 mg/L.

Table 1   Effect of chitosan (LMWCH) and erythromycin (ERM) 
alone and in combination on planktonic cells of S. epidermidis after 
24  h of cultivation (TSB, 37  °C, 150  rpm). The blank table cells 
mean the effective combination was not found, and thus, the agents 

had indifferent combinatory effect. MIC80—minimum inhibitory con-
centration (80%), c (comb.)—concentration of antimicrobial agent in 
combination, FICi—fractional inhibitory concentration index

LMWCH (mg/L) ERM (mg/L)

Strain MIC80 c (comb.) MIC80 c (comb.) FICi Combinatory effect

DBM 3179 35 0.75 Indifferent
ATCC 14990 35 3.5 0.75 0.45 0.7 Additive
CCM 2343 35 0.50 Indifferent
M-1 40 16 0.25 0.025 0.7 Additive

Table 2   Effect of chitosan (LMWCH) and tetracycline (TET) alone 
and in combination on planktonic cells of S. epidermidis after 24 h 
of cultivation (TSB, 37  °C, 150  rpm). MIC80—minimum inhibitory 

concentration (80%), c (comb.)—concentration of antimicrobial agent 
in combination, FICi—fractional inhibitory concentration index

LMWCH (mg/L) TET (mg/L)

Strain MIC80 c (comb.) MIC80 c (comb.) FICi Combinatory effect

DBM 3179 35 3.5 65 39 0.7 Additive
ATCC 14990 35 7 35 21 0.8 Additive
CCM 2343 35 28 20 4 1.0 Additive
M-1 40 8 100 60 0.8 Additive
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Effect of LMWCH on metabolic activity, total biofilm 
biomass and mucous exopolysaccharide content 
in S. epidermidis biofilm

To elucidate the antibiofilm action of LMWCH, we stud-
ied its effect on various aspects of biofilm formation of S. 
epidermidis DBM 3179 (Fig. 1). Metabolic activity of bio-
film cells decreased significantly in a dose-dependent man-
ner. LMWCH at a concentration of 40 mg/L caused more 
than 80% inhibition and this concentration was determined 
as MBIC80 for this strain as mentioned above (p = 0.021; 
Table  3). Although metabolic activity of biofilm cells 
decreased rapidly with low LMWCH concentrations, the 
biofilm biomass increased its content up to 242% in the case 
of treatment with 40 mg/L LMWCH. The content of mucous 
polysaccharides, one of the components of S. epidermidis 
biofilm, was not significantly altered by the treatment with 
1–80 mg/L of LMWCH (p < 0.05). Higher concentrations of 

LMWCH (150–200 mg/L) resulted in a decrement of both 
total biofilm biomass and the content of mucous exopolysac-
charides (p < 0.05). LMWCH at a concentration of 200 mg/L 
caused a complete inhibition of metabolic activity of bio-
film cells and decreased total biofilm biomass and content 
of mucous polysaccharides by 50% and 40%, respectively.

Membrane damage and disruption S. epidermidis 
biofilm cells by LMWCH

To further examine the effect of LMWCH on biofilm cells 
of S. epidermidis, the membrane damage of biofilm cells 
due to treatment with it was evaluated using propidium 
iodide (PI) uptake assay, as depicted in Fig. 2. The treat-
ment of biofilm cells with even very low concentrations of 
LMWCH (1–20 mg/L) led to slight membrane damage in 
whole course of cultivation (Fig. 2A). As the concentration 
tested increased (40–100 mg/L) so did fluorescence intensity 

Table 3   Effect of chitosan (LMWCH), erythromycin (ERM) and tetra-
cycline (TET) on metabolic activity S. epidermidis biofilm cells after 
24 h of cultivation (37 °C, 150 rpm). MBIC80,CHIT—minimum biofilm 

inhibitory concentration of LMWCH (80%), MBIC80,ERM—minimum 
biofilm inhibitory concentration of ERM (80%), MBIC80,TET—mini-
mum biofilm inhibitory concentration of TET (80%)

* Not detected at the highest tested concentration

Strain MBIC80,LMWCH (mg/L) MBIC80,ERM (mg/L) MBIC80,TET (mg/L)

DBM 3179 40 400* 400*

ATCC 14990 95 400* 400*

CCM 2343 200 400* 350
M-1 150 400* 400*

Fig. 1   Effect of chitosan (LMWCH) on metabolic activity of biofilm 
cells, content of mucous polysaccharides and total biofilm biomass of 
S. epidermidis DBM 3179 (24 h, 37 °C, 150 rpm). Black bars—meta-
bolic activity of biofilm cells, grey bars—content of mucous polysac-

charides, white bars—total biofilm biomass; y-axis depicts results of 
all assays in relative percentage (control represents 100%), error bars 
represent standard deviation
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indicating a higher extent of cellular damage in the biofilm 
treated for 24 h (Fig. 2B). As described previously, there was 
a significant increment of total biofilm biomass of biofilm 
cells of S. epidermidis DBM 3179 as opposed to its meta-
bolic activity when treated with 40 mg/L. Such concentra-
tion also caused a further increase in fluorescence intensity 
of PI indicating a great cellular damage leading probably 
to cell lysis and rapid viability decrease in biofilm cells. 
The less notable increment in total biofilm biomass might 
indicate that the cell damage caused by 80 mg/L LMWCH 
was less tolerated, yet the cells still attempted to “hide them-
selves” inside the biofilm (Fig. 2B). LMWCH at a concentra-
tion of 100 mg/L caused the PI signal to reach its maximum 
reflecting a great damage caused by such concentration. As 
mentioned above, such concentration completely inhibited 
the metabolic activity of biofilm cells. The increased con-
centration of LMWCH (200 mg/L) resulted in a decreased 
PI fluorescence signal in comparison to 100 mg/L probably 
due to a smaller portion of cells still able to attach to surface 
and form biofilm (Fig. 2B).

Effect of LMWCH in combination with antibiotics 
on biofilm metabolic activity of S. epidermidis

The effect of LMWCH in combination with ERM on stud-
ied strains of S. epidermidis was largely strain-dependent, 
as can be seen in Fig. 3. Staphylococcus epidermidis DBM 
3179 was not particularly inhibited by the ERM alone, but 
in the presence of 5 mg/L of this antibiotic combined with 
33 mg/L of LMWCH, the metabolic activity of biofilm 
cells was inhibited by 18% in comparison with control 

(p < 0.05; Fig. 3A). Additionally, ERM at a concentra-
tion of 10 mg/L combined with 50 mg/L LMWCH and 
at 5 mg/L combined with 66 mg/L LMWCH caused an 
almost complete (˃ 95%) reduction in metabolic activity 
of biofilm cells (p = 0.0001). The higher concentrations of 
LMWCH caused complete reduction of metabolic activity 
of this strain biofilm cells. In the case of S. epidermidis 
ATCC 14990 (Fig. 3B), there was a significant decrease in 
metabolic activity when ERM was combined with 50 and 
66 mg/L of LMWCH (p < 0.05). There was no promising 
activity of ERM combinations with LMWCH in case of 
S. epidermidis CCM 2343 (Fig. 3C) and clinical isolate 
M-1 (Fig. 3D).

LMWCH in combination with TET was shown to be more 
promising than with ERM, as can be seen in Fig. 4. Simi-
larly, S. epidermidis DBM 3179 was susceptible towards the 
combinations of TET with LMWCH (Fig. 4A). An effec-
tive combination resulting in 90% inhibition of metabolic 
activity was observed when 10 mg/L of TET was combined 
with 50 mg/L of LMWCH. The addition of 66 mg/L of 
LMWCH to every concentration of TET also resulted in a 
significant decrease of metabolic activity (more than 90% 
inhibition; p = 0.003). In the case of this particular strain, 
the experiments with combinations of TET with 50 and 
66 mg/L LMWCH were carried out to confirm the lack of 
any antagonistic effect of such combinations and to further 
promote complete inhibition of metabolic activity of biofilm 
cells, since the MBIC80 of LMWCH alone was 40 mg/L. TET 
combined with LMWCH was very effective on biofilm cells 
of S. epidermidis CCM 2343 (Fig. 4C). The greatest decrease 
of metabolic activity (90%) was observed when biofilm cells 

Fig. 2   Disruption of Staphylococcus epidermidis DBM 3179 bio-
film cells by chitosan (LMWCH) cultured for 1–24  h measured as 
fluorescence intensity of uptaken propidium iodide (PI) (TSB, 37 °C, 
150 rpm). A Kinetics of biofilm cells disruption measured for 24 h; 
white □—untreated biofilm cells, biofilm cells cultured in pres-
ence of 1 mg/L LMWCH (black ), 2 mg/L LMWCH (dark grey 
), 4 mg/L LMWCH (light grey ), biofilm cells cultured in presence 

of 8  mg/L LMWCH (black ), 20  mg/L LMWCH (dark grey ), 
40 mg/L LMWCH (light grey ), biofilm cells cultured in presence 
of 80  mg/L LMWCH (black ), 100  mg/L LMWCH (dark grey ), 
200 mg/L LMWCH (light grey ). B Effects of LMWCH concentra-
tion on biofilm cells disruption after 24 h treatment with LMWCH, 
error bars represent standard deviations
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were grown in the presence of 100 mg/L TET with 50 mg/L 
LMWCH (p = 0.003). In the case of S. epidermidis ATCC 
14990 (Fig. 4B) and the clinical isolate M-1 (Fig. 4D), how-
ever, no promising combinatory action was determined.

Visualization of S. epidermidis biofilm formed 
on silicone catheters by SEM

The biofilm of S. epidermidis DBM 3179 formed on medi-
cal grade silicone catheters in the presence of studied anti-
microbial agents was visualized by SEM (Fig. 5). When 
this strain was cultivated without the antimicrobial agents, 
it formed a slightly less compact biofilm in comparison 
with other strains (visualizations performed in previous 
study (Kašparová et al. 2021) with apparent clusters of cells 
enveloped in extracellular matrix (Fig. 5A). The treatment 
with 33 mg/L of LMWCH resulted in weakened adhesion of 
cells and formation of isolated microcolonies, as is appar-
ent in Fig. 5B. ERM (5 mg/L) inhibited biofilm formation 
of S. epidermidis cells, which attached in smaller colonies 
(Fig. 5C). A combination of 5 mg/L ERM with 33 mg/L 
LMWCH however suppressed the biofilm formation 

completely, with only a small ratio of solitary adhered cells 
apparent (Fig. 5D). In the case of 5 mg/L TET, the biofilm 
formation was mostly unaffected, as can be seen in Fig. 5E. 
In the case of its combination with 33 mg/L LMWCH, the 
treatment resulted in a complete suppression of biofilm for-
mation, with only a few individual cells still attached to the 
silicone catheter surface (Fig. 5F). When combined with 
LMWCH, both antibiotics completely prevented the colo-
nization of catheters.

Effect of LMWCH alone and in combination 
with antibiotics on the haemolytic activity of S. 
epidermidis biofilm cells

The effect of LMWCH alone and in combination with anti-
biotics on the haemolytic activity of S. epidermidis biofilm 
cells was observed (Table 4). The untreated biofilm cells 
of three S. epidermidis strains (DBM 3179, CCM 2343 
and clinical isolate M-1) displayed approximately 50% 
haemolytic activity in comparison with positive control 
(2% SDS; 100%). The type strain of S. epidermidis (ATCC 
14990) interestingly possessed particularly lower haemolytic 

Fig. 3   Combined effect of erythromycin (ERM) with chitosan 
(LMWCH) on metabolic activity of S. epidermidis biofilm cells 
(24  h, 37  °C, 150  rpm). A DBM 3179, B ATCC 14990, C CCM 

2343, D clinical isolate M-1. X-axis and Z-axis depict concentrations 
of ERM and LMWCH, respectively. Y-axis depicts metabolic activity 
of cells in biofilm in relative percentage (control is always 100%)
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activity (25%). The treatment with 33 mg/L of LMWCH 
did not result in a significant change of haemolysis by S. 
epidermidis biofilm cells in case of all strains. ERM and 
TET on the other hand mostly decreased it with an exception 
of the effect of ERM (5 mg/L) in the case of S. epidermidis 
ATCC 14990 and S. epidermidis CCM 2343. In the case 
of S. epidermidis DBM 3179, the combination of ERM or 
TET with LMWCH resulted in an even greater inhibition 
of haemolytic activity of biofilm cells of this strain. On the 
contrary, ERM in combination with LMWCH manifested 
a rather antagonistic effect on haemolytic activity of bio-
film cells in the case of all strains except for S. epidermidis 
DBM 3179. In the case of TET combined with LMWCH, 
the results consistently showed synergistic antihaemolytic 
action of such combination.

Discussion

The great spread of antimicrobial resistance among patho-
gens provided an impetus for the search for novel antimi-
crobial compounds or alternative antimicrobial approaches 

for treatment of infectious diseases. Among other strate-
gies, science turns to naturally occurring compounds as a 
possible source of new substances for antimicrobial drug 
development. One such compound is chitosan, which, due 
to its antimicrobial potential, origin and cheap manufactur-
ing cost seems very promising. It had already been a sub-
ject of a large number of studies dealing with its use as a 
potent antimicrobial agent (Asli et al. 2017; Begin and Van 
Calsteren 1999; Carlson et al. 2008; Cobrado et al. 2012; 
Costa et al. 2017; Goy et al. 2009). Although its activity 
is thus documented, the extent of antimicrobial efficacy of 
chitosan is variable.

Chitosans generally are substances with various physi-
cal and chemical properties, with variable molecular 
weight, viscosity or percentage of deacetylation (Kong 
et al. 2010). Chitosans might also be derivatized with 
ammonium to a quaternized form or to chitosans contain-
ing carboxymethyl functions (Kong et al. 2010; Rabea 
et al. 2003; Shagdarova et al. 2016; Tam et al. 2015; Tan 
et al. 2013). All these parameters can affect the antimi-
crobial activity of all chitosan derivatives, and each stud-
ied type of chitosan has to be properly described in every 

Fig. 4   Combined effect of tetracycline (TET) with chitosan 
(LMWCH) on metabolic activity of S. epidermidis biofilm cells 
(24  h, 37  °C, 150  rpm). A DBM 3179, B ATCC 14990, C CCM 

2343, D clinical isolate M-1. X-axis and Z axis depict concentrations 
of TET and LMWCH, respectively. Y-axis depicts metabolic activity 
of cells in biofilm in relative percentage (control is always 100%)
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study for better comparison and inclusion of all the impor-
tant aspects. Apart from its potency as antimicrobial agent, 
chitosan is frequently studied as a carrier for other anti-
microbial substances either in the form of nanoparticles 
or as a coating of materials binding in its structure other 
antimicrobial agents (Goy et al. 2009). Such protective 
films propose an elegant way to prevent any pathogen from 
colonizing medical devices like catheters or joint implants 
(Begin and Van Calsteren 1999; Carlson et al. 2008; Costa 
et al. 2017; Dutta et al. 2009; Hayder et al. 2018; Lin 
et al. 2016; Mantripragada and Jayasuriya 2016; Peng 
et al. 2015; Piras et al. 2015; Shi et al. 2006; Tan et al. 

2014). In each type of such formulations, the antimicrobial 
efficacy of chitosan alone differs from its use in solution, 
which was the main topic of our work.

Here, we have dealt with low-molecular weight 
(50–75 kDa) 92% deacetylated LMWCH which was effec-
tive against planktonic growth and biofilm formation of S. 
epidermidis including its potential antivirulence effect on 
haemolytic activity of the cells. LMWCH maintained its 
antimicrobial activity in relatively low concentrations even 
against biofilm metabolic activity of S. epidermidis in con-
trast to the antibiotics ERM and TET, which affected the 
metabolic activity of biofilm cells only partially (MBIC80 of 

Fig. 5   SEM micrographs 
depicting the biofilm of S. 
epidermidis DBM 3179 formed 
on silicone catheters when 
cultured alone and in pres-
ence of erythromycin (ERM), 
tetracycline (TET), chitosan 
(LMWCH) or their combina-
tions in growth medium (24 h, 
37 °C, 150 rpm). A Cells grown 
without any antimicrobial agent, 
B cells grown in presence of 
33 mg/L LMWCH, C cells 
grown in presence of 5 mg/L 
ERM, D cells grown in presence 
of 5 mg/L ERM and 33 mg/L 
LMWCH, E cells grown in 
presence of 5 mg/L TET, F cells 
grown in presence of 5 mg/L 
TET and 33 mg/L LMWCH. 
Parameters of image taking: low 
vacuum, LVD detector, 10 kV, 
magnification 2500 × , spot 
size 5, dwell time 20 µs, scale 
bar = 30 µm

Table 4   Effect of chitosan 
(LMWCH, 33 mg/L), 
erythromycin (ERM, 5 mg/L) 
and tetracycline (TET, 5 mg/L) 
alone and in combination on 
haemolysis of defibrinated 
sheep blood by biofilm cells of 
S. epidermidis 

Strain Haemolysis (%)

Control LMWCH ERM ERM + LMWCH TET TET + LMWCH

DBM 3179 48.7 55.7 31.5 25.6 21.0 17.5
ATCC 14990 25.6 25.7 29.9 31.5 20.5 18.4
CCM 2343 52.4 51.0 57.5 63.0 18.6 9.6
M-1 55.7 48.5 35.3 48.8 28.5 15.9
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LMWCH ranged from 40 to 200 mg/L whereas antibiotics 
failed to cause any inhibition of biofilm metabolic activ-
ity even in 400 mg/L). Although the efficacy of LMWCH 
was proven, the strains varied in their susceptibility greatly, 
which was given by their origin as mentioned in materi-
als and methods section. The work included distinct strains 
with variable ability to form biofilm to cover all aspects of 
the studied species for better generalization of the overall 
LMWCH effect. Even though there were some differences 
in each strain response, interestingly, chitosan concentrations 
routinely used in the literature are in g/l, which is in a strict 
contrast with our study that proved LMWCH effective in 
much lower concentrations.

LMWCH was very effective since it caused significant 
inhibition of planktonic growth in distinctively lower con-
centrations than those used in the literature (Asli et al. 2017; 
Raafat et al. 2008; Rubini et al. 2018). Tavaria et al. (2013) 
determined MIC100 of LMWCH at 1250 mg/L for S. epider-
midis, which is many times more than in our study (MIC80 
ranged between 35 and 40 mg/L for all studied strains). Asli 
et al. (2017) and Rubini et al. (2018) evaluated the effect 
of LMWCH on Staphylococcus aureus, a species related to 
S. epidermidis, and determined MIC100 at 1000 mg/L, and 
between 200 and 600 mg/L, respectively. Raafat et al. (2008) 
however determined MIC80 for the same species at 23 mg/L, 
and two other studies also reported MIC80 for S. aureus at 
identical 20 mg/L (Liu et al. 2001; Raafat et al. 2008; Rabea 
et al. 2003). Cobrado et al. (2012) studied LMWCH and 
used it against S. epidermidis. They determined its MIC100 at 
160 mg/L. It might have been due to different strains studied, 
but still, the determined MIC100 was considerably higher 
than in our study. The authors however observed great activ-
ity of chitosan against biofilm formation of S. epidermidis, 
with 78 mg/L of chitosan decreasing metabolic activity of 
biofilm cells by 80% (Cobrado et al. 2012). Correspondingly, 
in our study, we have achieved 80% inhibition at a concen-
tration range of 40–200 mg/L of LMWCH. In their follow-
ing study (Cobrado et al. 2013), 80 mg/L of low-molecular 
weight chitosan caused 58% decrease in metabolic activity 
of biofilm cells of S. epidermidis and also a 40% decrease 
in total biofilm biomass. In our study, LMWCH at the same 
concentration caused an almost total reduction of metabolic 
activity of biofilm cells. The total biofilm biomass on the 
other hand was not inhibited by the LMWCH and even, 
in some cases, the presence of LMWCH caused a slight 
increase, which contradicts the results by Cobrado et al. 
(2013). Interestingly, we have also evaluated the content of 
mucous polysaccharides, which represent a major compo-
nent of extracellular biofilm matrix, and we found that it was 
unchanged in almost the whole studied range of concentra-
tions (1–150 mg/L of LMWCH). Only the highest studied 
concentration of 200 mg/L of LMWCH caused an approxi-
mately 50% decrease in both total biofilm biomass and the 

content of mucous polysaccharides (Thomas et al. 1997). 
To evaluate further why the total biofilm biomass increased 
its volume as indicated by crystal violet staining, we studied 
the extent of cytoplasmic membrane damage in biofilm cells 
formed in the presence of LMWCH (range 1–200 mg/L). 
Interestingly, 100 and 150 mg/L caused the greatest disrup-
tion of cytoplasmic membranes, which indicated that most 
of the biofilm cells were lysed, releasing its intracellular 
content to its surrounding. The leakage of cell content might 
have increased the crystal violet staining results, as was also 
proved by the inverse microscopy of biofilm cells treated 
with chitosan and stained by crystal violet, since there was 
a decreasing trend in stained biofilm coverage of microtitre 
plate well bottom.

Furthermore, the ability of LMWCH to inhibit cell adhe-
sion was proved also by scanning electron microscopy, 
which proved LMWCH at a concentration of 33  mg/L 
lowered the biofilm formation of visualized strain of S. 
epidermidis DBM 3179 (in contrast to total biofilm bio-
mass determination). The proposed cytoplasmic membrane 
damage and subsequent lysis of S. epidermidis cells treated 
with LMWCH were also proved by other studies (Kong 
et al. 2010; Liu et al. 2004; Raafat et al. 2008). LMWCH 
might facilitate the uptake of otherwise inefficient antibiot-
ics. Thus, the disrupted cell membrane after treatment with 
LMWCH would lead to a rapid uptake of antibiotics to cell 
interior and the promotion of their antimicrobial effect. In 
our study, such cooperation was observed in some cases of 
combinations of ERM and TET with LMWCH acting on 
both planktonic cells and biofilm formation. ERM activity 
was not greatly enhanced by the addition of LMWCH, and 
both substances acted independently of each other against 
both planktonic growth (additive or indifferent action 
according to FICi) and biofilm metabolic activity (no sig-
nificant decrease due to combining both agents with the 
exception of S. epidermidis DBM 3179). On the other hand, 
TET combined with LMWCH indeed achieved a significant 
decrease in both planktonic growth and to some extent also 
metabolic activity of biofilm cells. Such efficient combina-
tory action might be for example due to LMWCH ability to 
chelate metals. The efflux of ions from cells is a powerful 
tool for inactivation of TET and other antibiotics from the 
same group (Agwuh and MacGowan 2006). With LMWCH 
chelating such ions, TET might have been able to interact 
with cells and possibly penetrate inside. Once TET started 
affecting the cell, the life cycle was retarded, and LMWCH 
had possibly a greater chance to disrupt the cells and eventu-
ally cause their lysis and death. This is, however, only our 
hypothesis and such presumptions must be further verified.

Lastly, in all cases, the addition of LMWCH to TET 
further decreased the production of haemolysins in S. epi-
dermidis; this points to the possible antivirulence action of 
such combinations. Khan et al. (2019) also investigated the 
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antivirulence effect of chitooligosaccharides (substances 
derived from chitosan) on S. aureus and found that they 
indeed suppress the haemolytic activity of studied strains 
(Khan et al. 2019). To our best knowledge, there are no 
other studies dealing with antihaemolytic activity of 
LMWCH on staphylococci. In a similar study, Khan et al. 
(2019) evaluated its antivirulence effect on Pseudomonas 
aeruginosa (a gram-negative pathogenic bacterium) and 
indeed found that LMWCH might possess an antivirulence 
activity apart from its great antimicrobial properties. The 
potential antivirulence activity of LMWCH has not been 
thoroughly examined yet, and to our best knowledge, 
there is only one other study focusing on antivirulence 
action of non-derivatized LMWCH on a representative of 
genus Staphyloccocus. Rubini et al. (2018) observed that 
LMWCH decreased the production of staphyloxanthin, 
a pigment of S. aureus, as well as the production of the 
slime in its biofilm, thus proving the antivirulence action 
of this substance.

In conclusion, we have evaluated the effect of LMWCH 
on S. epidermidis planktonic growth and biofilm forma-
tion. All studied strains were tolerant to TET and suscep-
tible to ERM in planktonic form, but their biofilm meta-
bolic activity was not greatly affected by the antibiotics. In 
contrast, LMWCH effectively inhibited biofilm formation 
probably via severe cytoplasmic membrane damage as was 
shown by PI-uptake assay. LMWCH also promoted TET 
antihaemolytic action thus increasing the antivirulence 
activity of such combinations. An antimicrobial action 
of ERM was not significantly enhanced by LMWCH in 
combination and additive action of such combination 
was observed only for two strains. The combination of 
TET with LMWCH however acted additively on plank-
tonic growth of all studied S. epidermidis strains, but it 
was inefficient in inhibition of its biofilm formation. The 
convenient combinatory action of TET with LMWCH 
on planktonic growth might be given due to its complex 
mechanism of action (e.g. chelation of metals, interaction 
and possible disruption of cytoplasmic membrane). Such 
combinations of drugs might find application in medicine, 
specifically in orthopaedics for the treatment of intricate 
biofilm-related infections.
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