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Abstract 

Oral health is a window to a patient’s general well‑being. Balance in oral microbiome functions is crucial for health 
maintenance. A state of oral dysbiosis may lead to a variety of local and systemic pathological conditions. The 
presence of dental plaque is related to the majority of oral infections. Proper oral hygiene is crucial and the most 
economic practice contributing to oral health prophylaxis. Aside from prophylactic treatments provided by dental 
practitioners, mouth rinses, containing antimicrobial agents, are one of the possible tools used for oral care. Our study 
was to determine whether available mouth rinses and selected products dedicated for professional use are efficient 
to eradicate biofilm formed by reference and clinical strains of Streptococcus mutans, Streptococcus sanguinis, Strep-
tococcus oralis, Streptococcus mitis, Staphylococcus aureus, Enterococcus faecalis, Lactobacillus rhamnosus and Candida 
albicans on the surface of hydroxyapatite – major mineral component of a tooth. Therefore, such antimicrobials as 
chlorhexidine, cetylpyridine chloride, polyhexanide, silver nanoparticles, sulphonated phenolics, and natural anti‑
plaque essential oils and coconut oil were analyzed. Applied experimental settings in in vitro models were designed 
to reflect accurately the recommended use of the tested substances, therefore four types of eradication procedure 
were conducted. Sialorrhea simulation was also performed to evaluate antibiofilm potential of diluted mouth rinses. 
Biofilm was investigated with quantitative method where absorbance values were measured. Statistical differences 
were assessed using the Kruskal–Wallis test with a post‑hoc Dunnett’s analysis. Results have shown that biofilms dis‑
played a diversified sensitivity to the tested antimicrobials. The highest antibiofilm activity was detected for cetylpyri‑
dine chloride while the lowest for chlorhexidine. However the differences in E. faecalis biofilm reduction observed 
after the use of these two compounds were not statistically significant (p > 0.05), whereas all observed differences in 
S. aureus survival after exposure to the examined antimicrobial agents were statistically significant (p < 0.5). The PHMB, 
both in standard and in sialorrhea simulated conditions had the highest potential against streptococci. The coconut 
oil reduced C. albicans fungus biofilm by 65.48% but low eradication level was observed in case of bacterial biofilms. 
The dehydrating mechanism of action of sulfonated phenolics turned out to be ineffective against streptococcal 
biofilm which in turn was effectively eradicated by silver nanoparticles. The implementation of Antibiofilm Dressing’s 
Activity Measurement method allowed to observe strain‑related differences in terms of antimicrobial sensitivity. The 
obtained results may be introduced in everyday out‑patient dental plaque prophylaxis as well as clinical environment.
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Introduction
The pivotal role of oral microbiome in human health 
and disease is widely recognized. The disruption 
of the oral microbiome leads to dysbiosis resulting 
in the development of numerous local pathological 
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conditions including dental caries, periodontal dis-
eases or oral cancers [1, 2]. According to data pro-
vided by the World Health Organization, the oral 
diseases affect nearly 3.5 billion people globally and 
they are classified as the most common diseases of 
chronic character [3, 4]. Apart from dental caries, 
which remains the most prevalent dental problem in 
childhood, periodontitis affects 5–15% members of 
population and oral cancer is the eighth most com-
mon cancer worldwide [5, 6]. The persistent oral 
infections may contribute to the development of such 
systemic diseases as cardiovascular disease, diabetes 
mellitus, rheumatoid arthritis, and Alzheimer’s disease 
[7]. Moreover, periodontitis may be associated with a 
higher risk of complications from COVID-19, includ-
ing ICU admission and death [8].

It is well-established that the presence of dental 
plaque (microbial biofilm of adhered, multi-cellular 
structure embedded within a protective matrix) corre-
lates with incidences of oral diseases [9].

The oral health prophylaxis struggles with biofilm 
localized on teeth surface. The dental practitioners 
provide professional prophylactic treatments to com-
bat dental plaque. Unfortunately, these procedures 
are not available for the majority of patients due to 
the high economic cost [10–12]. Therefore, the pres-
ervation of oral hygiene is the key to maintaining oral 
health. One of the most cost-effective approaches is 
the application of mouth rinses containing such anti-
microbials as chlorhexidine (CHX), cetylpyridine chlo-
ride (CPC), polyhexanide (PHMB) or essential oils 
(EO) [13]. There is also evidence indicating coconut oil 
as a good option to keep proper oral hygiene [14].

Therefore, the goal of this study was to assess the 
antibiofilm efficacy in  vitro of 4 mouth rinses and 
coconut oil as well as silver nanoparticles (AgNP) solu-
tion and sulphonated phenolics gel (HY), both desig-
nated for dental professional use. Above-mentioned 
products were applied against biofilms formed on 
hydroxyapatite by the pathogens that may contrib-
ute to oral diseases, including Streptococcus mutans, 
Streptococcus sanguinis, Streptococcus oralis, Strepto-
coccus mitis, Staphylococcus aureus, Enterococcus fae-
calis, Lactobacillus rhamnosus and Candida albicans 
using a spectrum of adequate techniques for biofilm 
measurement [15].

Materials and methods
Into the research, 8 reference strains from American 
Type Culture Collection (ATCC) and Polish Collection 
of Microorganisms (PCM) and 95 clinical strains listed 
in Appendix Table 1.were applied.

Biofilm culturing
From the 24-h culture of each test organism, a suspen-
sion of 1 MacFarland turbidity was prepared and diluted 
1000-fold to 1 ×  105 CFU/ml in modified artificial saliva 
(0,9% NaCl – 90%; MHB – 5%,10% mucin—5%)[16]. Ster-
ile hydroxyapatite (HA) discs (Ø 8.5 mm), manufactured 
as described by Junka et  al., were placed in the wells of 
a 24-well plate [17]. Then, 2 mL of each of the prepared 
microbial suspensions were applied to each well in 6 rep-
lications. Plates were incubated in 37  °C/ 5%  CO2, 24 h. 
Afterward, biofilm coated HA discs were transferred to 
new 24-well plates and subsequently, eradication proce-
dures were performed. The 95 clinical strains used in this 
investigation were chosen based on biofilm producing 
capacities, determined in crystal violet assay.

Biofilm eradication
Common use products: mouthrinses
Mouthrinses were applied against 8 reference and 95 
clinical strains (Appendix Table 1).

The HA discs covered with tested biofilms were 
rinsed with 2  mL of the assessed mouthrinses con-
taining different antimicrobial agent. Rinsing (con-
tact) time was selected according to the manufacturer’s 
recommendations:

• Chlorhexidine (CHX): 60 s,
• Polyhexanide (PHMB): 30 s,
• Cetylpyridinium chloride (CPC): 30 s,
• Cetylpyridinium chloride with Essential Oil Blend 

(CPC-EO): 60 s.

As a negative control, 2 mL of 0.9% NaCl was used for 
30 or 60 s, respectively.

The tests were performed in 6 replicates.

Sialorrhea simulation
All tested mouthrinses were diluted 1:1 with artificial 
saliva and applied as described above against 8 reference 
strains.

Professional use products: silver nanoparticles solution 
(AgNP) and sulfonated phenolics gel (HY)
The solution of AgNP was applied against 8 reference 
strains and 22 clinical strains while HY gel was applied 
against 8 reference strains (Appendix Table 1).

HA discs covered with tested biofilms were placed in 
the holes made in TSA (Tryptone Soy Agar; Biomaxima, 
Lublin, Poland) to simulate gingival pockets (Appendix 
Fig. 1). Afterwards, the discs were rinsed with 1.5 mL of 
the investigated AgNP solution (pace 0.5  mL/ second). 
As a negative control 1.5 mL of 0.9% NaCl (pace 0.5 mL 
/second) was used. The fluid excess was aspirated with 
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a dental saliva ejector connected to a peristaltic pump 
(Regli Digital MS2/12, Ismatec, Wertheim, Germany). 
This procedure was performed to simulate the rinsing 
of gingival pocket performed by dental professionals 
(Fig. 1).

In the case of sulfonated phenolics gel, 0.3  mL of the 
HY gel was applied onto the biofilm coated discs for 30 s, 
then rinsed with 1 mL of 0.9% NaCl (Fig. 2). As a control, 
rinsing with 1 mL of 0.9% NaCl of investigated biofilms 
was performed. The excess of fluids was drained with a 
tip attached to peristaltic pump (Regli Digital MS2/12, 
Ismatec, Wertheim, Germany). All tests were performed 
in 6 replications.

The ingredients of all tested products are presented in 
Appendix Table 2.

Natural product: coconut oil
Coconut oil (Bio Planete, Bram, France) was applied 
against 8 reference strains.

The HA discs covered with tested biofilms were 
flooded with 1.5  mL of warm (37  °C) coconut oil. The 
control discs were flooded with 1.5  mL of 0.9% NaCl. 
The plates were shaken on a microtitrate plate shaker 
(IKA Schuttler MTS 4) (37 °C/ 5%  CO2) for 20 min (300 
RMP) to simulate oil pulling performed by a patient. 
All tests were performed in 6 replicates.

Measurement of biofilm eradication activity
Both test and control samples from each part of inves-
tigation were stained. For this purpose, 1.5 mL of 0.1% 
TTC (2,3,5-triphenyl-tetrazolium chloride, AppliChem 
Gmbh, Damstadt, Germany) in TSB ( Tryptone Soya 
Broth, BTL, Warszawa, Poland) were added to wells 
with Staphylococcus spp, Enterococcus spp. and Can-
dida spp. biofilms; 0.1% TTC in MRS (Man, Rogosa, 
Sharpe, Biomaxima, Lublin, Poland) for Lactobacillus 
spp. biofilms; and 0.1% TTC in BHI (Brain Heart Infu-
sion, Franklin Lakes, New Jersey, U.S.A) for Streptococ-
cus spp. biofilms. All 24-well plates with control and 
tested samples immersed in above-described solutions 
were incubated in 37  °C/ 5%  CO2 for 4  h. During this 
time, TTC was metabolized by tested microorgan-
isms to red 3,5-triphenylformazan. Then, the discs 
were transferred to new wells in 24-well plates. Each 
disc was flooded with 1.5 mL of 100% methanol to dis-
solved produced 3,5-triphenylformazan. The plates 
were shaken (400 RPM) on microtitrate plate shaker 
(IKA Schuttler MTS 4) for 20 min at 37 °C. Afterwards, 
3 samples of 200 µl from each well were transferred to 
wells on 96-well plates. The absorbance measurement 
was performed at a wavelength of 490  nm using Scan 
Go spectrometer (ThermoScientific™ Multiskan™ GO 
Microplate Spectrophotometer, Waltham, MA, USA).

The eradication rate was calculated using the formula:

E- Eradication.
Ab1,2,3…. = Absorbance of the sample no.1,2,3 etc.
Ak = Average absorbance of control samples (positive 

control).
The example of HA discs covered with TTC—stained 

biofilm is presented in Appendix Fig. 4.

%E = Ab1,2,3.../Ak ∗ 100%

Fig. 1 Rinsing of biofilm‑coated hydroxyapatite discs placed in 
the artificial gingiva. A‑peristaltic pump, B‑ saliva ejector placed 
in a depression simulating the sublingual area, C‑HA disc covered 
with biofilm surrounded by artificial gingiva. D‑ Rinsing the pockets 
with silver nanoparticles solution. For the picture clarity, the whole 
experimental setting is shown outside an aseptic laminar chamber
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Biofilm eradication measured with A.D.A.M method 
(Antibiofilm Dressing’s Activity Measurement)
The aim of the experiment was the semi-quantitative 
evaluation of the number of viable biofilm-forming cells 
on the surface of hydroxyapatite discs in artificial saliva 
after applying biocellulose (BC) dressings saturated 
with antimicrobial agent. BC was obtained and purified 
according to the procedure described by Dydak et  al. 
[18].

Based on the results obtained in the eradication sec-
tion, the most effective antimicrobial agents were 
selected for this part of the experiment.

This method was performed according to the protocol 
presented by Junka et al. [19]. Hydroxyapatite (HA) discs 
were coated with biofilm of 8 reference strains. For this 
purpose, the HA discs were placed in a 24-well plate and 
flooded with 2  mL of a microbial suspension of 1 ×  105 
cells/mL. The incubation was carried out at 37 °C/5%CO2 
for 24 h. Simultaneously, biocellulose discs were placed in 
the wells of a 24-well plate, covered with 2 mL of selected 
substances: AgNP, CPC, CPC-EO, PHMB and incubated 
in a fridge at 4  °C (laboratory freezer CHL 5 BASIC, 
POL-EKO) for 24 h. Biocellulose for negative control was 

incubated in 2  mL 0,9% NaCl. Biocellulose structure is 
presented in Appendix Fig.  2 of Supplementary materi-
als. The next day, agar tunnels were made in the wells of 
the 24-well plate. Each HA disc coated with biofilm was 
placed at the bottom of the tunnel and flooded cautiously 
with artificial saliva. At the top of the tunnel, biocellulose 
saturated with tested substances was placed and covered 
with a polystyrene disc. Plates were incubated in 37  °C 
for 24 h. Afterwards, HA discs were transferred to new 
24-well plates and measurement of biofilm eradication 
activity was performed according to above-described 
procedure.

The tests were performed in 6 replications. The experi-
mental setting of the A.D.A.M method is presented in 
Appendix Fig. 3 of Supplementary materials.

Biofilm morphology imaging
The structure of HA discs and biofilms formed by refer-
ence strains of S. mutans and L. rhamnosus on HA discs 
before and after eradication with PHMB and CPC, was 
analyzed using SEM (Auriga 60, Zeiss, Jena, Germany).

Biofilm coated HA discs (control and tested samples) 
were fixed in glutaraldehyde (Chempur, Piekary Slaskie, 

Fig. 2 HY testing method and application mode. A—HY gel application on surfaces of HA discs covered with biofilm. B – rinsing HY gel from the 
surface with simultaneous suction of excess liquid
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Poland) and subjected to the sputtering with Au/Pd 
(60:40) using a high vacuum coater (EM ACE600, Lei-
casputter, Leica Microsystems, Wetzlar, Germany).

Statistical analysis
GraphPadPrism 8.0.1 (GraphPad Software, Inc., San 
Diego, California, USA) was used for statistical studies. 
The normality of the distribution was assessed using the 
D’Agostino-Pearson omnibus test. As all the values were 
not characterized by a normal distribution, Statistical dif-
ferences were assessed using the Kruskal–Wallis test with 
a post-hoc Dunnett’s analysis. The results were consid-
ered significant at p < 0.0001.

The summary of all methods applied is presented in 
Fig. 3.

Results
Biofilm eradication: mouthrinses
Of the examined antimicrobial agents, a complex of 
CPC-EO indicated the highest activity towards S. aureus 
biofilm. It has displayed 59.39% greater antibiofilm 
potential than CHX. The CPC was the second most 
effective against S. aureus biofilm among tested agents 
(Fig.  4A). All observed differences in S. aureus survival 
after exposure to the examined antimicrobial agents were 
statistically significant (p > 0.0001). However, it should be 
noted that the standard deviations marked on the chart 
(Fig.  4A) were of relatively high values, which indicates 

diverse tolerance patterns of particular tested S. aureus 
strains against individual antimicrobial agent.

The strongest reduction of E. faecalis biofilm (Fig. 4B) 
was observed after the use of CPC (50.92%) and CHX 
(48.96%). The differences in biofilm reduction observed 
after the use of these two compounds were not statisti-
cally significant. CPC-EO solution showed the weakest 
ability to reduce E. faecalis biofilm.

PHMB and CPC showed the strongest eradication 
potential of all test substances against C. albicans bio-
film—83.57%, 84.15% respectively (Fig.  4C). Differences 
in the effectiveness between these two formulations were 
not statistically significant. PHMB and CPC activity was 
in turn significantly higher compared to CHX and CPC-
EO (p > 0.0001). The weakest average reduction of C. albi-
cans biofilm (equals of 70.64%), was observed after the 
use of CHX. Similarly as it was noticed for E. faecalis bio-
film, the high value of standard deviation from the mean 
was noticed after the use of CPC-EO also in the case of 
C. albicans biofilm (Fig. 4B, C).

The most active substance towards L. rhamnosus bio-
film was CPC (biofilm reduction by 76.33%), while the 
lowest activity in relation to L. rhamnosus biofilm was 
observed after CHX use (Fig.  4D). The level of biofilm 
eradication after CHX application was significantly lower 
compared to the results obtained after eradication per-
formed with use of CPC, PHMB, CPC-EO (p > 0.0001). 
The CPC and CPC-EO showed significantly higher 

Fig. 3 Graphical summary of the methodology
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antibiofilm efficacy than PHMB. CPC activity was signifi-
cantly higher than CPC-EO (p > 0.0001) (Fig. 4D).

The highest effectiveness against Streptococcus spp. 
biofilm was observed in the case of PHMB (reduction 
of biofilm 84.20%) and CPC-EO (reduction of biofilm 
85.47%) (Fig.  4E). The differences in biofilm eradication 
efficacy between these two formulations were statisti-
cally insignificant. The CPC antibiofilm activity (biofilm 
reduction by 70.46%) was in turn significantly higher 

compared to CHX activity (p > 0.0001); (biofilm reduc-
tion 52.06%)(Fig. 4E).

Sialorrhea simulation
The data shown in the Fig. 5 indicates highly diversified 
biofilm tolerance patterns expressed by individual spe-
cies towards particular antimicrobial agents. For exam-
ple, a solution of CPC-EO has shown the highest activity 
against S. aureus and C. albicans biofilms and the lowest 
activity toward E. faecalis or Streptococcus spp. biofilms. 

Fig. 4 Reduction of S. aureus (A), E. faecalis (B), C. albicans (C), L. rhamnosus (D), Streptococcus spp. E biofilm from the HA surface after the use of: 
CHX (chlorhexidine), CPC (cetylpyridinium chloride), PHMB (polyhexanide), CPC‑EO (cetylpyridinium chloride with EOs blend). a, b, c, d —significant 
differences between tested mouthrinses
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CPC had the highest eradication potential in relation to 
S. aureus, E. faecalis, C. albicans and L. rhamnosus bio-
films. In turn, the highest efficacy against biofilm formed 
by the Streptococci was demonstrated by PHMB.

The use of AgNP solution led to a strong biofilm eradi-
cation formed by Streptococcus spp. (Fig.  6A) The level 
of this eradication was significantly stronger (37.28%) 
compared to the eradication level observed in case of S. 
aureus, C. albicans and L. rhamnosus biofilms. There was 
no statistical significance in E. faecalis biofilm reduction. 
AgNP was the least effective against L rhamnosus biofilm.

Figure  6B presents the results of biofilm eradication 
with HY gel. The use of sulphonated phenols gel reflected 
in a significantly more effective eradication of C. albicans 
(79.39%) and L. rhamnosus (76.61%) biofilm than E. fae-
calis, S. aureus and Streptococcus spp. (p > 0.0001). How-
ever it should be noticed that S. aureus biofilm showed 
a significantly higher sensitivity to sulfonated phenols 
(65.21% eradication) than biofilms formed by E. faecalis 
and Streptococcus spp.. The results presented in Fig.  6C 
indicate that coconut oil reduced C. albicans biofilm by 
65.48%. The lowest eradication level was observed in case 
of E. faecalis and L. rhamnosus biofilms. Comparable 
eradication level was observed for S. aureus and Strepto-
coccus spp. biofilms, 15.04% and 28.46% respectively.

The results of A.D.A.M. method have shown that 
AgNP has displayed the highest activity against the 
tested microorganisms—S. oralis and S. sanguinis 
(Fig.  7). A similar sensitivity was demonstrated by S. 
mutans and C. albicans after PHMB application. The 
antibiofilm potential of CPC is strain-dependent. The 
lowest susceptibility to the antimicrobial agent activ-
ity was observed in case of E. faecalis biofilm against 
which a CPC-EO solution was applied.

Biofilm SEM visualization
Before biofilm eradication was performed, the pres-
ence of biofilm, formed on HA surface, was verified by 
means of SEM.

In Fig.  8A, the structure of L. rhamnosus biofilm, 
formed on HA disc, is presented. The structure of the 
biofilm is highly organized. Figure  8B was taken after 
L. rhamnosus biofilm eradication, performed with 
PHMB. The exposed places on hydroxyapatite disc 
and visible disorganization of the biofilm structure 
implicate the antimicrobial effect of PHMB. A similar 
phenomenon of reduction the biofilm biomass can be 
seen in Fig.  8C, which shows the biofilm remaining 
on the surface of hydroxyapatite after using the CPC 
mouthrinse.

In turn in Fig. 9A, B and C the structure of S. mutans 
biofilm on HA discs is presented. Figure  9A demon-
strates dense, organized in cellular chains, biofilm 
structure, distinctive for this species. Figure  9B shows 
the eradication effect of S. mutans biofilm using a 
polihexanidine (PHMB) mouthrinse. Figure  9C shows 
the effect of S. mutans biofilm biomass reduction after 
using a CPC-containing mouthrinse.

The porous structure of hydroxyapatite disc showed 
in two different magnification in Figs. 8D and 9D, imi-
tates the mineral component of the tooth surface. Min-
eral microspheres that build the hydroxyapatite disc 
favor the adhesion and multiplication of microbial cells.

In Appendix Fig. 5 an example of a multispecies bio-
film dominant in the oral environment is demonstrated. 
For this purpose biofilm formed by two species: S. 
mutans and L. rhamnosus has been cultured.

Fig. 5 Reduction of biofilm formed by 8 reference strains on the HA surface after use of tested compounds diluted 1:1 with AS: CHX 
(chlorhexidine), CPC (cetylpyridinium chloride), PHMB (polyhexanide), CPC‑EO (cetylpyridinium chloride with EOs blend)
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Fig. 6 Reduction of biofilm formed on HA surface after applying: AgNP solution (A), HY gel (B) and after coconut oil pulling simulation (C)

Fig. 7 Reduction of biofilm formed on the HA surface measured by the A.D.A.M method
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Discussion
The effective prophylaxis is a crucial strategy for den-
tal plaque development control and maintaining the 
health of the oral cavity. Preventive actions are based 
on mechanical or chemical dental biofilm removal from 
the tooth surface.

The application of CHX, CPC, PHMB, CPC/EO, AgNP, 
HY belongs to the chemical type of biofilm removal. 
CHX is still considered a “gold standard” in oral antisep-
sis. Nevertheless, it promotes mineral uptake into the 
biofilm and contribute to dental calculus formation [20]. 
All analysis described in this study were performed with 

Fig. 8 A—L. rhamnosus biofilm on HA discs (control sample, magnification equal 5000 ×), B—L. rhamnosus biofilm after eradiation with PHMB 
(magnification equal 5000 ×), C—L. rhamnosus biofilm after eradiation with CPC (magnification equal 5000 ×), D—Porous structure of HA discs 
which imitates the mineral component of the tooth surface ( magnification equal 10 000 ×)

Fig. 9 A—S. mutans biofilm on HA discs (control sample, magnification equal 10,000 ×), B—S. mutans biofilm after eradiation with PHMB 
(magnification equal 5000 ×), C—S. mutans biofilm after eradiation with CPC (magnification equal 10 000 ×). D—Porous structure of HA discs 
which imitates the mineral component of the tooth surface ( magnification equal 20 000 ×)
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coherent spectrum of techniques as presented in Fig. 3. 
The CHX mechanism of action makes it effective against 
planktonic cells and prevents biofilm formation in the 
early stages of its development. In our study, the weak 
anti-biofilm activity against mature biofilm observed in 
case of all tested biofilms (Fig. 4A–E), except E. faecalis 
biofilm, may result from a poor penetration of CHX mol-
ecule through the extracellular polymeric matrix (EPM). 
It was already proven that in mature biofilm, the nega-
tively charged components of EPM including extracellu-
lar DNA (eDNA) may hinder the diffusion of positively 
charged CHX molecules [21]. Cieplik et al. has reported 
presence of efflux pumps which are membrane proteins 
containing multiple transmembrane domains that allow 
to eliminate the antimicrobials from cytoplasm. These 
proteins could increase tolerance of tested strains toward 
CHX [22]. Relatively high anti-biofilm activity of CHX 
against E. faecalis and C. albicans biofilm may suggest 
that EPM produced by this species contain less negatively 
charged eDNA than EPM of other species or cells are not 
equipped with efflux pump [23]. Anti-biofilm activity of 
CHX against C. albicans biofilms was described also by 
Alvendal et.al.[24].

Chlorobutanol presented in CHX formula is consid-
ered as antimicrobial preservative used in multi-dose 
drug formulations, however its antibiofilm potential is 
not evaluated yet [25, 26]. Based on antimicrobial mecha-
nisms of action, chlorobutanol may have a synergistic 
effect with CHX against tested biofilms. Ruiz et al. exper-
iment suggest high antimicrobial potency of CHX, how-
ever, they investigated planktonic forms and the contact 
time of the rinse with the microorganism ranged from 
18-48 h [27]. Babu et al. has described the high efficiency 
of CHX against biofilms on hydroxyapatite discs after 
10 min of contact time [28]. Such a long time of contact 
with microorganisms is far from the real conditions of 
use. In this study contact time equals 1  min, therefore, 
weak anti-biofilm effect was observed. It can be then con-
cluded that the length of the exposure time, translate into 
antibiofilm outcomes [29].

It was estimated that PHMB was active against all 
tested biofilms. The highest level of biofilm removal 
(eradication) was observed against Streptococcus spp 
and C. albicans biofilms. PHMB was also more effec-
tive than CHX in eradication of mature biofilm as it was 
shown already by another research team [30]. The results 
presented in our investigation, support this conclusion. 
According to other authors, the PHMB, once inside 
the cell, can effectively "bind" to DNA through exten-
sive interactions with DNA phosphate backbone, which 
can potentially block the DNA replication process [31]. 
The betaine, surfactant molecule present in the applied 
mouthrinse solution, reduces surface tension and may 

facilitate penetration of PHMB through the biofilm struc-
ture, its binding to the phospholipids of cell membrane 
and cell infiltration, finally [32]. This may be the reason 
of higher effectiveness of PHMB than CHX against the 
tested biofilms. PHMB was also the most effective when 
diluted with artificial saliva (Fig. 5) but only against Strep-
tococcus spp.

The CPC’s high antibiofilm activity against all tested 
species was revealed in our study (Fig. 4A-E). Such a phe-
nomenon was also observed by Latimer et al. [33]. CPC 
also proved to be the most effective against S. aureus, E. 
faecalis, C. albicans, L. rhamnosus biofilms in the sialor-
rhea simulation test where mouthrinses were diluted 1: 1 
with artificial saliva (Fig. 5). The reason for the high effi-
cacy of the diluted CPC solution may be that a biofilm 
susceptibility to CPC treatment depends on the amount 
of CPC bounded directly to the bacterial cell membrane 
and not on the total amount of bound CPC molecules, 
as shown by Caputo et  al. [34]. CPC-EO, the solution 
where CPC was supplemented with EOs’ components, 
including eucalyptol, menthol, methyl salicylate and 
carvone, was the most effective against S. aureus biofilm 
comparing to other tested mouthrinses (Fig.  4A). The 
high antibiofilm potential was also observed in case of L. 
rhamnosus species and Streptococcus spp genus (Fig. 4D, 
E).These results may suggest some similarities in compo-
sition and structure of the biofilm formed by these spe-
cies. The antimicrobial activity of EOs is strongly linked 
to their hydrophobicity. The cell walls of Gram-positive 
bacteria are made up predominantly of peptidoglycan, 
proteins or teichoic acids which do not create a barrier 
toward hydrophobic compounds such as those found in 
EOs [35]. Membrane/cell wall permeabilization can be 
related with alterations on their physicochemical proper-
ties caused by EOs through significant changes in the cel-
lular surface charge, damage in cytoplasmic membrane 
and increased leakage of K+ [36]. Due to multidirectional 
mode of action, EOs display some kind of selectivity. It 
has been found that EOs are more active against patho-
gens than against beneficial bacteria [37]. The mecha-
nism standing behind this phenomenon has not been 
fully elucidated, but it may constitute an assumption why 
CPC-EO was not as effective against the biofilm of E. fae-
calis or C. albicans as against other biofilms of the tested 
microorganisms (Fig.  4B; C) The other reason might be 
the fact that mixture of EOs components affect multiple 
biochemical processes in the bacteria, producing a pleth-
ora of interactive antibacterial effects that may contribute 
to biofilm disruption [38].

It should be also highlighted that both CPC and CPC-
EO contain  Zn2+ ions which enhance its’ antimicrobial 
properties acting as a counterions and neutralizing neg-
atively charged EPS components and, in consequence, 
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mitigate the diffusion of pyridine ion through biofilm and 
reaching cell wall components [39]. This synergistic effect 
might be the indirect reason of high antibiofilm effective-
ness of mouthrinse based on cetylpyridinium chloride.

The AgNP possesses antimicrobial activity against a 
wide spectrum of pathogens and not only prevents bio-
film formation but it also kills bacteria in existing biofilms 
[40]. The level of Streptococcus spp. biofilm eradication 
was 37.28%, while in the case of other tested species did 
not exceed significance threshold (Fig. 6A). Many factors 
can influence antimicrobial activity of silver ions includ-
ing its size and origin [41, 42]. In addition, it has been 
shown that the concentrations regarded as bactericidal 
are effective against planktonic cells but not biofilms. It 
is probably due to physicochemical properties of biofilm 
EPM, the complex architecture of biofilm structure, hin-
dering the diffusion of silver particles electrostatic forces 
or a type of AgNP carrier which may favor adsorption 
and accumulation in biofilms and influence the diffusion 
[42, 43]. It should be highlighted that ozonated water is 
present in the tested AgNP formula. Some studies have 
shown its effectiveness against staphylococcal biofilms [

The antimicrobial activity of HY is based on the inter-
action between negatively charged sulfuric acid residues 
 (SO4 2−) and positively charged hydrogen atoms in water 
molecules. This leads to dehydration of a biofilm matrix 
which may contain up to 98% of water [46, 47]. In con-
sequence, biofilm is denatured and destabilized and can 
then be removed by irrigation.

Biofilm structure (cells and matrix together) may be 
treated as colloidal hydrogel where so called ‘bound-
water’, including pores and channels, plays a crucial role 
for its function [41]. It may be thus hypothesized, the 
more bound-water is adsorbed to biofilm’s EPM, the 
greater effectiveness of HY [48]. This compound dis-
played the highest ability to eradicate biofilm formed 
by C. albicans, L. rhamnosus and S. aureus (Fig.  6B) 
[49]. Obtained results may suggest that EPM of biofilms 
formed by E. faecalis and Streptococcus spp. may contain 
less bound-water comparing to biofilms of C. albicans, L. 
rhamnosus and S. aureus. Thus, dehydrating mechanism 
of action is arguably the preferred mechanism for com-
bating streptococcal biofilms.

Among the substances present in coconut oil, such 
medium-chain fatty acids (MCFAs) as lauric acid and 
caprylic acid are responsible for the antimicrobial 
activity to the greatest extent. The killing effect may be 
caused by putative mechanisms, including disruption 
of glycolysis on the Embden-Meyerhof-Parnas path-
way and direct impairment of cell wall as demonstrated 
on S. aureus species [50]. In coconut pulling simula-
tion experiment, the highest degree of eradication was 

observed for the C. albicans biofilm (65.48%) (Fig. 6C). 
The mechanism of interaction between Candida 
spp. and coconut oil is not explained yet. Neverthe-
less, Thaweboon et  al. has discovered that the L. casei 
strain was resistant to all tested oils, including coco-
nut oil [51]. Also in our study L. rhamnosus exposed 
high resistance to coconut oil, however Rosenblat et al. 
observed high eradication of C. albicans biofilm during 
60 min of contact time [52]. It can be thus assumed that 
the potency of the antibiofilm effect is proportional 
to the contact time and to the intrinsic properties of 
exposed strain. Due to the lipophilic nature of MCFAs 
and the small size of their molecules, these substances 
are able to penetrate effectively through biofilm struc-
ture and to bind to lipophilic components of cell walls 
and to break the integrity of these cellular structures 
[35, 50, 52].

For comparison purposes, biofilm eradication poten-
tial was measured with A.D.A.M method (Fig. 7). Out 
of the tested substances, the most potent and the least 
potent ones (indicated in previous tests performed in 
this study) in aspect of biofilm eradication potential, 
were selected. The results have shown that the effec-
tiveness of an antimicrobial substance depends not only 
on the species which was applied against, but also on 
the strain-specific features within that species. A wide 
range of susceptibility patterns (understood as the dif-
ferences in compound’s concentration able to eradicate 
biofilm) was mainly observed for E. faecalis, treated 
with CPC-EO formulation. This experiment also shows 
that the applied research setting significantly influ-
ences the obtained results. While in the A.D.A.M. test, 
the antibiofilm activity of AgNP was the highest one 
(among the tested oral hygiene measures), the aver-
age level of biofilm eradication, being result of CPC 
and PHMB application, was comparable (Fig.  7). Such 
a phenomenon may be caused by the fact that both 
biocides (although of different molecular characteris-
tics) target the same site of microbial cell (namely their 
membranes) and disorganizes them, leading to cyto-
plasm outflow and cell’s death [31, 39]. From this per-
spective, the significantly lower antibiofilm activity of 
EO-CPC compared to CPC may be caused (or be one of 
the causative agents) by the competitive action of CPC 
and EO for the same target site (microbial membrane), 
as such an effect was already reported with regard to 
the EOs by other research teams [53].

Pictures taken with the SEM method confirmed bio-
film formation on HA discs surface (Figs. 8 and 9). The 
complex structure of biofilm formed by L. rhamnosus 
and S. mutans was also observed in the control settings 
(Figs. 8A and 9A). In a field of view, a reduced number of 
biofilm-forming cells was observed after PHMB and CPC 
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treatment (Figs. 8B,C and 9B,C). These observations have 
confirmed the legitimacy of all stages of our research and 
presented parametric analyses.

Conclusion
In conclusion, the results have shown that tested biofilms 
showed a diversified sensitivity to the tested antimicro-
bials. This might be related to specific variances in the 
composition of the EPM and the functioning of micro-
organisms forming individual biofilms as well as contact 
time of biofilm with an antimicrobial agent. The high-
est antibiofilm activity for the widest range of the tested 
microorganisms was observed for cetylpyridine chlo-
ride while the lowest in case of chlorhexidine. However, 
neither mouthrinse formulation was able to completely 
wipe out tested biofilm. The antibiofilm activity of coco-
nut oil shows high diversity depending on the species of 
a microorganism, against which the oil was used. Our 
findings here may relate to different types of oral biofilms 
and other biofilm-related phenomena. Further, obtained 
results may be easily implemented in clinical routine and 
improve dental plaque prophylaxis.
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